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ABSTRACT  

This research provides new understanding of the survival of probiotic bacteria on non-dairy 

foods, and the role of bacteria strains, non-dairy food matrices, storage temperature and relative 

humidity on bacteria viability and stability. This research also provides further understanding 

of effects of probiotic bacteria and storage on consumers’ acceptance and sensory 

characteristics of probiotic muesli. Survival of probiotic bacteria at room temperature for a 

period of storage is believed to be a critically technological challenge in many applications of 

non-dairy foods containing probiotic bacteria. Technological attempts using encapsulated cells 

to stabilise their viability in a food system during storage have showed limited improvements 

of bacterial survival. Indeed, limitations of this technique are exacerbated by apparent specific 

bacteria strain requirements. Strain-dependent properties of bacteria may induce complex 

reactions between bacteria, food matrix and various stresses existing in processing and storage, 

thus leading to the current challenges of maintaining bacterial viability.  

The first goal of this PhD research was to extend the knowledge of characteristics of potential 

probiotic bacteria (Bifidobacterium longum ATCC 15707, Lactobacillus acidophilus ATCC 

4356 and Lactobacillus plantarum RC 30) that were grown in De Man, Rogosa and Sharpe 

broth containing 0.05% L-cysteine (MRSc broth) with or without 0.3% bile salt at different pH 

and temperatures. Cell surface properties of the three bacteria were also investigated by 

studying hydrophobicity and auto-aggregation (CHAPTER 3). Results showed variability of 

the three bacteria growing under different conditions and their cell surface properties. In order 

to understand the effects of recognized characteristics of the three bacteria on their survival on 

non-dairy foods, stability studies of these bacteria incorporated onto rice collet, peanut, coconut, 

raisin, oat, and wheat bran were conducted at room temperatures for four weeks (CHAPTER 

4). Generally, B. longum ATCC 15707 showed a better survival than the other bacteria on the 

six food matrices at 20 °C and 20% relative humidity (RH) and 30 °C and 50% RH during the 

storage. While survival of  L. acidophilus ATCC 4356 was poor compared to B. longum ATCC 

15707 or L. plantarum RC 30. These stability observations were consistent with their growth 

characteristics at different temperatures. Additionally, coating onto oat and peanut maintained 

survival of the three bacteria was better than the other food matrices, whereas coating onto 

raisin gave the poorest survival under both storage conditions.  
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High survival of B. longum ATCC 15707 led its selection to study cell membrane integrity 

following coating onto a food matrix (oat, peanut and raisin) and drying (at 20 or 50 °C) for 24 

h (CHAPTER 5). Percoll Buoyant Gradient Density Centrifugation (PBDC) and Quantitative 

Fluorescence Microscopy (QFM) methods were developed and validated for this purpose and 

compared with typical plate counting. Increasing drying temperature caused cell membrane 

damage to some extent, with some cells being dormant and alive but not cultivable. 

Environmental Scanning Electronic Microscopy (ESEM) showed different food surfaces may 

play an important  role in bacterial survival. In CHAPTER 6, consumers’ acceptance of muesli 

coated with B. longum ATCC 15707 was investigated to assess effects of probiotic bacteria and 

storage on sensory characteristics, thus providing useful information that will lead to the 

transfer of this research to the development of probiotic muesli or similar food products.  

 

Keywords: Probiotics; Non-dairy Foods; Viability; Stability; Sensory  
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CHAPTER 1 

 INTRODUCTION 

1.1 RESEARCH AIM 

The research aim for this thesis was to investigate coating probiotic free cells directly onto   

non-dairy foods. The objectives of the thesis were to; 

1) Identify suitable bacterial strains to assess their survival when coated on non-dairy foods 

and how this is affected by bacterial species/strains, type of food, storage temperature, 

relative humidity, and storage time. 

2) Investigate consumers’ acceptance of probiotics incorporated onto muesli.  

 

1.2 OVERVIEW OF THE THESIS 

Chapter one presents a comprehensive review of the literature with particular focus on 

probiotics and non-dairy foods. Chapter two provides details for the methods used by the 

research conducted for this thesis. Subsequent chapter three to six present research investigating; 

growth characteristics of selected potential probiotic bacteria, proof-of-concept addition of 

probiotics to non-dairy foods, development and validation of a quantitative fluorescence 

microscopy method for assessment of a non-dairy food probiotic, and consumer assessment of 

a probiotic coated on muesli, respectively. The final chapter provides a general discussion and 

recommendations for future research. 

 

1.3 BACKGROUND 

Probiotic food products are receiving a lot of attention largely due to their prospective health 

benefits and rapidly growing global markets. The reported health benefits of consuming 

probiotics include possible roles for the management and prevention of diarrhoea, inflammatory 

bowel disease, lactose intolerance, allergies, cancer, respiratory tract infections, constipation, 

urinary tract infections, helicobacter pylori infection and high blood cholesterol (Nagpal et al., 

2012). Moreover, a recent study showed L. reuteri DSM 17938 could reduce crying and/or 
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fussing time in breastfed infants with colic (Sung et al., 2018). Although studies using animal 

models have shown that probiotics do not consistently confer significant effects on fat depots, 

cholesterol or hormones levels, their ability to manipulate gut health and the immune system 

are well-documented (Ali, Velasquez, Hansen, Mohamed, & Bhathena, 2004). A few cases of 

adverse effects related to bifidobacteria on human health, such as the sepsis after hip 

arthroplasty and bacteremia in preterm, are nevertheless important to consider prior to clinical 

use (Sarkar & Mandal, 2016). Therefore, the selection of suitable probiotic strains needs to be 

carefully considered for a certain health claim and potential risks which are based on available 

scientific evidence. The global sale of probiotic ingredients, supplements and foods is expected 

to reach US$ 50.0 billion by 2020 with a compound annual growth rate of 8.0% from 2015 to 

2020 (Research, 2016). Although the current probiotic market is dominated by dairy food 

products, non-dairy food products have some unique characteristics and advantages as 

alternatives to dairy probiotic food products. These advantages include meeting the needs of 

vegans and vegetarians; avoiding allergens present in dairy products; providing low cholesterol 

content products to consumers who suffer from cardiovascular diseases or obesity; suiting 

dietary habits of various ethnic groups; improving the aroma of soy products; increasing the 

nutritional value of non-dairy foods and preventing and inhibiting spoilage and growth of 

pathogens in meat and meat products (Granato, Branco, Nazzaro, Cruz, & Faria, 2010; 

Kołożyn-Krajewska & Dolatowski, 2012; Nagpal et al., 2012; Stadnik & Dolatowski, 2014; 

Vasudha & Mishra, 2013; Yeo & Liong, 2010). 

The most common probiotic bacteria utilised by the food industry are Lactobacillus spp. and 

Bifidobacterium spp. as they are typically granted “Generally Recognized As Safe” (GRAS) 

status by several regulatory agencies. Some yeasts such as S. cerevisiae and S. Boulardii also 

possess potential probiotic properties (Figueroa-Gonzalez, Quijano, Ramirez, & Cruz-Guerrero, 

2011). Strains of L. acidophilus, L. casei, L. plantarum, L. rhamnosus and B. lactis are 

probiotics that can be incorporated into plant-based products (Martins et al., 2013). It is 

important to note that probiotic strains from gut or food origin show different tolerance to 

external stresses. For instance, the probiotic strains isolated from foods generally have higher 

tolerance to changes of temperature and pH during food product processing, but lower survival 

rates passing through the gastrointestinal tract (GIT) compared with probiotic strains isolated 

from the gut (Klein, Pack, Bonaparte, & Reuter, 1998). Furthermore, the use of probiotic 

bacteria individually or in combination also needs to be carefully considered since the amounts 

and types of metabolites after fermentation could be variable thus affecting a final product 
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quality (Champagne, Tompkins, Buckley, & Green-Johnson, 2010). Besides, identification of 

probiotics adjusted to the food and gut environments may help to develop food formulation and 

to adapt host diet (Sanders & Marco, 2010). Although there is no magical numbers for efficacy 

of probiotics, to exert health beneficial effects, 106 _ 107 colony forming unit (CFU) g-1 or        

mL-1 of viable cells in a product is recommended for providing a minimum daily dose of           

108 – 109 CFU (Gomes & Malcata, 1999; Hill et al., 2014).  

However, viability and stability of probiotic bacteria under detrimental environmental 

conditions during food processing, storage and consumption are still major challenges in the 

development of probiotic products. The environment within or adjacent to probiotic bacteria in 

a food matrix appears to be a significant factor for growth, survival, viability and functionality 

of probiotic bacteria. Living cells may adapt to suit a new environment that may be created 

during food production. Although dairy is currently the most common food carrier for 

probiotics, an increasing number of non-dairy food matrices show potential for the delivery of 

probiotics. A good example is that the release of citric acid from pomegranate juice was found 

to promote cell synthesis of L. acidophilus and L. paracasei (Mousavi, Mousavi, Razavi, 

Emam-Djomeh, & Kiani, 2010). As well as stresses during processing, other factors such as 

culture preparation and preservation, food matrices, dietary habits, and host age and health can 

also affect the performance of probiotics (Marco & Tachon, 2013). Importantly, strain-

dependent properties of bacteria can raise the complexity of research into the interactions 

between probiotics and foods. The metabolic capabilities of probiotic microorganisms, such as 

Bifidobacterium spp. that utilize a wide range of mono- di and oligosaccharides, the “bifidus 

pathway” may influence performance (Kun, Rezessy-Szabó, Nguyen, & Hoschke, 2008). 

Different nutritional needs for probiotic survival may partly explain the different consumption 

rates of some media substrates, such as different sugars, between different probiotic bacteria 

(Crittenden et al., 2002).  

Microencapsulation of probiotic bacteria cells has been suggested as a solution to the problem 

of viability loss. However, many technical issues need to be resolved when applying this 

technology to produce new probiotics foods. Selection of appropriate encapsulation technique, 

choosing safe and effective encapsulating material, and bacterial strain can affect efficiency of 

encapsulation or result in a decrease in bacterial viability (Huq, Khan, Khan, Riedl, & Lacroix, 

2013). Currently, only a few microencapsulated probiotics have been developed as food 

products (Coghetto, Flores, Brinques, & Záchia Ayub, 2016; De Prisco & Mauriello, 2016). 
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Microencapsulating cells do not always show a better survival than free cells. For instance, the 

viability of microencapsulated L. reuteri NCIMB 30242 and free cells was not significantly 

different in a fruit juice and a soy beverage after 8 weeks storage at 4 °C or 8 °C (Roy et al., 

2016). Therefore, studying the relationship between probiotic bacteria and food matrix can be 

an approach to develop survival-enhanced probiotic food products (Shori, 2016). 

 

1.4 LITERATURE REVIEW  

1.4.1 Probiotic food products of non-dairy origin  

Fruit and vegetables, cereals, soy and meat are non-dairy foods, which are rich sources of 

protein, minerals, vitamins, dietary fibres, antioxidants and other bioactive substances and have 

been studied for suitability of probiotic survival and stability (Rivera-Espinoza & Gallardo-

Navarro, 2010). Additionally, the unique physiology of plants as well as fat constituents of meat 

are also able to protect probiotic bacteria from different stresses (Holck et al., 2011; Martins et 

al., 2013). Several traditional non-dairy fermented foods used as vehicles for probiotics delivery 

are presented in Figure 1-1.  

 

 

Figure 1-1. Traditional fermented foods that may contain potential probiotic bacteria. (Sources: 
(Caplice  & Fitzgerald, 1999; Rivera-Espinoza & Gallardo-Navarro, 2010; Vasudha 
& Mishra, 2013). 

 

It is interesting to note that the variety of consuming traditional foods is declined from cereal 

base to soy base, illustrated by an arrow in the Figure 1-1. Most traditional fermented foods are 

in the cereal based group, which is the least studied group in terms of developing innovative 

probiotic foods in current food industry. Conversely most research interests in this field are in 

the sector of fruit and vegetables. To present a comprehensive view of probiotics applied to 

non-dairy foods, emerging and innovative non-dairy probiotic products are summarized in 

Table 1-1. 

 

Material removed due to copyright compliance 



5 
 

Table 1-1. Examples of non-dairy probiotic products reported in laboratory scale projects. 

Category Examples of products References 

Fruit and 

vegetable 

Vegetable juices including tomato, 
gourd, cabbage, carrot, andean 
tubers, and Moringa leaves based 
beetroot beverage  

Kun et al. (2008); Mosso, Lobo, and 
Sammán (2016); Nagpal, Kumar, and 
Kumar (2012); Vanajakshi, Vijayendra, 
Varadaraj, Venkateswaran, and Agrawal 
(2015); Yoon, Woodams, and Hang 
(2006) 

Fruit juices including orange, 
pineapple, cranberry, apple, 
mandarin, grape, longan, passion 
fruit, cornelian cheery, water melon 
and cantaloupe 

 

Chaikham et al. (2013); Farias, Soares, 
and Gouveia (2016); Luckow, Sheehan, 
Fitzgerald, and Delahunty (2006); Mestry, 
Mujumdar, and Thorat (2011); 
Nematollahi, Sohrabvandi, Mortazavian, 
and Jazaeri (2016); Nualkaekul and 
Charalampopoulos (2011); Russo et al. 
(2015); Saarela et al. (2011) 

Fruit powders (apple, banana and 
strawberry), snacks (pear and 
peach) 

Borges et al. (2016); Sohail, Turner, 
Prabawati, Coombes, and Bhandari 
(2012) 

Fresh cut apple and papaya, 
cantaloupe, mango and guava pulps 

Bedani, Vieira, Rossi, and Saad (2014); 
Russo et al. (2015); Tapia et al. (2007) 

Olives 
 

De Bellis, Valerio, Sisto, Lonigro, and 
Lavermicocca (2010); Peres, Peres, 
Hernández-Mendoza, and Malcata (2012) 

Cashew juice Pereira, Maciel, and Rodrigues (2011) 
Lupin-based yogurt Hickisch, Beer, Vogel, and Toelstede 

(2016) 
Sauerkraut Beganovic et al. (2011) 

Meat 
Sausages including Iberian dry 
fermented, dry fermented, raw 
fermented, mutton fermented, dry-
cured ‘Longanize de Pascua’, 
typical Czech fermented 
‘Herkules’, low fat fermented 

Holko, Hrabe, Salakova, and Rada 
(2013); Muthukumarasamy and Holley 
(2006); Ratanaburee, Kantachote, 
Charernjiratrakul, and Sukhoom (2013); 
Rubio et al. (2013); Sidira, Kandylis, 
Kanellaki, and Kourkoutas (2015, 2016); 
Trząskowska, Kołożyn-Krajewska, 
Wójciak, and Dolatowski (2014)  

Dry fermented pork loins Stadnik and Dolatowski (2014) 
Salami Coman et al. (2012) 
Ham Kołożyn-Krajewska and Dolatowski 

(2012) 
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Continued Table 1-1. 

Soybean 
Okara Bedani, Rossi, and Isay Saad (2013) 
Soy milk 

 
Espirito-Santo et al. (2014); Subrota, 
Shilpa, Vandna, and Surajit (2013); Tang, 
Shah, Wilcox, Walker, and Stojanovska 
(2007); Yeo and Liong (2009) 

Soy bar   Chen and Mustapha (2012) 
Fermented soy beverage 

 
Champagne, Green-Johnson, Raymond, 
Barrette, and Buckley (2009); İçier, 
Gündüz, Yılmaz, and Memeli (2015) 

Soy-based cream cheese Liong, Easa, Lim, and Kang (2009) 
Frozen soy dessert Heenan, Adams, Hosken, and Fleet 

(2004) 
Soy yoghurt 

 
Farnworth et al. (2007); Pandey, and 
Mishra (2015) 

Cereal 
Beverage from rice, barley, oats, 
wheat and malt 

Angelov, Gotcheva, Kuncheva, and 
Hristozova (2006); Chumphon, 
Sriprasertsak, and Promsai (2016); 
Mårtenssona, Öste, and Holst (2002); 
Russo et al. (2016) 

Cereal bar Ouwehand, Kurvinen, and Rissanen 
(2004) 

Chocolate coated breakfast cereal Saarela, Virkajarvi, Nohynek, Vaari, and 
Matto (2006) 

 

1.4.1.1 Fruit and vegetable based probiotic food products  

The richness in nutrients, unique physiological structures of fruit and vegetables, such as pores 

and irregularities occurring on the surface of intact fruit are likely to provide natural shelter for 

probiotic bacterial from stresses (Sapers, 2001). For instance, a combination of L. paracasei 

LMGP 22043 and artichoke was found to positively influence the bacterial balance in the GIT 

partly due to micro-architecture of the artichoke surface (Valerio et al., 2011). The potential for 

fruit and vegetables as suitable vehicles to deliver probiotic bacteria has been extensively 

studied, and the development of such probiotic foods mainly falls into three categories; 

fermented or unfermented fruit juices, fermented vegetables, and minimally-processed fruit. A 

lot of work has been carried out to develop probiotic fruit and vegetable juices with high viable 

probiotic microbial cells loads incorporated into a wide range of juices and other forms of foods 

(Table 1-1). 

Many studies have demonstrated the feasibility of probiotic bacteria incorporation into fruit and 

vegetables; however, their survival and stability in such matrices have been found to be highly 

strain dependent (Rivera-Espinoza & Gallardo-Navarro, 2010). Three probiotic bacteria             
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(L. casei A4, L. plantarum C3 and L. delbruekii D7) in fermented cabbage juice were stored at 

4 °C without nutrient supplementation for 4 weeks (Yoon et al., 2006). Although these strains 

showed high initial viable cell counts of 109 CFU mL-1 after fermentation, a loss of viability 

was observed at the end of cold storage. The viability of L. plantarum C3 and L. delbrueckii 

D7 had reduced to 4.1×107 CFU mL-1 and 4.5×105 CFU mL-1, respectively whereas L. casei 

A4 did not survive in the fermented cabbage juice. Kun et al. (2008) evaluated the growth of B. 

lactis Bb-12, B. bifidum B7 and B. bifidum B 3.2 in fermented carrot juice. All strains showed 

high initial viable cell counts of 1010 CFU mL-1. However, their viabilities were not monitored 

during storage, thus offering little insight for further product development. Sharma and Mishra 

(2013) also reported high initial cell numbers of L. acidophilus NCDC 11, L. plantarum NCDC 

414 and P. pantosaceus MTCC 2819 after fermentation of a vegetable juice mixture of bitter 

gourd, bottle gourd and carrots, and then gradual decrease of cell numbers during storage at 

4 °C after 4 weeks. These findings are in contrary to the report of Pereira et al. (2011) where 

they found L. casei NRRL B-442 used to ferment cashew apple juice produced an initially high 

viable cell count of 108 CFU mL-1 and also maintained at 4 °C for 42 days. A decrease in 

probiotic viability during storage is a common finding in many studies, so selection of suitable 

techniques to enhance the stability of probiotics in this type of food during storage is a challenge. 

Depleting the nutrient contents is a methodological approach to decrease the growth rate of 

probiotic cells, and hence impacts survival; another method is to decrease sugar content and pH 

(Nagpal et al., 2012). However, in contrast to these approaches, Charalampopoulos, Pandiella, 

and Webb (2002) reported that probiotic bacteria treated with high concentrations of sugar and 

malt extract showed higher survival rates than untreated probiotics because the bacterial cells 

were protected from processing treatments as well as the sugar medium providing nutrients for 

rapid regeneration and growth. To investigate effects of sucrose, glucose, fructose, citric acid 

and ascorbic acid on viability of L. plantarum NCIMB 8826, a model preparation composed of 

those five compounds was designed, and compared with seven different commercial fruit juices 

as controls (Nualkaekul & Charalampopoulos, 2011). It was suggested that high pH and citric 

acid concentration would have a positive impact on survival of NCIMB 8826. High viable 

counts in orange, blackcurrant, pineapple and grapefruit juices were reported, however viability 

in cranberry or pomegranate was compromised due to the effect of phenolic compounds. Mango 

and guava pulps also showed a negative effect on the viability of L. acidophilus La-5 and B. 

animalis Bb-12 in soy yoghurt (Bedani et al., 2014). Some antioxidants present in white grape 

seed extract, green tea extract and vitamin C have been found to protect the cell membrane of 
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L. rhamnosus HN001, B. lastis HN001 and L. paracasei LPC 37 from lipid oxidation in the 

juices ( Shah, Ding, Fallourd, & Leyer, 2010). However, L. casei T4 failed to maintain viability 

in cornelian cherry juice during refrigerated storage because of presence of low pH and phenolic 

compounds (Nematollahi et al., 2016). These findings indicated the importance of studying 

combinations of probiotic strains and food matrices.   

Some prebiotics derived from plant-based foods favour probiotic viability. The use of pear and 

pineapple to support growth of lactic acid bacteria has been investigated by Diaz-Vela, Totosaus, 

Cruz-Guerrero, and de Lourdes Pérez-Chabela (2013). Carbohydrates from pear flour were 

consumed by bacteria more than those of pineapple flour or glucose probably due to different 

compositions of carbohydrates in these flours. Another study also found that oligosaccharide 

extracted from pitaya (dragon fruit) could support the growth of lactobacilli and bifidobacteria 

(Wichienchot, Jatupornpipat, & Rastall, 2010). Several prebiotics including 

xylooligosaccharide, xylan, galactooligosaccharide, fructooligosaccharide, polydextrose, 

lactitol, gentiobiose and pullulan added to pure culture fermentations were evaluated by 

Makelainen, Saarinen, Stowell, Rautonen, and Ouwehand (2010). They found that different 

bacteria selectively fermented different prebiotics. For example, B. lactis strains and lactobacilli 

only fermented xylooligosaccharide and lactitol, respectively. Therefore, it is important to test 

the interactions of probiotics and prebiotics when considering using them as “synbiotic”.  

 

1.4.1.2 Cereal based probiotic food products  

Cereals such as wheat, maize, oat, barley and other grains, are abundant sources of dietary fibres 

some of which can have several beneficially physiological effects on the gut. These dietary 

fibres can be used as prebiotics providing specific non-digestible carbohydrates and used as 

encapsulation materials to improve the viability and stability of probiotics (Capozzi, Russo, 

Duenas, Lopez, & Spano, 2012). 

Fermentation of cereals with lactic acid bacteria can increase the nutritional values and improve 

health-promoting properties of the final products such as beverages, bread, biscuits, and 

breakfast cereals (Lamsal & Faubion, 2009). Cereal grains normally contain dietary fibre-

phenolic compounds (DF-PC) that are covalently bound to polysaccharides by ester bonds, 

where the ester bonds can be broken by fermentation to release some phenolic acids such as 

ferulic acid, thus promoting health benefits (Vitaglione, Napolitano, & Fogliano, 2008). 
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Fermentation of milled whole grain barley with three probiotics (L. johnsonii LA1, L. reuteri 

SD2112, and L. acidophilus LA-5) improved bioavailability of free phenolic acids (Hole et al., 

2012). It has also been reported that the antioxidants in buckwheat, wheat germ, barley and rye 

increased after the fermentation with L. rhamnosus and S. cerevisiae (Đorđević, Šiler-

Marinković, & Dimitrijević-Branković, 2010). Changes in the viscosity of probiotic fermented 

oat-based foods were reported, the viscosity increased after the fermentation and then decreased 

throughout storage due to the utilization of oat β-glucan by L. plantarum strains(Russo et al., 

2016).  

Apart from the contribution of fermentation to improving survival of probiotics in cereal foods, 

cereal extracts showed a capacity to increase the tolerance of probiotic bacteria to harsh 

conditions. For instance; cereal extracts from malt, barley and wheat significantly improved the 

acid tolerance of three lactobacilli (L. plantarum, L. acidophilus and L. reuteri) to gastric acid 

(Charalampopoulos, Pandiella, & Webb, 2003). Both soluble sugars and free amino acid 

nitrogen in the extracts were suggested to have a positive impact on the survival of these 

bacteria under acid conditions. Moreover, these sugars were more effective in protecting the 

three strains than other components present in the same extracts. Michida et al. (2006) compared 

the influence of malt and barley extracts on the survival of L. plantarum in gastric and bile acids, 

and found the higher content of sugars in the malt extract enabled these bacteria to tolerate the 

acid conditions better than the barley extract (Salmerón, Keith, & Pandiella, 2015).  

Utilisation of different carbohydrates derived from oat to culture different bacteria indicates 

specificity of sugars towards microbial survival. Kontula, von Wright, and Mattila-Sandholm 

(1998) compared β-gluco-oligosaccharides and xylooligosaccharides, which were derived from 

oat. The latter selectively supported the growth of L. rhamnosus GG and L. lactis but not L. 

plantarum. In another study, a range of dietary fibres including β-glucan, xylan, 

xylooligosaccharide and arabinoxylan were investigated for their influence on the fermentation 

of several Lactobacillus spp., Bifidobacterium spp., Enterococci spp., Bacteroides spp., 

Clostridium spp. and E. coli (Crittenden et al., 2002). The authors found bifidobacteria could 

utilize arabinoxylan as a carbon source, but β-glucan derived from barley had no effect on the 

growth of any of the tested bacteria. However, β-glucan derived from oat could be consumed 

by B. bifidum DSM 20456 (Mårtenssona et al., 2002). In another study barley β-glucan used as 

an encapsulation material successfully protected cells of L. casei, L. brevis and L. plantarum 
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from simulated gastrointestinal digestion, heat treatment and storage (Shah, Gani, Ahmad, 

Ashwar, & Masoodi, 2016).  

 

1.4.1.3 Meat based probiotic food products  

Fermentation of meat products can produce many substances including lactic acid, acetic acid, 

alcohols, aldehydes, ketones and bacteriocins; which impact product quality, flavour, safety 

and shelf life (Kołożyn-Krajewska & Dolatowski, 2012; Sidira et al., 2016). During the 

production of dry-cured fermented meat products, proteolysis can enhance colour, taste and 

aroma of the final product because the muscle structure of meat breaks down, and proteins are 

degraded into small peptides and free amino acids (Stadnik & Dolatowski, 2014). Furthermore, 

some species of Bifidobacterium and Lactobacillus produce health-promoting components such 

as conjugated linoleic acid (CLA) and increase the functional characteristics of meat products 

(Kołożyn-Krajewska & Dolatowski, 2012). Besides, different probiotic delivery systems such 

as encapsulation and entrapping probiotics in gelled dispersions, enhanced the viability of 

probiotics in meat products after heat treatments during processing and cooking (Cavalherio et 

al., 2015). 

Fermented sausage ingested without cooking is regarded as a good vehicle to transfer probiotics 

into the intestine because these cells can be embedded within protein and fat in the sausage 

matrix (Rubio et al., 2013). Rivera-Espinoza and Gallardo-Navarro (2010) evaluated the 

population of probiotics in sausages and found the initial inoculum of 105 CFU g-1 of                      

L. plantarum 299V increased to 108 CFU g-1 after fermentation. A comparison of probiotic 

bacteria counts (loading) and sensory evaluation of mutton sausages between L. acidophilus 

CCDM 476 and B. animalis 241a was investigated by Holko et al. (2013). The authors observed 

higher viability of L. acidophilus CCDM 476 in the final product and after 60 days of storage 

compared with the viability of B. animalis 241a. Both texture and typical smell of mutton were 

improved by addition of the probiotic strains. In addition, 1% of orange fibre added into the 

formulation of Spanish non-fermented dry-cured sausage (Longanize de pascua) was found to 

favour the growth of L. casei CECT 475 and to improve sensory and safety of the final products 

(Sayas-Barberá, Viuda-Martos, Fernández-López, Pérez-Alvarez, & Sendra, 2012).  

The concentration of volatile compounds of dry-fermented sausages after heat treatment is 

highly correlated to the concentration of the starter culture (Sidira et al., 2015). Two different 
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strains of L. casei were investigated for the microbiological quality after inoculation into raw-

fermented sausages and after storage for 6 months (Trząskowska et al., 2014). The aroma of 

cured meat, the taste of dried meat and muscle tissue fragmentation after fermentation were 

acceptable, but bitter and fatty-like taste, and acrid odour was also present in the final products. 

Although the numbers of two strains of L .casei was similar after fermentation, L. casei LOCK 

0900 exhibited a better capacity to inhibit the growth of Staphylococcus aureus, E. coli and 

Enterobacteriaceae than the other strain. Increased trichloroacetic acid (TCA) soluble peptides 

and free amino acid content demonstrated that L. casei LOCK 0900 also assisted proteolysis 

during fermentation and aging of meat products (Stadnik & Dolatowski, 2014).  

 

1.4.1.4 Soy based probiotic food products  

Soy has a high level of protein and contains polyunsaturated fats, fibre, minerals and vitamins. 

Although soy oligosaccharides such as stachyose and raffinose may cause bloating, cramping 

and flatulence, the fermentation of soybean extracts by probiotics can reduce these indigestible 

sugars (Champagne et al., 2010). For example, probiotic L. acidophilus LA-2 produced a high 

level of ɑ-galactosidase activity at 5.0 U mg-1 in soy protein bars throughout 14 weeks of storage 

at 4 °C  (Chen & Mustapha, 2012). Soy protein is also considered a good protector for bacteria 

against bile and acid conditions in the gut (Shimakawa, Matsuba, Yuki, Ikeda, & Ishikawa, 

2003). For instance, a study of survival and sensory acceptability of five probiotic bacteria in 

non-fermented frozen soy dessert, L. acidophilus MJLA1, L. rhamnosus 100-C, L. paracasei 

spp. paracasei 01, B. lactis BBDB2 and B. lactis BB-12 exhibited high viable numbers 

exceeding 107 CFU g-1 during 6-month storage, and desirable sensory acceptability (Heenan et 

al., 2004). L. rhamnosus GG and L. johnsonii La-1 were also successfully incorporated with 

yoghurt starters into fermented soy yoghurt, and generated an acceptable taste (Farnworth et al., 

2007). L. acidophilus LA- 5 in a fermented soy beverage exhibited good growth and viability 

of 8.73 - 9.11 log CFU g-1 after 21 days storage at 4 °C (İçier et al., 2015). 

Other factors such as drying techniques, storage temperature, packaging materials and the use 

of prebiotics are also important and influence the quality of probiotic soy foods. Wang, Yu, and 

Chou (2004) compared different conditions to produce probiotic soy milk, and suggested three 

elements; freeze-drying, storage temperature of 4 °C  and a laminated pouch to pack dehydrated 

soymilk, could ensure good probiotic survival. Response surface methodology was also used 
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to study the formulation of synbiotic soy yoghurt by measuring effects of fructo-

oligosaccharides concentration, inoculum size and fermentation temperature on fermentation 

time, hardness, whey separation and overall acceptability (Pandey, & Mishra, 2015). An 

investigation on the addition of prebiotics to probiotic soymilk was conducted by Yeo and 

Liong (2010). They reported the viability of six probiotics (L. acidophilus FTDC 2113,                 

L. acidophilus FTDC 8033, L. acidophilus ATCC 4356, L. casei ATCC 393, B. longum FTDC 

8943 and B. longum FTDC 8643) in a combination of FOS, inulin, mannitol, maltodextrin or 

pectin. All strains showed high viable counts in soymilk products after 24 h storage. In another 

study, higher production of peptides and amino acids by proteolysis of proteins was found in a 

soymilk fermented by L. acidophilus FTCC 0291 than other species. This may explain the 

viability exceeding 107 CFU g-1 in soy cream cheese stored at 4 °C and 25 °C for 20 days (Liong 

et al., 2009).  

 

1.4.2 Technological challenges  

The most studied technologies which were involved in fermentation, encapsulation, drying, 

rehydration, and storage have been developed and successfully applied to protect some 

probiotics from environmental stresses associated with various non-dairy food matrices, but 

there are still many technological challenges (Table 1-2) in producing and preserving probiotic 

foods and these need to be resolved.  

 

Table 1-2. Technological challenges associated with survival of probiotics during processing 
and storage  

 
 

 
Adapted from Broeckx, Vandenheuvel, Claes, Lebeer, and Kiekens (2016); Lacroix and 
Yildirim (2007); Martín, Lara-Villoslada, Ruiz, and Morales (2015); Sohail et al. (2012); 
Tripathi and Giri (2014). 
 

Undoubtedly, with probiotics as living microorganisms present in a food product, retention of 

sufficient viable bacteria is a significant component of quality. Simply using any species of 

potential probiotic bacteria such as Lactobacillus and Bifidobacterium does not guarantee high 

viable content in fermented products after fermentation and during storage (Holko et al., 2013). 

Material removed due to copyright compliance 
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Therefore, the choice of appropriate probiotic bacteria and their cultures as well as studying the 

relationship between bacteria and food matrices under different conditions are important. Also, 

safety of probiotic products must also be considered. Although a sharp decrease in pH could 

inhibit growth of Enterobacteriaceae during the fermentation of sausages, negative effects on 

the survival of probiotic bacteria and the sensory characteristics of fermented meat products 

have been noted (Rubio et al., 2013). Decarboxylation of free amino acids or amination and 

transamination of aldehydes and ketones in ageing fermented meat products are undesirable 

since these biogenic amines have a negative effect on health (Kołożyn-Krajewska & 

Dolatowski, 2012). Furthermore, these authors found oxidation of lipid and protein caused loss 

of nutritional values, colour and other characteristics of sensory. For example, raw-fermented 

sausages with L. casei LOCK 0900 showed bitter taste and other undesirable flavours, acrid 

odour, fatty flavour and “visible” fat present in the final products (Trząskowska et al., 2014). 

Other common technological challenges such as processing, storage temperature and time, 

oxygen content, pH and external stresses may impact the application of probiotics in food 

products (Vasudha & Mishra, 2013). These challenges have been discussed in section 1.4.2 

regarding different origins of non-dairy foods. Besides, water activity as a critical parameter 

can impact the viability of bacteria in these food products. Many food ingredients such as salts 

and sugar can bind water to create ‘dry’ and low water activity environments, thus improving 

survival of microorganisms (Holck et al., 2011). In contract, excess water activity (e.g. in fruit 

juice) can reduce the viability of bacteria during storage (Vasudha & Mishra, 2013). 

 

1.4.3 Technological advancements  

To produce high viability and yields of probiotic bacterial cells and nutritionally active biomass, 

the fermentation process has been extensively improved. Many probiotic bacteria have shown 

good survival with viable cells of 108 - 109 CFU mL-1 in fermented juices (Bialonska et al., 

2010; Chaikham et al., 2013; Sharma & Mishra, 2013; Valerio et al., 2011). However, some 

drawbacks of applying these techniques to produce probiotic non-dairy foods may need to be 

addressed on a case by case basis.  

Acidification can be a major problem in the fermentation, sonication was carried out to reduce 

acidification by probiotics without affecting their viability (Racioppo et al., 2017). They 

reported acidification by four probiotic bacteria treated with ultrasound were significantly lower 
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than controls after 14 days at 15 °C. However, the authors did not observe differences of 

viability between ultrasound treated and untreated bacteria. When the pH of fermented soy food 

was buffered by calcium lactate to a range of 4.0 to 5.0, L. rhamnosus LR32 and a mixture of 

L. acidophilus LAC4, L. paracasei LBC81 had viability of 9 - 11 logs CFU mL-1, and B. longum 

BL04 had viability of 8 - 9 logs CFU mL-1 after storage of 30 days at 4 °C (Mondragón-Bernal, 

Alves, Teixeira, Ferreira, & Maugeri Filho, 2017). Four strains of L. plantarum showed a good 

tolerance to acidic conditions in fermented oat foods, and high viability of 8 logs CFU g-1 for 

all strains after storage at 4 °C, but viscosity reduced due to degradation of oat β-glucan and 

production of microbial EPS (Russo et al., 2016). Yeast was found to have high antioxidant 

activity in fermentation with cassava and rice, and hence reduced oxidative stress effects on 

probiotic viability during fermentation (Freire, Ramos, da Costa Souza, Cardoso, & Schwan, 

2017).  

Microencapsulation was given great attention to achieve high viability of probiotic cells in fruit 

and vegetable bases (Antunes et al., 2013; Chaikham et al., 2013; Khan, Korber, Low, & 

Nickerson, 2013). The addition of protectants to the culture medium can improve viable counts 

of probiotics in the final product. Different lyo-protectants have also been used to increase the 

survival of B. infantis UV16PR after freezing drying (Basholli-Salihu, Monika, Salar-Behzadi, 

Unger, & Viernstein, 2014). Cellobiose, lactose, sucrose and trehahose have been reported to 

enhance viability of B. infantis UV16PR with cellobiose exhibiting the best performance in 

maintaining viability. It was suggested cellobiose, regardless of concentration, could stabilize 

cell membranes and prevent intracellular ice-formation. A combination of air drying and radiant 

energy vacuum drying to dehydrate apple slices supplemented with L. rhamnosus ATCC 7469 

showed viable counts of 105 CFU g-1 during storage at 25 °C for 60 days (Mestry et al., 2011). 

Another study conducted by Borges et al. (2016) also found that the drying method and 

formulation were highly related to the survival of probiotics in fruit powders during storage at 

4 °C and at room temperatures. 

Table 1-3 includes some investigations of microencapsulated probiotics and protective capacity 

of coating materials used alone or in a combination with other materials to form single or 

multilayer(s) to maintain probiotic bacteria viability during storage and passage through GIT. 

Furthermore, addition of protectants in the formulation of microencapsulated probiotics also 

showed the possibility of high viability of probiotics after drying.  
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Table 1-3. Examples of microencapsulation technology affecting viability and stability of probiotics 

Material Technology  Bacterial Strain  Viability (log CFU mL-1 or g-1) References 
Resistant rice 
starch 

Emulsification  L. brevis MTCC01;              
L. casei MTCC297;              
L. plantarum MTCC021 

> 7 log at 55 °C, > 3 log at 65 °C and > 2 log at 
75 °C for 10 min. while > 7 log at 4°C for 60 
days. 

Ashwar, Gani, Gani, 
Shah, and Masoodi 
(2018) 

Alginate or 
alginate-gelatin  

Extrusion  L. salivarius Li01 2 times higher of viability loss of free cells than 
encapsulated cells with alginate-gelatin after 5 
weeks storage at 4 °C. Free cells were not 
detectable after 15 min heating at 63 °C but 
reduction in viability of alginate-gelatin coated 
cells was < 3 log. 

Yao et al. (2017) 

Three cultivars of 
Thai rice 

Homogenization 
+ package in 
capsules 

L. amylovorus TISTR1110 >6.5 log at 4 °C for 60 days. Chumphon et al. 
(2016) 

Alginate, soya oil  Modified 
emulsification + 
freeze drying  

Lactobacillus strain (strain 
name not given) 

100% of survival of microencapsulated bacteria 
after 150 days at -20, 4 and 25 °C. 

Sánchez, Ruiz, 
Lasserrot, Hormigo, 
and Morales (2017) 

Holy basil essential 
oil  

Emulsification + 
Spray drying  

L. reuteri KUB-AC5 Survival of 9 log corresponding to 97% survival 
using 6 mg mL-1 of HBEO at the inlet air 
temperature of 130 °C.  

Rodklongtan and 
Chitprasert (2017) 

Potassium alginate, 
pectin and potato 
resistant starch 
with maltodextrin, 
whey protein and 
mannose  

Homogenization 
+ spray drying 

L. plantarum KLDS 1.0344 Viability loss of encapsulated bacteria < 0.35 log 
at 25 °C for 42 days.  

Muhammad, 
Ramzan, Huo, Tian, 
and Bian (2017) 

Yeast cell wall and 
calcium alginate  

Emulsification  L. acidophilus PTCC 1643;                       
B. bifidum PTCC 1644 

Viability of double-layer alginate encapsulated 
L. acidophilus was 8.6 log and 6.1 log in 
simulated gastric juice and intestinal juice, 
respectively, and viability of encapsulated B. 

bifidum was 7.3 log and 6.2 log.   

Mokhtari, Jafari, 
Khomeiri, 
Maghsoudlou, and 
Ghorbani (2017) 
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Continued Table 1-3. 
Yacon root 

Trehalose  

Homogenization  L. casei LC1 Viability of L. casei loaded on yacon flakes 
without trehalose was 6.5 log after 56 days at 
25 °C. 

Leone et al. (2017) 

Sodium alginate, 
sodium caseinate, 
soy protein isolate 

Emulsification + 
spray drying  

L. zeae LB1 Inactivation rate of encapsulated L. zeae with 
NaCas-AG was 0.4 log and 0.7 log with SPI-AG 
at aw of 0.76, compared to 0.01 log at aw of 0.11 
during a 16-week storage at 25 °C.  

Liu et al. (2017) 

Alginate, 
nanocrystal lecithin 

Emulsification + 
freeze drying 

L. rhamnosus ATCC9595 Reduction of 1.2 log and 1.1 log at 25 °C and 
4 °C for 42 days. 8 log of encapsulated                    
L. rhamnosus with CNC and lecithin was after 
SGF. 

Huq et al. (2017) 
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Alginate as a core coating material consistently receives extensive attention, especially in 

combination with other novel materials. Alginate-gelatin encapsulated L. salivarius Li01 lost 

1.7 logs CFU g-1after 5 weeks storage at 4 °C compared to reduced viability of 2.4 logs CFU  

g-1 of alginate alone and 3.5 logs CFU g-1 for free cells after as little as 4 weeks. However, 

alginate-gelatin microgels eroded or swelled under simulated small intestine conditions (Yao et 

al., 2017). Muhammad et al. (2017) reported the viability of L. plantarum KLDS 1.0344 

encapsulated with potato resistant starch or potassium alginate were 5.7 logs CFU g-1 and 4.5 

logs CFU g-1, respectively, during storage at 25 °C for 42 days, compared with viability loss of 

3.1 logs CFU g-1 for free cells. They suggested the amorphous glassy state and low water content 

of potato resistant starch coated bacteria attributed to a high bacterial survival. However, they 

also found potassium alginate encapsulated cells less ideal for bacterial survival under 

simulated gastric conditions. To reduce erosion of alginate in simulated gastric juice, the cell 

wall of yeast (S. cerevisiae) was used to coat alginate particles of L. acidophilus or B. bifidum 

under another layer of alginate coating (Mokhtari et al., 2017). Although the tolerance of multi-

layer encapsulated L. acidophilus to gastric juice increased significantly compared to free and 

single layer of alginate encapsulated cells, the size of the multi-layer microcapsules (103 µm) 

was two times bigger than the single layer preparation. Moreover, there was no significant 

difference in survival of encapsulated B. bifidum in simulated intestinal juice between single 

layer and multi layers coating. Attempts to reduce swelling of alginate microcapsules in pH 1.5 

and 5 solutions by incorporation of cellulose nanocrystal (CNC) or lecithin or starch were 

reported (Huq et al., 2017).  

On the other hand, applying alginate coated with chitosan to produce microparticles that show 

improved survival of probiotics in simulated gastrointestinal conditions was achieved by some 

researchers. Chavarri et al. (2010) reported encapsulated L. gasseri and B. fifidum with 

chitosan-coated alginate showed a higher survival than free cells during simulated gastric and 

intestinal juice. This complex of chitosan with alginate reduced the leakage of the encapsulated 

bacteria and enhanced stability at a broad range of pH (Kanmani et al., 2011; Lee, Cha, & Park, 

2004). However, the protection capacity of chitosan-coated alginate is also related to the type 

of probiotics. For example, L. acidophilus 547 and L. casei 01 were protected in simulated 

gastric and intestinal juice but B. bifidum  ATCC 1994 did not survive (Krasaekoopt, Bhandari, 

& Deeth, 2004).  
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Other coating materials such as resistant rice starch were used to encapsulate three 

Lactobacillus strains by emulsification and these showed high viability of more than 7 logs 

CFU g-1 for 60 days at 4 °C or 120 min under simulated gastrointestinal conditions (Ashwar et 

al., 2018). However, low encapsulation efficiency of 43 - 48 % and moderate size of 45.5 - 49.3 

µm diameter of microcapsules were also found, which may increase the difficulty of 

introducing this encapsulated probiotic to food products.  

Encapsulation technology may appear to be an all-encompassing means to maintain viability of 

probiotics in the encapsulated particles, because examples such as those discussed above 

showed stable viabilities of probiotics during storage and or under simulated gastrointestinal 

juice. However, the production and size of encapsulated probiotics are not always satisfactory, 

and encapsulated probiotic survival is also strain-dependent. In other words, a successful 

formulation encapsulating probiotic A may be unsuitable for probiotic B.  

It is interesting to note that the number of studies using encapsulation to develop formulations 

of probiotic cells far outnumber the studies of encapsulated probiotic cells in a real food system. 

The observation that studies on encapsulated probiotics in food are rare and has been reported 

elsewhere. Some reasons of not many commercial products containing encapsulated probiotic 

cells may be due to insufficient consideration of structural effects of encapsulating materials, 

improper encapsulating methods, issues in evaluation methods and risk assessments for 

application (Chen, Wang, Liu, & Gong, 2017). Among these reasons, microcapsule material is 

a critical factor for affecting the effectiveness of microencapsulation (Dianawati, Mishra, & 

Shah, 2016).  

With regard to the review “Probiotication of Foods”, microencapsulated probiotics for foods 

has failed to deliver its promise (De Prisco & Mauriello, 2016). The authors emphasised the 

importance of directing this technology towards practical production of desirable probiotics in 

food and suggested new polymers for probiotics worthy of focus. Huq et al. (2013) also 

reviewed effects of biopolymeric system on encapsulation of probiotics, and pointed out that 

applying encapsulation of probiotics to new foods, some factors including appropriate 

encapsulation techniques, safe and effective encapsulating materials and potent strains of 

probiotics as well as increasing layers of biopolymers needs to be further investigated. However, 

the authors did not take food systems into account for retention of viable cells during storage.  
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The development of probiotic microcapsules and their application in food may indicate the food 

system is a complex environment and unsuitable for bacterial survival. Microencapsulation 

technology applied to simply make probiotic capsules cannot ensure probiotics are viable and 

stable in a food product. Work to explore different coating materials and protectants along with 

optimization of drying process may not solve these technological hurdles to improve survival 

of probiotics in foods. Further research of probiotic applications in foods should be directed 

towards the study an intrinsic relationship between free probiotic cells and food matrix during 

processing, storage and in the host. This agrees with the findings of Flach, van der Waal, van 

den Nieuwboer, Claassen, and Larsen (2017). They highlighted the importance of studying 

relationship between carrier matrices and the quality of probiotic products by reviewing 

previously published papers. Besides, studying biofilm formation of pure or mixture of 

probiotic species under certain conditions may offer valuable information and understanding of 

bacterial behaviour under various stress conditions.  

 

1.4.4 Functional advancements and sensory acceptance  

Functionality improvements of non-dairy probiotic food products are dependent on subtle 

action of bioactive food components on human health. For example, development of soy-based 

probiotic products has received considerable attention from researchers due to many functional 

properties such as good amino acid profile and compounds (isoflavones) with strong 

antioxidant activity (Wang, Yu, & Chou, 2006). Probiotic products containing combination of 

soy and fruit juices have successfully showed good numbers of probiotic, and functional and 

sensory properties. In some probiotic beverages, probiotic bacteria were directly added to the 

finished products and achieved high viable cell counts and functionality (Acosta, Palomino, 

Allievi, Rivas, & Ruzal, 2008). 

Probiotic dairy foods have successfully pioneered the introduction of probiotics to consumers, 

and indeed, consumers are willing to improve their health and wellness through the 

consumption of dairy or non-dairy food products supplemented with probiotics. Apart from 

microbiological quality, sensory properties and consumer acceptance are also essential for the 

development of innovative probiotic food products. Sensory properties of probiotic non-dairy 

foods can be affected by interactions of different species of probiotics and food matrices, where 

textures, taste, aroma, and colour for example might be improved or worsened by production 
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of different metabolic compounds. Besides, the large size of microcapsules (> 100 μm diameter)  

might cause a coarseness in the texture of a food (Sheu, Marshall, & Heymann, 1993). 

Therefore, it is important to review not only good survival of probiotics during production and 

storage, but also sensory acceptance of probiotic non-dairy foods.  

Some examples of the effects of probiotics incorporated into non-dairy foods on sensory 

characteristics and consumers’ acceptance along with bacterial viability and stability are 

presented in Table 1-4. Fruit juice and cereal beverages received much interest as potential non-

dairy food carriers to deliver probiotics, but some undesirable sensory characteristics such as 

off-flavour, acidification of taste and after taste are observed mostly in this type of food. 

Regarding semi and solid probiotic non-dairy foods, the mean scores of texture, taste and odour 

are lower than of non-dairy foods without probiotics. On the other hand, bacterial survival for 

most probiotics in the foods listed in the Table 1-4 was over 8.0 logs CFU g-1 or mL-1 after 

processing and or at 4 °C storage, whereas their viabilities could decrease below 1.0                     

log CFU g-1 or mL-1 when storage temperature increased to 20 to 30 °C.  

Scientists employed addition of sweetness and flavour masks, optimization of fermentation and 

encapsulation by using single or multiple layers of bacterial capsules, along with air drying, 

freeze drying or vacuum drying to produce probiotic non-dairy foods. However, sensory 

acceptance and bacterial survival can be intrinsically related to the strain of probiotic, and to a 

less extent to a type of bacterial cells (free or encapsulated) inoculated onto foods. A good 

example to illustrate this statement was a comprehensive study of viable cells, volatile 

compounds, free amino nitrogen and total reducing sugars after fermentation of oat, barley or 

malt drink with L. acidophilus NCIMB 8821, L. plantarum NCIMB 8826 or L. reuteri NCIMB 

11951 (Salmerón, Thomas, & Pandiella, 2014). The authors found the highest amounts of 

acetaldehyde and diacetyl or lactic acid in malt drink fermented by L. plantarum or                          

L. acidophilus, indicating the different combination of probiotic bacteria and cereal foods 

resulted in a different flavour of the fermented cereal-based drinks.  

. 
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Table 1-4. Selected publications on sensory evaluation of and bacterial survival in probiotic non-dairy foods 

Probiotic Bacteria  Type of 
Food 

Sensory Evaluation  Viability (log CFU mL-1 or g-1)  Reference 

L. casei NRRL B-442 Fermented 
cupuassu 
beverage 

Lower acceptance of texture, flavour, 
sweetness and overall in the probiotic 
samples 

Viability of 9.3 log after 18 h of 
fermentation 

Pereira et al. 
(2017) 

L. plantarum TCC20174, 
L. casei ATCC 393,  
L. rhamnosus TCC7469, 
L casei T4, 
L. casei TD4 

Cornelian 
cherry 
juice  

No significant difference of odour, taste 
and overall acceptance between probiotic 
samples and control samples but L. casei 
TD4 produced pungent odour and 
astringent taste  

L. plantarum (2.5 log), L. casei (5.1 
log), L. rhamnosus (< 1 log), L. casei 
T4 (8.5 log), L. casei TD4 (5.0 log) 
after 28 days storage at 4 °C 

Nematollahi et al. 
(2016) 

L. paracasei FBC43338 Orange 
juice 

“Medicinal” flavour of probiotic orange 
juice could be masked by adding 10% 
(v/v) of tropical fruit juice.  

Initial viability of 8.1 log in orange 
juice  

Luckow et al. 
(2006) 

L. plantarum DW12 Fermented 
coconut 
water 

Moderate acceptance of fermented 
coconut water, presenting sour flavour 
and fermented odour after 48 h of 
fermentation  

Viability of 8.5 log after 48 h of 
fermentation  

Kantachote, 
Ratanaburee, 
Hayisama-ae, 
Sukhoom, and 
Nunkaew (2017) 

L. casei NRRL B-442 Fermented 
pineapple 
juice  

Sweetened juice received a higher 
preference than un-sweetened juice due 
to Post-acidification of fermented 
pineapple juice.  

Viability of 8.6 log in the pineapple 
juice after 24 h of fermentation, and 
6.0 log in non-sweetened juice and 4.8 
in sweetened juice after 42 days 
storage at 4 °C 

Costa, Fonteles, 
de Jesus, and 
Rodrigues (2013) 

L. plantarum B2, 

L. fermentum PBCC11.5 

Fresh-cut 
cantaloupe 

Addition of L. plantarum onto 
cantaloupe produced off-odor and off-
flavor, but not negative effects were 
found in cantaloupe inoculated with         
L. fermentum during stroage 

L. plantarum (8.1 log) and L. 

fermentum (7.8 log) after 11 days 
storage at 4 °C 

Russo et al. (2015) 
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Continued Table 1-4.  
L. rhamnosus GG Fresh cut 

apple 
slices 

Apple slices inoculated with                        

L. rhamnosus on day 0 were accepted but 
a softer texture and lactic acid odour were 
found 

Viability of 8.74 log in unwashed 
apple slices after 10 days storage at 
4 °C  

Rößle, Auty, 
Brunton, 
Gormley, and 
Butler (2010) 

L. rhamnosusATCC7469 Dried 
apple 
slices 

Air dried slices showed a lower 
acceptance of texture than that of the 
sliced dried by other two methods on day 
0. 
Acceptance of air dried slices for taste, 
flavour, texture, colour and overall was 
below the acceptance level after 30 days 
at 25 °C and 180 days at 4 °C compared 
with the sliced dried by other two 
methods.  

Viability of 1.0 – 3.0 log in the slices 
dried by freezing and a combination of 
air drying and vacuum drying after 120 
days storage at 25 °C but a higher 
viability of 9.3 - 7.8 log was found at 
4 °C for 180 days.  
Viability of < 1.0 log and 7.8 log in the 
air-dried slices was found after 120 
days at 25 °C and 180 days at 4 °C. 

Noorbakhsh, 
Yaghmaee, and 
Durance (2013) 

L. pentosus B281, 

L. plantarum B282 

Fermented 
olive  

Mean scores of bitter, acid, hardness, 
crunchiness in olives fermented with 
both species were similar. The highest 
score of overall acceptance was found in 
L. pentosus fermented olive and the 
lowest score of 5.15 in mixed species.  

Viability of 6.5 – 7.5 log in the olive 
fermented with L. pentosus, and 5.7 – 
7.2 log with L. plantarum, but lower 
viability of 4.8 – 5.8 log of a mix of 
both species, after 110 days 
fermentation at 20 – 22 °C.  

Argyri, Nisiotou, 
Mallouchos, 
Panagou, and 
Tassou (2014) 

L. pentosus B281, 

L. plantarum B282 

Fermented 
olives  

Bitterness of olives fermented by              
L. plantarum and stored at both 
temperatures; olives fermented by            
L. pentosus and stored at 4 °C was the 
most accepted.  

L. pentosus (3.4 log and 4.6 log at 4 
and 20 °C) and L. plantarum (3.5 log 
and 4.4 at 4 and 20 °C) after 357 days 
storage 

Blana, 
Polymeneas, 
Tassou, and 
Panagou (2016) 
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Continued Table 1-4.      
L. plantarum 33, 

L. casei Shirota 

Olive paste Paste inoculated with free and 
encapsulated species induced off-
flavour, grainy texture and a bitter taste 
when compared with conventional olive 
paste. Mean scores of overall 
acceptances of all samples were 5.7 – 6.2 
in a 9-hedonic scale study.  

Viability of 6.0 – 9.0 log in the paste 
inoculated with free and encapsulated 
L. plantarum and L. casei at 4 °C, and 
of 4.0 – 5.0 log at 22 °C after 30 days 
storage, furthermore encapsulated 
cells showed 1.0 – 2.0 log higher 
survival than free cells. 

Alves et al. (2015) 

L. plantarum 6E, 
L. rhamnosus SP1 

Fermented 
emmer 
beverage 

Emmer beverage fermented with both 
species showed more acidic taste and 
after-taste with more intense flavour 
than control samples.  

L. plantarum (8.1 log) and                      
L. rhamnosus (8.9 log) after 30 days 
storage at 4 °C 

Coda, Rizzello, 
Trani, and 
Gobbetti (2011) 

L.acidophilusNCIMB8821  

L. plantarumNCIMB8826,  
L. reuteri NCIMB11951 

Fermented 
beverage 
made from 
oats, barley 
or malt 

Mean scores between 2.71 and 5.33 of 
consumers’ acceptance in a 9-hodenic 
scale study. Barley and malt beverage 
fermented with L. plantarum showed the 
highest scores than other fermented 
beverages.  

Viability between 7.8 and 8.1 log of 
the three species in fermented 
beverage after 10 h of fermentation at 
37 °C.  
Storage stability was not studied.  

Salmerón et al. 
(2015) 

L. plantarum 12, 
L. casei LC01,  
B. animalis BB12 

Rice drink higher sensory scores in attenuated 
bacteria samples 

ultra-sound attenuated L. plantarum 
(8.0 log) 12 after 11 days storage 4 °C 

Bevilacqua, 
Casanova, 
Petruzzi, 
Sinigaglia, and 
Corbo (2016) 

L. acidophilus (strains not 
reported) 

Bread  Crust appearance, colour, crispiness and 
hardness of bread coated with different 
layers of L. acidophilus were lower than 
the control bread.  

Viability of 7.3 – 7.5 log in fresh bread 
coated with one, two or three layers of 
encapsulated cells, and their viability 
decreased to 6.1 – 6.2 log after 24 h 
storage at 25 °C 61% RH.  
Viability of free cells was < 1.0 log.  

Altamirano-
Fortoul, Moreno-
Terrazas, 
Quezada-Gallo, 
and Rosell (2012) 
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Continued Table 1-4.      
L. acidophilus MJLA1, 
L. rhamnosus 100-C,  
L. paracasei 01, 
B. lactis BDBB 2, 
B. lactis BB-12,  
S. boulardii 74012 

Frozen soy 
dessert 

Soy dessert containing L. acidophilus 
was not discriminated from the control, 
but containing S. boulardii was different 
from the control and L. acidophilus 
samples and developed off-flavour 
during the storage 

>7.0 logs for all strains of lactobacilli 
and bifidobacteria, but S. boulardii 
was < 6.0 log after 6 months storage at 
-20 ° 

Heenan et al. 
(2004) 

L. rhamnosus GG, 

L. paracasei F19, 

L. casei DG, 

L. reuteri DSM17938 

Dark 
chocolate 
(with 80% 
cocoa) 

Mean scores of 7.85 – 8.02 on 
appearance, flavour, texture, colour and 
overall acceptance of dark chocolate 
inoculated by all species but these 
species pre-suspended in UHT milk had 
negative effects for all sensory 
characteristics.  

L. rhamnosus (7.8 log), L. paracasei 

(8.1 log), L. casei (7.8 log), L. reuteri 

(5.3 log) compared with a pre-
suspension of bacteria in UHT milk,   
L. rhamnosus (6.6 log), L. paracasei 

(6.2 log), L. casei (6.1 log), L. reuteri 

(4.3 log) after 90 days storage at 18 °C 

Succi et al. (2017) 

L. acidophilus NCFM, 

B. lactis HN019 

Dark 
chocolate  

Lower mean scores of colour, gloss, form 
and surface of chocolate inoculated with 
L. acidophilus than that with B. lactis 
after 180 days storage at 20 °C  

L. acidophilus (8.5 log at 4 °C and 7.8 
at 20°C log), B. lactis (<1 log at both 
temperatures) after 180 days storage 

Laličić-
Petronijević et al. 
(2015) 

L. acidophilus CDM476,  
B. animalis 241a 

Fermented 
mutton 
sausages 

Better texture and reduced typical smell 
of mutton 

L. acidophilus (6.0 log) and                 
B. animalis (<1.0 log) after 60 days 
storage (storage temperature not 
reported)  

Hoobin et al. (2013) 

L. reuteri ATCC55730 Dry 
fermented  
salami 

Mean scores of 7.04-7.34 for appearance, 
flavour, texture and overall acceptance. 
Addition of L. reuteri to the salami did 
not affect the scores significantly. 

Free cells (4.5 log), micro-capsulated 
cells by extrusion (6.8 log) and by 
emulsion (6.6 log) after 27 days 
storage at 13 °C and 75% RH 

Muthukumarasamy 
and Holley (2006) 
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CHAPTER 2  

MATERIALS AND METHODS 

2.1 MATERIALS 

2.1.1 Bacteria 

The bacteria used in this research were Bifidobacterium longum ATCC 15707, Lactobacillus 

acidophilus ATCC 4356 and Lactobacillus plantarum RC 30. B. longum ATCC 15707 and L. 

acidophilus ATCC 4356 were purchased from Institute of Environmental Science and Research 

(ESR) Culture Collection Centre, New Zealand, as freeze-dried cultures. L. plantarum RC 30 

was isolated from cow rumen contents. Identification and characterization of this isolate was 

reported by Jose (Jose, Bunt, & Hussain, 2015; Jose, 2015).  

 

2.1.2 Non-dairy foods 

Six different non-dairy foods were used in this research. Peanut, coconuts, raisins, oats and 

wheat bran were purchased from a local supermarket. Australia brown medium grain rice was 

also obtained from the local supermarket and extruded to make rice collets. The extrusion 

process was conducted in the food engineering laboratory of the Department of Wine, Food and 

Molecular Biosciences at Lincoln University. The information of those foods is listed in Table 

2-1.  

Table 2-1. Non-dairy foods used as potential carrier substrates to deliver probiotic bacteria in 
this PhD research (Pictures of these foods packed in original packages are presented 
in Appendix 1.1)  

Non-dairy food Source  

Rice collets Extruded from flour of brown rice (SunRice®) 

Peanut Blanched peanut (Budget®) 

Coconut Desiccated coconut (Pams®) 

Raisin Sundried and seedless California raisins (Cinderella®) 

Oat Traditional wholegrain oats (Harraways®) 

Wheat bran San Bran high fibre wheat bran cereal (Sanitarium®) 
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2.1.3 Chemicals  

Reagent or analytical grade chemicals used in this research were purchased from Sigma-Aldrich 

(Missouri, USA), Oxoid (Hampshire, UK) and Invitrogen (Massachusetts, USA).  

 

2.1.4 Solutions and buffers  

All solutions and buffers were prepared using deionized (DI) water and sterilized by 

autoclaving at 121 °C for 15 min. A temperature probe in a control flask of the same volume as 

that of the experimental flasks was used during autoclaving. All sterile solutions were stored at 

room temperature.  

5 M NaCl solution was prepared by dissolving 292 g of sodium chloride in 800 mL of DI water 

and then the volume was adjusted to 1 L with DI water.  

0.15 M NaCl solution was prepared by dissolving 8.76 g of sodium chloride in 800 mL of DI 

water and then the volume was adjusted to 1 L with DI water.  

Crystal violet solution was prepared by dissolving 0.025 g of crystal violet in 50 mL of DI 

water. 

Safranin solution was prepared by dissolving 0.025 g of safranin in 50 mL of DI water.  

Iodine solution was prepared by dissolving 1.5 g of iodine and 2 g of potassium iodine in 300 

mL of DI water and stored in a foil-warped dark glass bottle. 

Destain solution was prepared by measuring equal volumes of ethyl alcohol and acetone and 

mixed to prepare 50% (v/v).  

0.3 M phosphate buffer was prepared by dissolving 30.8 g of sodium dihydrogen phosphate 

and 20.5 g of disodium hydrogen phosphate in one litre of DI water. pH was adjusted to 6.2 

with 1 M HCL or 1 M NaOH and sterilized.  

1 x Phosphate buffered saline (PBS) (pH 7.2) was prepared by dissolving 8 g of sodium 

chloride, 0.2 g of potassium chloride, 1.44 g of disodium hydrogen phosphate and 0.24 g of 

potassium dihydrogen phosphate in one litre of DI water.  
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2.1.5 Microbiological media  

All media were supplied by Oxoid (Hampshire, UK). Prepared broth or agar were sterilized by 

autoclaving at 121 °C for 15 min and then stored at 4 °C and used within 2 weeks.  

MRS broth was prepared by dissolving 52 g of De Man Rogosa and Sharpe (MRS) broth in 

one litre of RO (Reverse Osmosis) water.  

MRSc broth was prepared by filtering 10 mL of 5% (w/v) L-cysteine DI solution through a 

sterile membrane (0.2 µm, 25 mm) into 1 L of MRS broth to make a concentration of 0.05% 

(w/v).  

2 x MRS broth was prepared by dissolving 104 g of MRS broth in one litre of RO water.  

MRSc broth of different pH was prepared by adjusting pH of MRSc broth (original pH 6.5) 

to pH 2, 3, 4, 5 and 6 with 36 % HCL (v/v), or to pH 7 with NaOH (1 M). These media were 

autoclaved at 121 °C for 15 min and then cooled down to room temperature. L-cysteine was 

added to each sterile MRSc broth by filtering L-cysteine solution to make a concentration of 

0.05% (w/v).  

MRS agar was prepared by suspending 62 g of MRS agar in one litre of RO water. After 

autoclaving, it was kept in a 65 °C water bath and poured into petri dishes.  

MRSc agar was prepared by filtering L-cysteine solutions to make a 0.05% (w/v) concentration 

of sterile MRS agar and mixed well before pouring the agar into petri dishes.  

Water agar (3%) plate was prepared by dissolving 3 g of microbiological agar in 100 mL of 

RO water, followed by autoclaving and distributing 7 mL of the agar solution to each well of a 

6-well cell culture plate (flat bottom, Sigma-Aldrich, USA). The 6-well plate filled with the 

agar was placed in a biological hood and solidified at room temperature for up to 3 h, used on 

the day of the plate prepared.  
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2.1.6 LIVE/DEAD BacLight bacterial viability kit 

LIVE/DEAD® BacLightTM Bacterial viability kit (L707, Molecular Probes) was kept in a -

20 °C freezer and protected from light. This kit contains 300 µL of component A (1.67 mM 

SYTO 9 dye and 1.67 mM Propidium iodide dye) and 300 µL of component B (1.67 mM SYTO 

9 dye and 18.3 mM Propidium iodide dye). According to our microscopic conditions, 

component B was used and diluted 10 times by transferring 10 µL of component B into 90 µL 

filtered DI water (0.2 µm pore size), prior to Live/Dead bacteria viability staining.  

 

2.2 METHODS 

2.2.1 General methods 

All media and samples were prepared in a PC1 laboratory, expect of samples for sensory 

evaluation of probiotic muesli which were prepared in a food kitchen. pH was measured using 

a calibrated pH meter (HI 9025, Hanna instruments, Italy). Optical density (OD) was measured 

using a spectrophotometer (SmartSpec 3000, Bio-Rad, USA) or a plate reader (FLUOstar 

Omega, BMG, Germany). Bacterial cultures were centrifuged using a Thermo HeraeusTM 

MultifugeTM × 3 centrifuge (for volumes between 2 and 50 mL) or an Eppendorf®Minispin® 

microcentrifuge (for volumes up to 1.5 mL).  

 

2.2.2 Bacterial activation  

Freeze culture of B. longum ATCC 15707 and L. acidophilus ATCC 4356 were activated in 

MRSc broth (section 2.1.5) at 37 ºC for 20 h under anaerobic conditions using CO2 generating 

sachets (2.5L, OxoidTM, ThermoFisher, USA). Stock culture of L. plantarum RC 30 was 

activated in MRSc broth at 37 ºC for 18 h under anaerobic conditions. One millilitre of MRSc-

grown cell suspension was inoculated on MRSc agar plates (section 2.1.5) and incubated under 

anaerobic conditions at 37 °C for 48 h for B. longum ATCC 15707 and L. plantarum RC 30 

and 72 h for L. acidophilus ATCC 4356.  
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2.2.3 Storage of bacterial cultures  

After incubation, B. longum ATCC 15707 and L. acidophilus ATCC 4356 were harvested using 

1 mL of a mixture of sterile glycerol and MRSc broth (30:70 v/v) to wash colonies off the agar 

plates, and 0.7 mL of each blend was consequently collected into a sterile cryovial. The cryovial 

was labelled and stored at -80 ºC as a stock culture or at -20 ºC as a working culture.  

L. plantarum RC 30 was harvested and stored in a mixture of sterile glycerol and 2x MRS broth 

in a ratio of 50:50 (v/v) at -20 ºC as a working culture.  

 

2.2.4 Inoculum preparation  

One hundred microliter of thawed working culture (section 2.2.3) was inoculated into 10 mL 

of MRSc broth and incubated at 37ºC under anaerobic condition for 20 h for B. longum ATCC 

15707 and L. acidophilus ATCC 4356 and for 18 h for L. plantarum RC 30 The value of OD600 

for each culture was measured to ensure the cell density in the culture broth reached about 1.0 

which represents a nominal cell populations of 108 ~ 9 cell mL-1. If the OD600 was over 1.0, an 

appropriate dilution was made. MRSc broth was used as a blank.  

 

2.2.5 Preparation of cell suspension in 0.15 M NaCl solution 

One millilitre of a fresh culture in MRSc broth was transferred into a 1.5 mL Eppendorf tube 

and centrifuged at 10, 000 x ɡ for 5 min using a microcentrifuge. Cell pellets were suspended 

in NaCl solution (0.15 M) and washed twice by centrifuging at 10, 000 x ɡ for 5 min with the 

same solution. After that, cell pellets were re-suspended in 1 mL of NaCl solution (0.15 M) and 

stored at 4 ºC  and used on the same day.  

 

2.2.6 Gram staining  

A bacterial smear was prepared by heat fixing bacteria on a clean glass microscopic slide 

(Sigma-Aldrich, USA). The smear was stained with crystal violet for 1 min, and then was gently 

rinsed with a little DI water, followed by gently flooding the smear with Gram iodine and left 

to stand for 1 min. The slide was decolorized by applying a destain solution drop by drop for 5 
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to 10 s until the solution ran clear, then immediately rinsed with DI water. Finally, the smear 

was gently flooded with safranin to counter stain and let stand for 45 s, followed by gently 

rinsing the slide with DI water. When the slide was dry, the Gram stained smear was observed 

using an oil-immersion lens 100 x under a bright field microscopy (Nikon Epi 50i fluorescence 

microscopy).  

 

2.2.7 Preparation of storage conditions  

Potassium acetate, magnesium chloride or magnesium nitrate was placed into separate 14 L 

plastic containers to generate designated storage conditions (Table 2-2).  

 

Table 2-2. Chemicals used to prepare designated storage conditions 

Temperature  Relative Humidity (RH) Chemical 

20 °C 20%  Potassium acetate 

30% Magnesium chloride 

50% Magnesium nitrate 

30 °C 20% Potassium acetate 

30% Magnesium chloride 

50% Magnesium nitrate 

 

2.2.8 Coating process 

Utensils were sterilized under UV light for 15 min in a level II biosafety cabinet. The six 

different non-dairy foods were placed in an oven at 60 ºC overnight to diminish potential 

microbial contamination and reduce moisture. These foods were cooled to room temperature 

before coating with bacteria. 36 g of food was weighed and placed into a 500 mL sterile Schott 

bottle. Then a total of 1.8 mL of fresh culture was added into the food by transferring 0.9 mL 

twice. With each transfer of culture onto the non-dairy food substrates mixing and coating were 

achieved by rigorously manual to-and fro- shaking for three minutes at room temperature. Once 

prepared the culture-coated non-dairy food was then kept in the Schott bottle in a biosafety 
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cabinet for 3 h without a lid after which the material was dispensed equally into two sterile 50 

mL tubes.  

 

2.2.9 Determination of plate counting 

Triplicate samples were weighed and placed in a 50 mL tube, sterile MRSc broth was added to 

make a 10-1 dilution. Samples soaked in the broth for 1 h, followed by vortex mixing for 1 min, 

and a serial dilution for each sample was then prepared. Aliquots of 0.1 mL were plated on 

MRSc agar plates and incubated 48 h and 36 h for B. longum ATCC 15707 and L. plantarum 

RC 30 and L. acidophilus ATCC 4356, respectively, under anaerobic conditions. Colonies on 

each agar plate were counted and calculated for mean viable cell numbers in each sample.  

 

2.2.10 Bacterial adhesion to solvent (BATS) 

Bacterial adhesion to solvent (BATS) assay was conducted to determine cell surface properties 

(Bellon-Fontaine, Rault, & van Oss, 1996; Xu, Jeong, Lee, & Ahn, 2009). Xylene, chloroform 

and ethyl-acetate were used to demonstrate bacterial cell affinity to hydrophobic surface, acidic 

electron donor and electron acceptor properties of cell surface, respectively. These three 

solvents were analytic grade, and mixed with PBS (pH 7.2) in a ratio of 1:3 overnight before 

carrying out this experiment in order to obtain water-saturated solvents. 

Three microliter of the cell suspension (approximately 108 cells mL-1) in PBS (pH 7.2) was 

mixed with 1 mL of xylene, chloroform or ethyl-acetate by vortexing for 1 min and allowed to 

stand for 15 min to ensure complete separation of the two phases. After that, 3 mL of aqueous 

phase was carefully removed and measured for its OD at 600 nm. The percentage of cells 

adhesion to solvent was calculated by the formula; 

BATS % = (1 – A/A0) x 100 

Where A0 and A are the OD600 of the bacterial suspension before and after mixing with solvents, 

respectively.  
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2.2.11 Bacterial auto-aggregation  

The specific cell-cell interactions were determined using auto-aggregation assay described by 

Del Re, Sgorbati, Miglioli, and Palenzona (2000). The bacterial cells were harvested by 

centrifugation and suspended in PBS (pH 7.2) to make a cell suspension of 108 cells mL-1. Each 

bacterial suspension (3 mL) was vortexed for 10 s and incubated at 37 °C for 2 h. One millilitre 

of the upper suspension was transferred to a clean cuvette and OD600 was measured. The auto-

aggregation was calculated by the formula;  

Auto-aggregation % = (1- A2h/A0h) x 100 

Where A0h is the OD600 of the bacterial suspension at 0 h, and A2h is the OD600 of the bacterial 

suspension at 37 °C incubation after 2 h.  

 

2.2.12 Epi-Fluorescence microscopy  

Nikon Epi 50i fluorescence microscopy (FM) was performed on B. longum ATCC 15707 to 

ensure that green fluorescence cells (SYTO® 9 stained cells) and red fluorescence cells (PI 

stained cells) were distinguishable. FM was set according to the manufacturer’s description of 

excitation and emission profiles for the SYTO® 9 and PI stains.  

An aliqout of 50 µL of each sample was loaded on a well of the six well plate with filled with 

water agar (3% microbiological agar) (section 2.1.5) and covered with No. 1.5 coverslips and 

mounted in a stage. All images were acquired with a Live-fast mode (640 x 480 pixel) on the 

microscope equipped with Plan Fluo 100x NA 1.3 objective lens (calibrated, 0.19 um/pixel) 

and the Nikon NIS-Element BR system for maintenance of focus. Cy3-4040C (Semrock) 

fluorescence was excited with the 531 nm line from a Mercury lamp and collected with a triple 

band pass dichroic mirror (Semrock # FF562-Di03) and a FF01-593/40 emission filter 

(Semrock). GFP-3035C (Semrock) fluorescence was excited with the 472 nm line from a 

Mercury lamp and collected with a triple band pass dichroic mirror (Semrock # FF495-Di03) 

and a FF01-520/35 emission filter (Semrock). Images were acquired with a Nikon DS-Ri2 

cooled-CCD camera controlled with NIS-Element BR 4.5. For each specimen, images were 

collected using CY3-4040C filter with exposure time 800 ms, Analog Gain 4.0 x for red 

fluorescence cells, and GFP-3035C filter with exposure time 400 ms, Analog Gain 2.0 x for 

green fluorescence cells.  
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2.2.13 LIVE/DEAD bacterial cell viability staining  

After 20 h incubation, B. longum ATCC 15707 cells were harvested by centrifugation at 4, 000 

x ɡ for 5 min at room temperature. The supernatant was discarded and the cells pellet was 

resuspended in 3 mL of sterile NaCl solution (0.15 M). One millilitre of this suspension was 

added to each of two 15 mL centrifuge tubes containing 10 mL of NaCl solution (0.15 M). One 

tube was placed at room temperature to give a live cell suspension and the other one was heated 

at 85 °C  for 10 min using a laboratory heat block to give a dead cell suspension. Both bacteria 

cultures were centrifuged at 10, 000 x ɡ for 5 min, the supernatant was removed, and the pellets 

were washed with 10 mL NaCl solution (0.15 M) and re-centrifuged. The supernatant was 

removed and the pellets were resuspended in 10 mL NaCl (0.15 M). The OD600 of a 1 mL 

aliquot of the bacterial suspensions was determined using spectrophotometer (SmartSpec 3000, 

Bio-Rad, USA), and suspensions were diluted to give a final concentration of 1.0 x 108 cells 

mL-1. 

 

2.2.14 Sample preparation by using Percoll buoyant gradient density 
centrifugation (PBDC) 

The method described by Fukushima, Katsube, Hata, Kishi, and Fujiwara (2007) was modified 

as follows. The concentration of Percoll solutions and centrifugation parameters for separation 

and concentration of bacterial cells were optimized. Briefly, 2 g of culture coated food sample 

was weighed to a 50 mL conical tube, and 20 mL MRSc broth was added into the tube and 

vortexed for 1 min. The sample was soaked in the broth at 37 °C for 1 h, followed by vortexing 

for 1 min. Ten millilitre of mixture was transferred into another 15 mL conical tube and then 

centrifuged at 1, 880 x ɡ for 5 min. Pellets were discarded, and 10 mL of supernatants was 

placed in a 15 mL conical tube and centrifuged at 4,800 x ɡ for 15 min. Supernatant was 

discarded and the pellet was suspended in 1 mL of NaCl solution (0.15 M). The sample 

suspension was then transferred into a 1.5 mL Eppendorf tube and centrifuged at 10, 000 x ɡ 

for 5 min. The pellets were washed twice with NaCl solution (0.15 M) at 10, 000 x ɡ for 5 min. 

After that, the pellets were resuspended in 0.1 mL of NaCl solution (0.15M) in a 1.5 mL conical 

tube and used as a sample for PBDC.  
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One hundred microliter of the sample solution was placed on top of four x 1 mL layers of 

Percoll solutions in order (top to bottom: 1.052 g mL-1, 1.061 g mL-1, 1.075 g mL-1 and 1.121 

g mL-1) in a 15 mL conical tube. The tube was centrifuged at 4,800 x ɡ, Acc/Dcc (9/1) for 60 

min. After centrifugation 300 µL of the top portion was carefully transferred to a 1.5 mL 

Eppendorf tube and diluted with 700 µL of NaCl solution (0.15 M). Percoll particles were 

removed by centrifuging the sample suspension at 10, 000 x ɡ for 5 min, followed by 

resuspending the pellets in 0.3 mL of NaCl solution (0.15M) to make a sample for Live/Dead 

BacLight bacterial viability staining and plate counting (Figure 2-1. Systematic demonstration 

of sample preparation by Percoll buoyant gradient density centrifugation (PBDC)). All 

centrifugation processes were controlled at 20 °C.  
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Figure 2-1. Systematic demonstration of sample preparation by Percoll buoyant gradient density centrifugation (PBDC) 
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2.2.15 Determination of viable bacterial cells using Image J software 

The determination of viable bacterial cells was conducted using Image J software (version 1.42q, 

National Institutes of Health, USA) from the green/red cells stack scans. Images of green 

fluorescence cells or red fluorescence cells were collected using Nikon Epi 50i fluorescence 

microscopy (FM). These images were grouped into a green cells or red cells stack, then 

converted into 8-bit format and binary images. MaxEntropy threshold was followed to 

distinguish cells of interests from the image background by setting a range of pixel intensity of 

170 – 255 for green fluorescence cells and 200 – 255 for red fluorescence cells. An average 

length of 2 μm, circularity of 1 μm and area of 11 μm2 for B. longum ATCC 15707 cells were 

determined using the measurement of ROI management. Analyse particle application of Image 

J was used to automatically count cell numbers of green fluorescence cells (SYTO®9 stained 

cells) and red fluorescence cells (PI stained cells). An example of using Image J to determine 

green and red fluorescence cell numbers is provided in Appendix 1.2.  

 

2.2.16 Statistical analysis 

All experiments were independently replicated at least three times. Each sample was assayed 

in duplicate. The experimental design and data analysis were carried out by Genstat (18th 

edition), SPSS (IBM Statistics 23) and/or Minitab (18.1 edition). The statistical tests were 

described individually in each research chapter.  
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CHAPTER 3  

CHARACTERISATION OF PROBIOTIC BACTERIA FOR A 

POTENTIAL USE IN NON-DAIRY FOODS  

3.1 INTRODUCTION  

Probiotic foods are a well-established class and have been a part of many culture cuisines in 

some instances for millennia. Regardless of dairy or non-dairy based a key feature of such foods 

is their “wet” nature and specific storage requirements. These foods have been discussed in 

CHAPTER 1 and subsequently a review has been published (Min, Bunt, Mason, & Hussain, 

2018). To ultimately incorporate probiotic bacteria into non-dairy and indeed non-typical foods 

understanding their characteristics will aid formulation. 

Probiotic bacterial species live a stressful life (Hussain, Nezhad, Sheng, & Amoafo, 2013). 

Lactobacilli and bifidobacteria need to counteract environmental stresses including temperature, 

acid, bile, osmotic and oxidative stress along with high or low water activity and undesirable 

active components present in food, processing, as well as storage and consumption (Corcoran, 

Stanton, Fitzgerald, & Ross, 2008). As living bacteria, lactobacilli and bifidobacteria have 

developed complex defence mechanisms to manipulate genes and proteins for their survival 

and metabolic activities under stressful conditions (De Angelis & Gobbetti, 2004; Ruiz et al., 

2011). Using this self-adaptation mechanism of probiotics, sub-lethal treatments of probiotic 

cultures have been suggested as an approach to improve survival of probiotics exposed to later 

stresses. However improvements were highly related to the strains of lactobacilli, and minor 

and no improvement in viability was noted in strains of bifidobacteria (Saarela et al., 2004).  

Another efficient approach to protect probiotics against stresses is applying microencapsulation 

to provide probiotics with a physical barrier to external stressful conditions (Burgain, Gaiani, 

Linder, & Scher, 2011; Haffner, Diab, & Pasc, 2016; Martín et al., 2015). These authors listed 

successful examples using this technology to improve bacterial survival on the one hand, but 

also pointed out that the main challenges such as decreased viability, large particle size, low 

production capacity, unsuitable food matrix and storage conditions, undesirable sensory change 

and high cost of making encapsulated probiotics in food industry still present a hurdle for 

developing probiotic non-dairy food products. In addition, encapsulated cells have not always 

shown a better survival than free cells (Weinbreck, Bodnar, & Marco, 2010), and multiple 
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encapsulation layers did not always provide better protection than single or double layers 

(Altamirano-Fortoul et al., 2012). Therefore, a critical limitation for microencapsulation 

technologies is the strain-dependent reliance on performance.  

An overview of the importance of different probiotic strains, non-dairy food matrices, storage 

conditions, and protective technologies affecting probiotic survival and sensory characteristics 

of probiotic non-dairy foods has been presented in section 1.4 of this PhD thesis. It is essential 

to study viability and stability of probiotics on non-dairy foods under storage conditions, as 

well as to identify microbial cell surface properties as this may be a determinant factor 

impacting microbial adhesion to surface of non-dairy food matrix (Busscher et al., 1984), thus 

affecting their survivals. Besides, in vitro tests of survival in gastric acid and bile acid are 

currently suggested to select bacteria as potential probiotic candidates (FAO & WHO, 2001). 

Therefore, the first step of maintaining viable cells of probiotics on non-dairy foods was to 

select suitable probiotics which have shown their possibility of surviving on such types of food, 

and ideally, their potentials for tolerance to heat, oxygen, low pH, bile salt, and to other stresses 

existing in non-dairy food matrix. In this chapter, probiotic bacteria were selected following a 

literature review, and then characteristics of the selected bacteria were investigated by studying 

their growth in MRSc broth at different pH from 2 to 7, and in MRSc broth supplemented with 

0.3% bile salt with pH adjustment from 5 to 7 at temperatures of 30, 37 and 42 °C. Microbial 

auto-aggregation and bacterial adhesion to solvents were also studied to help understand the 

cell surface properties of the selected bacterial strains.  
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3.2 EXPERIMENTAL DESIGN  

3.2.1 Selection of probiotic bacteria by literature review  

For selection of probiotic bacterial species or strains likely to survive on non-dairy foods, 

scientific literature on the viability and stability of free bacterial cells added to solid non-dairy 

foods was reviewed. Additionally, only species or strains among lactobacilli and bifidobacteria 

were considered here as they have a long and safe-to-use history of being health beneficial 

bacteria in food products. After grouping the bacteria from these articles, the possibility of 

which species/strains survived on certain non-dairy foods were assessed.  

 

3.2.2 Influence of L-cysteine on the growth of three probiotic bacteria evaluated 
by OD600, colony morphology and cell morphology   

MRS media is commercially available for growing lactobacilli in the lab, but it is not sufficient 

to recover anaerobic bifidobacteria. Indeed, addition of L- cysteine to MRS media can provide 

amino nitrogen to reduce the redox potential, and hence favours the growth of Bifidobacteria 

(Shah, 2000). The concentration requirement of L-cysteine used in MRS media appears to be 

slightly different between bacteria, so the specific needs for selected bacteria needed to be 

assessed by evaluating the growth and morphology of colonies on MRS agar plates and 

morphology of cells under a bright field microscope. Four different concentrations of L-cysteine 

in MRS broth or agar were prepared; 0.05, 0.10, 0.15 and 0.20% (w/v).  

 

3.2.3 Bacterial adhesion to solvents (BATS) 

The method was described in section 2.2.10.  

 

3.2.4 Bacteria auto-aggregation  

The method was described in section 2.2.11.  

 



 

40 
 

3.2.5 Investigation of relationship between OD600 and cell density  

Due to multiple scattering effects on OD measurement of bacterial growth in high culture 

densities in microplate readers (Stevenson, McVey, Clark, Swain, & Pilizota, 2016), it requires 

the relationship between OD at 600 nm (OD600) and cell density to be established for each 

bacterium.  

A fresh culture of each bacteria was harvested by centrifuging at 4,000 x ɡ at room temperature 

for 5 min for L. acidophilus ATCC 4356 and L. plantarum RC 30, and for 10 min for B. longum 

ATCC 15707, followed by serial dilutions using MRSc broth to prepare five cell suspensions 

with different cell densities (cells mL-1). Two hundred microliters of each cell suspension were 

carefully transferred into a well of a flat-bottom 96-well microplate (NuncTM, Danmark). A 

calibration curve of five different cell suspensions for each bacterium was plotted by measuring 

OD600 over a range of 107 to 109 cells mL-1 in a FluoStar Omega microplate reader (BMG, 

Germany). MRSc broth was used as blank. 

 

3.2.6 Method development of assessing the growth curves of three probiotic 
bacteria  

The method of assessing bacterial growth in different pH and bile salt previously described by 

Jacobsen et al. (1999) was modified in this study. Fresh cultures of three bacteria were harvested 

and cell pellets were then transferred into a 1.5 mL Eppendorf tube and diluted by adding 

different MRSc broth adjusted to pH 2 to 7, or by adding MRSc broth containing 0.3% bile salt 

adjusted to pH 5 to 7, to make 1 mL of a sample with adjusted OD600 of 0.2. All samples were 

prepared in triplicate. Two hundred microliters of each sample were transferred into the             

96-well microplate. MRSc broth supplemented with or without 0.3% of bile salt at different pH 

was used as a blank. The microplate loaded with samples was then placed in an anaerobic jar 

containing an anaerobic sachet (AnaerobGenTM 2.5 L, Thermo ScientificTM, UK) and incubated 

for 3 h at 30, 37 or 42 °C. The first three-hour incubation is essential to generate an anaerobic 

atmosphere inside the jar according to the manufacture of the anaerobic sachet instructions. 

After that, the microplate was sealed immediately by using two microplate sealing films 

(Thermo ScientificTM, UK), and was then transferred to incubate in a FluoStar Omega 

microplate reader where temperatures of the incubator had been set and maintained at 30, 37 or 

42 °C. OD600 was measured every 2 h for plotting a growth curve over 5 to 25 h.  



 

41 
 

Values of OD600 are proportional to cell density and expressed as log2OD600 to plot a growth 

curve against time, thus showing an increase of one unit in ordinates corresponding to one 

division in growth curve of bacteria (Monod, 1949). 

Additionally, pH changes of different tested samples after the incubation were also measured 

to provide useful information of bacterial cell growth.  

 

3.2.7 Effect of pH and temperature on bacterial growth in MRSc broth, evaluated 
by OD600 and pH change after the growth 

Fresh cells of the three bacteria were harvested, and their initial OD600 in MRSc broth was 

adjusted to 0.2. A total of 162 samples was prepared in triplicate (Table 3-1), and were measured 

for changes of OD600 in MRSc broth with different pH regulation at 30, 37 and 42 °C incubation. 

As initial pH of sterile MRSc broth was 6.2, so MRSc broth of pH 6 was used as a control in 

this experiment.  

 

Table 3-1. Factors to investigate bacterial growth under different conditions  

Factor  Value 

Bacteria  B. longum ATCC 15707 

 L. acidophilus ATCC 4356 

 L. plantarum RC 30 

pH 2 

 3 

 4 

 5 

 6* 

 7 

Temperature (°C) 30 

 37 

 42 

                                    * Control 
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3.2.8 Effect of pH on bacterial growth in MRSc broth supplemented with 0.3% 
bile salt 

According to the method described by Erkkilä and PetäJä (2000), 0.3% bile salt was a critical 

concentration to screen bacteria for their bile salt resistance. Fresh cells of the three bacteria 

were harvested and their initial loading values of OD600 in MRSc broth were adjusted to 0.2 by 

diluted with the same MRSc broth used for growing under bile salt conditions. A total of 27 

samples was prepared in triplicate (Table 3-2) and measured for OD600 of bacteria subjected to 

different MRSc broth containing 0.3% bile salt at 37 °C.  

 

Table 3-2. Factors to investigate bacterial growth in 0.3% bile salt broth with three different 
pH 

Factor  Value 

Bacteria B. longum ATCC 15707 

 L. acidophilus ATCC 4356 

 L. plantarum RC 30 

pH 5 

 6 

 7 

 

3.2.9 Stastical analysis 

The data were the means of three independent experiments (n = 3). Standard error of mean 

(SEM) were calculated and represented as an error bar for illustrating if there was a significant 

difference between treatments in the studies of BATS and auto-aggregation. The data was 

obtained from the growth of the three bacteria determined by measuring OD600 during 25h 

cultivation under the designated conditions (Table 3-1) and was analysed by analysis of 

variance (ANOVA) using GenStat (18th edition, VSNi UK). Main effect plots of bacteria, pH, 

and incubation temperature and incubation time on bacterial growth were also tested using 

Minitab (18th edition). Fisher’s Least Significant Difference (LSD) at a confidence level of 95% 

determined if there was significant difference between treatments. Statistical analysis of pH 

changes after 25 h cultivation were also tested if there was a significant difference between pH, 

temperatures and their interactions using ANOVA and LSD.
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3.3 RESULTS 

3.3.1 Selection of probiotic bacteria added onto non-dairy foods from literature 

To select probiotics for potential use in our research, published research papers which studied 

probiotic survival on non-dairy foods were reviewed and the bacteria grouped as shown in  

Table 3-3. L. acidophilus as the most studied species of lactobacilli was reported in 7 published 

papers, followed by L. rhamnosus, L. plantarum and L. reuteri which were reported by 6, 3 and 

3 papers, respectively. With the exception of L. rhamnosus GG studied in 4 articles, there was 

not one specific strain of lactobacilli that were given more attention than the other strains. In 

comparison with the use of lactobacilli on non-dairy foods, bifidobacteria were reported by far 

fewer papers. The result in the Table 3-3 showed that B. animalis and B. lactis were studied 2 

times more than B. bifidum and B. longum, but the strains of B. animalis and B. lactis were 

different between the studies.  

Table 3-3. Probiotic bacteria used in development of non-dairy foods in a lab scale 

Non-dairy food  Probiotic bacteria Reference  

Fresh cut cantaloupe L. plantarum B2 

L. fermentum PBCC11.5 

Russo et al. (2015) 

Fresh cut apple slices L. rhamnosus GG Rößle et al. (2010) 

Minimally processed 

apple wedges 

L. rhamnosus GG Alegre, Vinas, Usall, 

Anguera, and Abadias (2011) 

Dried apple slices L. rhamnosus ATCC7469 Noorbakhsh et al. (2013) 

Food mixture composed 

of barley, whey and 

tomato 

L. acidophilus NCDC-16 

 

Jood, Khetarpaul, and Goyal 

(2012) 

Olive paste L. plantarum 33, 

L. casei Shirota 

Alves et al. (2015) 

Fermented olive L. pentosus B281, 

L. plantarum B282 

Argyri et al. (2014) 

Oat-based 

Adavena®M40, MG20 

& G40  

L. reuteri ATCC 55730 

L. acidophilus DSM 20079 

B. bifidum DSM 20456 

Ma˚ rtenssona, O¨ ste, and 

Holst (2002) 

Oat-base cereal bar B. lactis Bb-12 Ouwehand et al. (2004) 
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Continued Table 3-3. 
Chocolate-coated 

breakfast cereals 

L. rhamnosus E-800 

L. rhamnosus E-522(LGG) 

Saarela et al. (2006) 

Bread L. acidophilus (strains not 

reported) 

Altamirano-Fortoul et al. 

(2012) 

Soy bar L. acidophilus LA-2 Chen and Mustapha (2012) 

Chocolate  L. helveticus CNCM 1-1722 

B. longum CNCM 1-3470  

Possemiers, Marzorati, 

Verstraete, and Van de Wiele 

(2010) 

Dark chocolate (with 

80% cocoa) 

L. rhamnosus GG, 

L. paracasei F19, 

L. casei DG, 

L. reuteri DSM17938 

Heenan et al. (2004) 

Dark chocolate L. acidophilus NCFM, 

B. lactis HN019 

Laličić-Petronijević et al. 

(2015) 

Foodservice products 

(sandwich, sushi, 

smoothies) 

L. acidophilus LA-5 

B. animalis ssp. lactis BB-12 

Rodgers (2007) 

Mutton sausages  L. acidophilus CCDM 476 

B. animalis 241a 

Hoobin et al. (2013) 

Dry fermented salami  L. reuteri ATCC 55730  Muthukumarasamy, Allan-

Wojtas, and Holley (2006) 

 

After compiling this list of species of lactobacilli and bifidobacteria that have been used on 

some solid or dry non-dairy foods, we searched the New Zealand Reference Culture Collection 

(NZRCC) to identify which might be available for purchase. Species present in the NZRCC are 

listed in Table 3-4. By considering the safety (Sanders et al., 2010) and well-characterized 

taxonomic and phenotypic properties (Mukherjee et al., 2017) of these candidate bacteria for 

human use, type strains isolated from human origin had priority for use in our study, and hence 

L. acidophilus ATCC 4356 and B. longum ATCC 15707 were finally selected. In addition,          

L. plantarum RC30 isolated from cow rumen has shown robust probiotic characteristics of acid 

and bile salt tolerance (Jose et al., 2015). Therefore, L. plantarum RC 30 was also chosen for 

this study to compare probiotic characteristics on bacteria from human or animal origin.  
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Table 3-4. Information of selected strains listed in the catalogue of strains 2004, ESR from 
New Zealand Reference Culture Collection 

 

 

3.3.2 Effect of L-cysteine on the growth of the selected bacteria  

The three bacteria (B. longum ATCC 15707, L. acidophilus ATCC 4356 and L. plantarum RC 

30) were first activated by using the method described in section 2.2.2. Working cultures of 

each bacteria were used to evaluate the effects of different concentrations of L-cysteine on their 

growth in MRS broth by observing turbidity of the cultures during incubation at 37 °C and by 

comparing morphology of their colonies on MRSc agar plates after incubation at 37 °C for 48 

to 72 h. The growth of all bacteria was under anaerobic conditions. The preliminary trials 

showed the supplement of L-cysteine to MRS media did not affect the growth of L. plantarum 

RC 30 but increased reproduction and enhanced colony size for L. acidophilus ATCC 4356 and 

B. longum ATCC 15707. When the concentration of L-cysteine increased to 0.15% and 0.20%, 

crystals of L-cysteine formed in MRSc broth or agar, and this affected reading values of OD600 

and counting colonies of L. acidophilus ATCC 4356. Concentrations between 0.05% and 0.10% 

did not show a difference in the growth of any of the three bacteria. Therefore, concentration 

of 0.05% of L-cysteine was confirmed for preparing optimal growth media for growing these 

bacteria. Therefore, MRSc broth/agar are MRS broth/ agar containing 0.05% of L-cysteine 

throughout this PhD study.  

Cell morphology of these bacteria grown on 0.05% MRSc agar plates was examined by Gram 

staining. Figure 3-1 shows cell shape and size of Gram stained B. longum ATCC 15707, the 

cell morphology of Gram stained L. acidophilus ATCC 4356 and L. plantarum RC 30 is present 

in Figure 3-2 and Figure 3-3, respectively, under a bright field microscope. These bacteria were 

identified as G+ bacteria with different shapes of rod.  

 

Material removed due to copyright compliance 
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Figure 3-1. Cell morphology of B. longum ATCC 15707 after a 48h cultivation on MRSc agar 
plates. Preparations were stained by Gram. Magnification × 1000.  

 

 

Figure 3-2. Cell morphology of L. acidophilus ATCC 4356 after a 48h cultivation on MRSc 
agar plates. Preparations were stained by Gram. Magnification × 1000. 
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Figure 3-3. Cell morphology of L. plantarum RC 30 after a 48h cultivation on MRSc agar 
plates. Preparations were stained by Gram. Magnification × 1000. 

 

3.3.3 Bacteria Auto-aggregation 

Auto-aggregation was investigated on the basis of their sedimentation characteristics         

(Figure 3-4). The capacity of auto-aggregating appears to be significantly different between the 

three bacteria (p < 0.05). High auto-aggregation of 31.8% was observed in B. longum          

ATCC 15707 where its suspension showed constant turbidity and formed pellets. L. acidophilus 

ATCC 4356 and L. plantarum RC 30 showed a low auto-aggregation of 17.8% and 10.2% in 

their suspension, respectively, and produced constant turbidity.  
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Figure 3-4. Percentage of bacterial auto-aggregation. Error bars are SEM (n=3). 

 

3.3.4 Bacterial adhesion to solvents (BATS) 

In Figure 3-5, BATS which was used to determine bacterial cell surface properties.                          

L. acidophilus ATCC 4356 showed a significantly higher affinity to xylene (84.0%) compared 

with 17.3% for L. plantarum RC 30 and 14.9% for B. longum ATCC 15707 (p < 0.05).                   

L. acidopilus ATCC 4356 exhibited a significantly higher adherence to chloroform (97.7%) 

than 25.4% and 27.8% for L. plantarum RC 30 and B. longum ATCC 15707 (p < 0.05), 

respectively. Low affinity to ethylacetate (~ 22%) was observed for all bacteria without any 

significant differences.  
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Figure 3-5. Percentage of bacteria adhesion to solvents (BATS). Error bars are SEM (n=3).  

 

3.3.5 Relationship between OD600 and cell density for the three bacteria  

The relationship between OD600 and cell density is shown in Figure 3-6 for B. longum ATCC 

15707, Figure 3-7 for L. acidophilus ATCC 4356 and in Figure 3-8 for L. plantarum RC 30. A 

polynomial relationship appears to be best fit for these bacteria over a range of 1 x107 to 4.5 

x109 cells mL-1 (B. longum ATCC 15707 and L. acidophilus ATCC 4356) or to 3.5 x109 cells 

mL-1 (L. plantarum RC 30) as their R-squared values are 0.999 (order =2).  

The relationship between OD600 and cell density is linear for these bacteria when the cell density 

is less than approximate 2x109 cells mL-1. However, when the cell density was increased to 3.5 

x109 or 4.5 x109 cells mL-1, the fitted line plot shows the regression line systematically under 

prediction of cell density, but values of OD600 are still correlated to the cell density. Therefore, 

a method of using OD600 to measure bacterial growth in microplate readers without diluting 

cultures can be used in the next studies on bacterial growth under different designated 

conditions.  
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Figure 3-6. Polynomial relationship (order =2) between OD600 and cell density for                           
B. longum ATCC 15707  

 

 

Figure 3-7. Polynomial relationship (order = 2) between OD600 and cell density for                           
L. acidophilus ATCC 4356  

 

R² = 0.9997

0.00

0.60

1.20

1.80

2.40

3.00

3.60

4.20

4.80

1.00E+07 1.01E+09 2.01E+09 3.01E+09 4.01E+09 5.01E+09

O
D

60
0

Estimated cell number (cells mL-1)

R² = 0.9998

0.00

0.60

1.20

1.80

2.40

3.00

3.60

4.20

4.80

1.00E+07 1.01E+09 2.01E+09 3.01E+09 4.01E+09 5.01E+09
Estimated cell number (cells mL-1)

O
D

60
0



 

51 
 

 

Figure 3-8. Polynomial relationship (order = 2) between OD600 and cell density for                        
L. plantarum RC 30 

 

3.3.6 Main effects of bacteria, pH, temperature and incubation time on bacterial 
growth  

In Table 3-5, ANOVA analysis showed that bacteria, pH and temperature significantly 

influenced bacterial growth (p < 0.05), but the interactions of bacteria, pH and temperature with 

incubation time did not significantly impact their growth. 

Average bacteria growth across all variables for each bacteria type, media pH, and incubation 

temperature and incubation time is shown in Figure 3-9. B. longum ATCC 15707 and                     

L. acidophilus ATCC 4356 average growth differed by about log 0.5, whereas L. plantarum RC 

30 growth was 1 to 1.5 logs greater, respectively. From minimal growth at pH 2 and 3 increasing 

growth media pH from pH 3 to pH 6 clearly improved growth by 0.5 to 1.5 logs for each pH 1 

increase. From pH 5 to 7 maximum growth was observed. Temperature appeared to have little 

influence on growth, whereas incubation time as expected to increase growth with growth 

appearing to reach a maximum by around 20 hours. 
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Table 3-5. The results of ANOVA analysis of bacteria growth in MRSc broth of different pH 
at the three temperatures.  

Source of variation F probability 
Block.Subject stratum  

Bacteria < 0.001 
pH < 0.001 

Temperature 
Time 

Bacteria. pH 
Bacteria. temperature 

pH. temperature 

< 0.001 
<0.001 
<0.001 
<0.001 
<0.001 

Block.Subject.Time stratum  
Bacteria. time < 0.001 

pH. time < 0.001 
Temperature. Time 

Bacteria. pH. temperature 
Bacteria. pH. time 

Bacteria. temperautre.time 
pH. temperature. time 

Bacteria. pH. temperature.time 

< 0.001 
< 0.001 
< 0.001 
< 0.001 

0.947 
0.890 

                                   Results are significantly different if p < 0.05 

 

 

Figure 3-9. Log growth (OD600) from left to right; bacteria type, growth media pH, incubation 
temperature and incubation time.  
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3.3.7 Influence of pH and temperature on the growth of B. longum ATCC 15707 

Growth curves of B. longum ATCC 15707 inoculated into MRSc broth with pH adjusted from 

2 to pH 7 are shown in Figure 3-10, Figure 3-11 and Figure 3-12 for 25 h incubation at 30 °C, 

37 °C and 42 °C, respectively. This bacterium did not grow at pH 2, 3 or 4 at any temperatures. 

Although pH had a significant impact on the growth of the bacteria, some error bars 

(represented as SEM, n=3) are overlaid as the variations between biological replicates of               

B. longum ATCC 15707 were largely affected by anaerobic atmosphere in 96- microplate, and 

hence some significant differences of the growth between different pH at the same temperature 

were not observed in these figures.  

Figure 3-10 shows 30 °C did not flavour the growth of B. longum ATCC 15707 in MRSc broth 

of any pH. Moreover, the lower the pH of the broth, the greater the inhibition of growth. Broth 

at pH 6 and 7 provided mild acidic to neutral conditions for growing B. longum ATCC 15707 

and extended its exponential phase. This temperature also produced low cell biomass at pH 6 

and 7 where values of logarithmic OD600 of 0.69 and 0.52 were much lower than 1.58 and 1.88 

at 37 °C, and 1.76 and 1.85 at 42 °C. 

Figure 3-11 shows the growth of B. longum ATCC 15707 at 37 °C as typical where the cells 

proliferated well in MRSc broth of pH 6 and 7, and showed good adaptation to pH 5 which was 

not observed at 30 °C. Furthermore, log OD600 of 1.18 of cell biomass at pH 5 was much higher 

than that of 0.25 at 42 °C.  

In Figure 3-12, B. longum ATCC 15707 exhibited good growth at 42 °C at pH 6 and 7 with 

high production of cell biomass. B. longum ATCC 15707 reached a stationary phase faster at 

pH 6 than any other pH. Acidic broth of pH 2 and 3 appeared to inhibit growth at this 

temperature. When B. longum ATCC 15707 was subjected to pH 4, the cells appeared to survive 

under this acidic condition but were not able to proliferate after 25 h incubation.  

Generally, all bacterium could grow at pH 6 and pH 7 at all temperatures. The lowest 

temperature of 30 °C produced less cell biomass than that at other temperatures. The 

logarithmic values of OD600 were similar for B. longum ATCC 15707 at the end of the 

incubation period at both 37 °C and 42 °C. However, when B. longum ATCC 15707 was 

growing at pH 5 at all temperatures, fluctuating growth patterns were observed at 30 °C and 

42 °C, but a more consistent growth pattern was found at 37 °C. Moreover, the highest cell 
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biomass of log 1.18 was produced at 37 °C compared with the cell biomass of - log 0.24 and - 

log 0.56 at 42 °C and 30 °C, respectively.  

 

 

Figure 3-10. Growth curves of B. longum ATCC 15707 at 30 °C. Error bars are SEM (n=3)  

 

 

Figure 3-11. Growth curves of B. longum ATCC 15707 at 37 °C. Error bars are SEM (n=3). 
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Figure 3-12. Growth curves of B. longum ATCC 15707 at 42 °C. Error bars are SEM (n=3). 

 

3.3.8 Influcence of pH and temperautre on the growth of L. acidophilus ATCC 
4356  

Figure 3-13, Figure 3-14 and Figure 3-15 show the growth of L. acidophilus ATCC 4356 in 

MRSc broth at different pH at temperatures of 30 °C, 37 °C and 42 °C, respectively, for 25 h. 

Generally, a long exponential phase and low cell biomass of L. acidophilus were observed under 

the designated conditions, which indicated relatively poor growth. Neutral MRSc broth of pH 

7 did not support the growth of L. acidophilus at the three temperatures. This showed a very 

different characteristic of L. acidophilus growth compared with the other two bacterial strains 

at the same pH.   

At 30 °C, pH 6 appeared to support the growth of L. acidophilus ATCC 4356, however values 

of log OD were very low. At 30 °C and 42 °C growth was not supported at most pH, whereas 

at 37 °C, L. acidophilus ATCC 4356 was able to grow only at pH 5 and 6. An optimal growth 

temperature and pH for this bacterium was found to be 37 °C and pH 6. The higher cell biomass 

(log OD600 of 0.996) was found at pH 6 at 37 °C than log OD600 of - 0.12 and 0.24 at 30°C and 

42 °C, respectively, after 25 h.   

-3.00

-2.00

-1.00

0.00

1.00

2.00

3.00

5 7 9 11 13 15 17 19 21 23 25

MRSc-pH2 MRSc-pH3 MRSc-pH4
MRSc-pH5 MRSc-pH6 MRSc-pH7

Lo
g 2

O
D

60
0

Hour



 

56 
 

When L. acidophilus ATCC 4356 has subjected to 42 °C, the cells showed a faster growth at 

pH 5 than at pH 6 before 21 h incubation, and the two growth curves crossed and merged then 

till 25 h incubation.  

 

Figure 3-13. Growth curves of L. acidophilus ATCC 4356 at 30 °C. Error bars are SEM (n=3). 

 

 

Figure 3-14. Growth curves of L. acidophilus ATCC 4356 at 37 °C. Error bars are SEM (n=3). 
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Figure 3-15. Growth curves of L. acidophilus ATCC 4356 at 42 °C. Error bars are SEM (n=3). 

 

3.3.9 Influcence of pH and temperautre on the growth of L. plantarum RC 30 

Inoculation into MRSc broth of different pH, the growth profile of L. plantarum RC 30 at 30 °C, 

37 °C and 42 °C are shown in Figure 3-16, Figure 3-17 and Figure 3-18, respectively. Compared 

with growth curves of the other two bacteria, L. plantarum RC 30 showed a robust characteristic 

of being able to grow at all three temperatures as well as at pH 4.  

Growth of L. plantarum RC at 30 °C was supported at pH 4, 5, 6 and 7, but a long exponential 

phase and low cell biomass were found at pH 4. Higher pH appeared to produce a shorter 

exponential phase and higher cell biomass. For example, the log OD600 of 2.08 was observed at 

pH 5, 6 and 7 compared with log OD600 of 1.54 at pH 4 at 30 °C. When the temperature was 

37 °C, the growth of L. plantarum RC 30 reached a stationary phase at pH 5, 6 and 7 after          

13 h, and then the three growth curves merged into one curve, and produced similar cell biomass 

at the end of 25 h incubation. Higher production of cell biomass was also observed at pH 5, 6 

and 7 than that at pH 4 throughout the growth of 25 h. Temperature of 42 °C appeared to 

accelerate cell growth and hence cultures reached a stationary phase at pH 5, 6 and 7 for only 

11 h. However, the cell biomass at this temperature was much lower than that at 30 °C and 

37 °C.  
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Figure 3-16. Growth curves of L. plantarum RC 30 at 30 °C. Error bars are SEM (n=3). 

 

 

Figure 3-17. Growth curves of L. plantarum RC 30 at 37 °C. Error bars are SEM (n=3). 
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Figure 3-18. Growth curves of L. plantarum RC 30 at 42 °C. Error bars are SEM (n=3).  

 

3.3.10 Main effects of bacteria, incubation pH and temperature on pH change 

In Table 3-6, ANOVA analysis showed that bacterial and pH, and their interaction significantly 

influenced pH change after bacteria growth (p < 0.05). Temperatures did not affect the pH 

changes of these bacteria grown in MRSc broth at any pH.  

 

Table 3-6. The results of ANOVA analysis of pH changes of bacterial growth in MRSc broth 
of different pH at the three temperatures.  

Source of variation F probability 
Block.Subject stratum  

Bacteria < 0.001 
pH < 0.001 

Temperature 0.798 
Bacteria. pH < 0.001 

Bacteria. temperature <0.001 

pH. temperature < 0.001 
Bacteria. pH. temperature < 0.001 

                                       Results are significantly different if p < 0.05 
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Average change in growth media pH after incubation across all variables for each bacteria type, 

growth media initial pH, and incubation temperature is shown in Figure 3-19. For each bacteria 

there appeared to be little average change in media pH after incubation. At high initial growth 

media pH (>4) change in pH after incubation increased with increasing in initial pH. 

Temperature of incubation appeared to have little influence on pH change following incubation.  

 

 

Figure 3-19. pH change from left to right; bacteria type, growth media starting pH and 
incubation temperature  

 

3.3.11 pH change after growth of bacteria under different conditions 

The changes of pH after the three bacteria inoculated in MRSc broth of different pH was listed 

in Table 3-7. In general, different temperatures and species caused variation in pH over 25 h 

cultivation. MRSc broth adjusted to the initial pH of 6 and 7 offered mild acidic to neutral 

conditions for B. longum ATCC 15707, L. acidophilus ATCC 4356 and L. plantarum RC 30 to 

perform their cellular activities to a large extent, thus the measured pH values decreased in a 

range of 1.58 to 2.85. In contrast, when bacteria grew in MRSc broth of pH 5, the pH values 

decreased to 1.15 at 42 °C  and 1.52 at 30°C  for L. plantarum RC 30, and declined pH values of 

about 1.2 for B. longum ATCC 15707 and L. acidophilus ATCC 4356 at 37 °C .  
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Table 3-7. pH change after bacterial growth in MRSc broth of different pH at three 
temperatures  

Initial 
pH 

Temperature 
(°C) 

B. longum 
ATCC15707 

L. acidophilus 
ATCC4356 

L. plantarum 
RC30 

 30  0.01p 0p 0.02±0.01p 

2 37  0.16±0.16p 0.16±0.18p 0.18±0.18p 

 42  0p 0.03±0.01p 0p 

 30  0p 0.06±0.01p 0.08±0.04op 

3 37  0.11±0.08p 0.11±0.10p 0.10±0.14p 

 42  0p 0.04±0.01p 0.07±0.01p 

 30  -0.04±0.01op -0.13±0.06nop -0.74±0.02kl 

4 37  0.06±0.12p -0.03±0.11op -0.52±0.05lm 

 42  -0.01±0.01op -0.06±0.02op -0.32±0.02mno 

 30  -0.43±0.14lmn -0.85±0.06jk -1.52±0.03fg 

5 37  -1.19±0.03hi -1.20±0.01hi -1.40±0.12gh 

 42  -0.85±0.07jk -0.94±0.05ijk -1.15±0.01hij 

 30  -1.65±0.02defg -1.58±0.05efg -2.18±0.04b 

6 37  -1.74±0.02def -1.69±0.03defg -1.84±0.16cde 

 42  -1.86±0.03cde -1.61±0.12efg -1.96±0.02bcd 

 30  -1.95±0.05bcd -2.19±0.06b -2.85±0.01a 

7 37  -2.56±0.04a -2.19±0.06b -2.57±0.02a 

 42  -2.62±0.03a -2.11±0.06bc -2.67±0.05a 

Changes of pH in growth broth inoculated with different bacteria which share the same letter 

(a - p) are not significantly different (p < 0.05). Values of pH change are presented as mean ± 

SEM (n=3).  
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3.3.12 Main effects of bacteria, media pH with 0.3% bile salt, and incubation on 
bacteria growth 

In Table 3-8, ANOVA analysis results show that bacteria, pH and their interaction significantly 

influenced bacterial growth in MRSc broth supplemented with 0.3% bile salt (p < 0.05), but the 

interactions of bacteria and pH with incubation time did not have significant effects on the 

growth.  

 

Table 3-8. The results of ANOVA analysis of bacteria growth in MRSc broth of different pH 
supplemented with 0.3% bile salt.  

Source of variation F probability 
Block.Subject stratum  

Bacteria < 0.001 
pH < 0.001 

Time <0.001 
Block.Subject.Time stratum  

Bacteria. pH <0.001 
Bacteria. time 0.728 

pH. time  0.996 
Bacteria. pH. time 0.913 

                                    Results are significantly different if p < 0.05 

 

Figure 3-20. Log growth (OD600) from left to right; bacteria type, growth media pH with 0.3% 
bile salt, and incubation time.  
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Average bacteria growth across all variables for each bacteria type, media pH (with the addition 

on 0.3% bile salt), and incubation time is shown in Figure 3-20. There appeared to be little 

difference between the growth of B. longum ATCC 15707 and L. acidophilus ATCC 4356 

whereas L. plantarum RC 30 growth was far greater. Less growth at lower pH with pH 5 and 

pH 6 growth appearing similar. Increasing pH to 7 increased growth by about 1 log. 

Temperature appeared to have little influence on growth, whereas time as expected increased 

growth with growth appearing to reach a maximum by around 11 hours.  

 

3.3.13 Effect of adding 0.3% bile salt to MRSc broth on bacterial growth at 37 °C  

The previous experiments of bacterial growth under the conditions of different pH and 

temperatures showed that although this temperature was not optimal for cultivating all the 

bacteria, the three bacteria could grow at 37 °C. Therefore, 37 °C was used to investigate effects 

of bile salt on bacterial growth. 

B. longum ATCC 15707 (Figure 3-21) and L. acidophilus ATCC 4356 (Figure 3-22) showed 

less capacity to tolerate 0.3% bile salt than L. plantarum RC 30 (Figure 3-23). Addition of 0.3% 

bile salt inhibited the growth of B. longum ATCC 15707 and L. acidophilus ATCC 4356 in 

MRSc broth of pH 4, 5 and 6, while these bacteria were able to grow in the MRSc broth at pH 

4, 5 and 6 without bile salt. By contrast, L. plantarum RC 30 showed its ability of growing in 

0.3 % bile salt at pH 4, 5 and 6, and when the pH increased from 5 to 7, cell biomass was also 

increased.  
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Figure 3-21. Growth of B. longum ATCC 15707 in MRSc broth of different pH supplement 
with 0.3% bile salt. Error bars are SEM (n=3).  

 

 

Figure 3-22. Growth of L. acidophilus ATCC 4356 in MRSc broth of different pH supplement 
with 0.3% bile salt. Error bars are SEM (n=3).  
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Figure 3-23. Growth of L. plantarum RC30 in MRSc broth of different pH supplement with 
0.3% bile salt. Error bars are SEM (n=3).  
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3.4 DISCUSSION 

In the present study, three potential probiotic bacteria; B. longum ATCC 15707, L. acidophilus 

ATCC 4356 and L. plantarum RC 30 were selected by primarily reviewing the literature 

associated with their applications to non-dairy foods, especially in solid/dry foods. L-cysteine 

was then added to MRS broth as a protecting agent for cultivation of oxygen-sensitive bacteria, 

i.e. B. longum (Kiviharju, Leisola, & Eerikainen, 2005). After the investigation of effects of 

different concentrations of L-cysteine on growth of the three bacteria, 0.05% of L-cysteine was 

optimal for cultivating B. longum ATCC 15707 and L. acidophilus ATCC 4356 in MRS broth 

at 37 °C, which in consistent with the concentration of L-cysteine reported by  Shah (2000) and 

Farnworth et al. (2007). While the addition of L-cysteine to MRS broth did not affect the growth 

of L. plantarum RC 30 at 37 °C, for convenience MRS broth supplemented with 0.05% of         

L-cysteine was also used to grow this bacterium.  

The BATS assay, using xylene (non-polar solvent) demonstrated the hydrophobic surface 

characteristic of bacteria; the affinity to chloroform (polar acidic solvent) and ethylacetate 

(polar basic solvent) described cell surface characteristics of electron donating and electron 

accepting (Xu et al., 2009). L. acidophilus ATCC 4356 showed a higher affinity to xylene 

(84.0%) and chloroform (97.7%) than B. longum ATCC 15707 and L. plantarum RC 30, which 

indicated L. acidophilus ATCC 4356 has a stronger hydrophobicity and electron-donating 

ability than the other two bacteria. This property suggests that when L. acidophilus ATCC 4356 

adheres to solid surfaces in an aqueous system, it can exclude water between the contacting 

areas and bacteria, and enables bacteria interact directly with dehydrated surface through short 

range interaction (Busscher & Weerkamp, 1987), and Lewis acid-base interaction may play an 

important role (Bellon-Fontaine et al., 1996).  

B. longum ATCC 15707 showed a lower hydrophobicity of 14.9% than L. acidophilus ATCC 

4356 (84.0%) and L. plantarum RC 30 (17.3%) but a higher auto-aggregation of 31.8% 

compared with L. acidophilus ATCC 4356 (17.8%) and L. plantarum RC 30 (10.2%) in this 

study. It has been reported that auto-aggregation of Bifidobacterium strains is between 20% - 

70% (low to medium degree of auto-aggregation), and most strains were less hydrophobic and 

showed heterogeneity in surface hydrophobicity compared with the other strains that showed a 

high degree of auto-aggregation (> 70%) (Rahman, Kim, Kumura, & Shimazaki, 2008). 

Another surface hydrophobicity study of 13 Bifidobacterium strains conducted by measuring 

microbial adhesion to hydrocarbon (MATH) showed auto-aggregation was strongly related to 
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hydrophobicity for most strains, but with exceptions of strain B8, and hence the authors 

suggested bacterial hydrophobicity and auto-aggregation appeared to be two independent traits 

(Del Re, Sgorbati, Miglioli, & Palenzona, 2000). Therefore, the weak relationship between 

auto-aggregation and hydrophobicity for B. longum ATCC 15707 in the present study is 

consistent with observations by others. However, this result is not constant with the findings of 

Xu et al. (2009) who found that B. longum B6 showed a significantly high hydrophobicity of 

53.6% and strong auto-aggregation ability of 51.8% compared to the five strains of 

Lactobacillus. Some factors impacting the measurements of bacterial hydrophobicity between 

different research groups may be included differences such as growth conditions of strains 

among bifidobacteria and lactobacilli (Shakirova, Auzina, Zikmanis, Gavare, & Grube, 2010), 

growth media, pH and temperatures (Rahman et al., 2008) as well as the presence of 

exopolysaccharides (EPS) and specific surface proteins of bacteria (Polak-Berecka, Wasko, 

Paduch, Skrzypek, & Sroka-Bartnicka, 2014). Therefore, using more than one method to 

determine bacterial cell surface properties would give more informative results.  

When B. longum ATCC 15707, L. acidophilus ATCC 4356 and L. plantarum RC 30 were 

subjected to different temperatures, pH and 0.3% bile salt, their growth behaviour varied greatly, 

this might reflect an intrinsic tolerance to heat and potential to survive through GIT. 

B. longum ATCC 15707 showed a long exponential phase and low cell biomass at pH 6 and pH 

7 at 30 °C, but when the temperature increased to 37 °C and 42 °C, the exponential phase 

became shorter and cell biomass was increased. This phenomena was also reported by Agyei 

and Danquah (2012). The authors suggested high temperatures activated energy of 

biomolecules and improved enzymatic reactions with components in growth media, and thus 

had a positive effect on cell growth. A similar trend was found in the growth of L. acidophilus 

ATCC 4356 at pH 5 and 6 at 37 °C but not at 30 °C, and while L. plantarum RC 30 did not 

show this trend. It might indicate that the effect of relatively high temperatures on bacterial 

growth largely depends on species of lactobacilli and bifidobacteria. Besides, a low initial 

glucose concentration in MRSc broth also contributed to a better cell physiology of B. longum 

(Kiviharju, Salonen, Leisola, & Eerikäinen, 2007). On the other hand, it was interesting that     

L. plantarum propagated faster at a relatively low temperature of 30 °C rather than at 37 °C and 

42 °C. This species might maintain its function at a low temperature by increasing proportions 

of unsaturated and short chain fatty acids on cell membranes, and thus decreasing a melting 

point and remaining fluid on the membrane (Adams & Moss, 2007)  
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Culture pH is known to strongly affect enzymatic processes and transport of various 

components across the cell membrane (Corcoran et al., 2008). The pH range between 2 and 7 

was suggested to screen probiotics for their tolerance in in vitro GIT study (Prasada, Gillab, 

Smarta, & Gopala, 1998). None of the three bacteria in the present study were observed to grow 

between pH 2 and 3 at any of the temperatures, and only L. plantarum RC 30 could grow in pH 

4 at 30 and 37 °C. In an Electron scanning microscopy (ESM) study of L. plantarum WCFS1 

subjected to pH 2 to 4, Ingham, Beerthuyzen, and Vlieg (2008) observed the filamentous cells 

grown at pH 3 displayed a rough cell surface without obvious septation to maintain cell viability 

under acidic stress, and filamentous cells could recover at this pH through asymmetric cell 

division. The authors’ observations might be helpful to explain L. plantarum RC 30 tolerant to 

a moderate acidic condition of pH 4 in this study. L. acidophilus ATCC 4356 was not able to 

grow in the MRSc broth of pH 4 at any of the three temperatures, which is accordance to the 

results in the study of Shah (2007). However, pH 5 was found to improve the growth of                   

L. acidophilus ATCC 4356 at 42 °C, probably indicating that its enzymatic activity was 

enhanced under this slightly acidic condition by activating the ionic groups present at enzyme 

active sites, and hence improving the growth (Agyei & Danquah, 2012).  

On the other hand, if the external pH is sufficiently low and the extracellular concentration of 

acid is high, the burden on cells become too great, the cytoplasmic pH drops to a level where 

growth is no longer possible and the cell eventually dies (Adams & Moss, 2007). For example, 

the growth of B. longum ATCC 15707 was inhibited in MRS-WP (whey protein) medium 

controlled pH 5 at 37 °C (Doleyres, Paquin, LeRoy, & Lacroix, 2002). The authors found 

available sugars in the medium were not completely consumed and undissociated lactic acid 

and acetic acids were accumulated at pH 5, thus its growth was inhibited. Compared with our 

study, B. longum ATCC 15707 subjected to MRSc broth of pH 5 was still growing at 37 °C, 

though prolonged exponential phase and low cell biomass were observed. This different 

survival pattern of B. longum ATCC 15707 grown at pH 5 might suggest different growth media 

could result in different growth profiles of bacteria. Another growth study of strain Ⅱ, Ⅲ, S9 

and B. longum ATCC 15707 of B. longum inoculated in a MRS-Thio (supplemented with 0.1% 

sodium thioglycolate) broth reported that a lower viability loss  of B. longum ATCC 15707 was 

observed at pH 6.5 and 7.5 rather than at pH 5 and 6 (Reilly & Gilliland, 1999), which agrees 

with the result report in this these for B. longum ATCC 15707, which doubled cell numbers 

faster at pH 6 and 7 compared with at pH 5. Therefore, when we compare bacterial growth 
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capacity between different pH and temperatures, growth media and bacteria strain should also 

be considered as an important factor.  

Bile salt has a detergent effect on bacterial cell membranes that are composed of lipids and fatty 

acids, but some strains can produce bile salt hydrolase enzyme (BSH) to hydrolyse bile salts, 

thus reducing this negative effect on bacterial survival (Ruiz et al., 2011). In this study, 0.3% 

bile salt was used for screening the three bacteria as this concentration was regarded as a critical 

level to select probiotics tolerant to bile salt (Goldin et al., 1992). Generally, addition of 0.3% 

bile salt to MRSc broth affected growth of these bacteria. Moreover, variability of resistance to 

0.3% bile salt was observed between the bacteria strains. This phenomena was previously 

reported by another bile salt study (Jacobsen et al., 1999). Comparison with a poor growth in 

0.3% bile salt for B. longum ATCC 15707 and L. acidophilus ATCC 4356, L. plantarum RC 

30 exhibited its robust characteristic of growing in bile salt, which was in agreement with the 

the study of Erkkilä and PetäJä (2000). The result that the growth in 0.3% bile salt at the tested 

pH was found in L. plantarum RC 30 but no for B. longum ATCC 15707 and L. acidophilus 

ATCC 4356 can demonstrate different abilities of bacteria resistance to bile salt between human 

and animal isolates. 
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3.5 CONCLUSION 

In this study, B. longum ATCC 15707, L. acidophilus ATCC 4356 and L. plantarum RC 30 

were selected and characterized as potential probiotic bacteria for use to produce probiotic      

non-dairy foods. B. longum ATCC 15707 showed the strongest ability to grow at 42 °C and the 

highest degree of auto-aggregation, which suggests this bacterium would be tolerant to heat by 

a protective strategy of self-cluster among cells. L. acidophilus ATCC 4356 exhibited its growth 

only at 37 °C and a strong cell surface property of hydrophobicity and electron-donating 

capacity, indicating a good potential of adhesion to solid surface but a fragile property of 

responding to heat. Optimal growth of L. plantarum RC 30 was noticed at 30 °C between pH 4 

and pH 7. Moreover, this bacterium showed a high tolerance to 0.3% bile salt, while the addition 

of bile salt to MRSc broth of pH 5, 6 and 7 had negative effects on the growth of B. longum 

ATCC 15707 and L. acidophilus ATCC 4356. The growth pattern of L. plantarum RC 30 

subjected to a relatively low temperature and pH may indicate its specific characteristics of 

being an isolate from cow rumen compared to human origin of the other two bacteria.  

Overall, these findings can provide a useful information on prediction of their survival to some 

extent, but behaviours of these bacteria coated on non-dairy foods in a production and during a 

storage still need a further investigation. The next study was therefore established to screen 

viability and stability of these bacteria coated on different non-dairy foods during storage at 

room temperature.  
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CHAPTER 4  

EFFECT OF NON-DAIRY FOOD MATRICES ON SURVIVAL 

OF PROBIOTIC BACTERIA DURING STORAGE  

4.1 INTRODUCTION 

The three bacteria selected and characterised in CHAPTER 3 identified their growth under 

various media conditions (pH, temperature, bile salts) and their surface properties such as 

hydrophobicity and auto-aggregation. Typically, media had a range of impacts on the bacteria, 

no one species appeared to be an outstanding candidate for further research. As a consequence 

of these observations all three bacteria were considered for their survival when incorporated 

onto non-dairy foods. 

Development of innovative food products with improved sensory and demonstrated health 

benefits properties is needed in the rapidly growing probiotics food sector. Probiotics, are 

micro-organisms with demonstrated health benefits to the recipient, are used as “food additives” 

by industry. Species belonging to the genera Lactobacillus and Bifidobacterium such as L. 

acidophilus, L. plantarum, L. casei, B. longum and B. bifidum, are considered probiotics with 

well-documented evidence (Gomes & Malcata, 1999; Jose et al., 2015; WHO & FAO, 2002). 

To be effective, probiotics need to be alive and have a minimum population of 106 - 107 CFU 

g-1or mL-1 in a product (Tripathi & Giri, 2014). However, the incorporation of probiotics into 

processed food products and subsequent storage can be stressful for bacterial cells and their 

viability may decrease. Hence the quality of the final probiotic product is determined by 

bacterial survival.  

To improve survival of probiotics in foods, the choice of food matrix is important for viability 

of probiotics during both processing and storage. Although dairy based matrices have been used 

to produce a range of probiotic foods (Granato, Branco, Cruz, Faria, & Shah, 2010),  non-dairy 

based food matrices have great potential to deliver bacteria for developing new innovative 

probiotic products. Examples of dairy free probiotic foods include those raw materials based 

on fruit, vegetable, cereal and soy. Some meat products have also been investigated as vehicles 

for probiotics (Rivera-Espinoza & Gallardo-Navarro, 2010). However, during production and 

storage, survival and stability of probiotics added into fruit and/or vegetable juice, or chocolate 

coated cereal breakfast, not only depends on those food matrix, water activity and pH of the 
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final products, but on the choice of probiotic species selected (Chaikham et al., 2013; Pereira 

et al., 2011; Sharma & Mishra, 2013). 

Most probiotic food products are recommended to be stored at or below 4 ºC, resulting in higher 

transportation and storage costs as well as rising risking viability loss of probiotics if the storage 

temperatures are not properly maintained. Ambient storage conditions can expose probiotic 

products to many stresses such as heat, osmotic and oxidative stress which can decrease survival 

of Lactobacillus and Bifidobacteria species in foods (De Angelis & Gobbetti, 2004), and hence 

some strategies have been employed to improve their survival. These include adaption to sub-

lethal stress, optimization of drying parameters, microencapsulation and addition of cell 

protectants appear to achieve suitable cell counts in the products during the processing               

(De Prisco & Mauriello, 2016; Martín et al., 2015; Saarela et al., 2004). Study of food 

composition, storage environment and packaging material can assist to reveal underlying 

mechanisms of survival of probiotics in the products during storage (Makinen, Berger, Bel-

Rhlid, & Ananta, 2012; Pimentel, Madrona, Garcia, & Prudencio, 2015; Salmerón et al., 2014; 

Senz, van Lengerich, Bader, & Stahl, 2015). Besides, studying probiotic bacteria under food-

like conditions will provide practical information on how to improve survival during 

preparation, processing, distribution, storage, and consumption (Siragusa et al., 2014).  

Three bacteria, B. longum ATCC 15707, L. acidophilus ATCC 4356 and L. plantarum RC 30 

growing in the MRSc broth have shown the variability of their growth behaviours at different 

temperatures, pH and bile salt as well as of their cell surface properties in CHAPTER 3. 

However, can these determined characteristics be used to predict their abilities of surviving on 

a real food at room temperature? Regarding this consideration, this chapter aimed to investigate 

survival of the three probiotic bacteria on six non-dairy foods during storage at room 

temperatures for four weeks, and to understand the effects of food matrix, storage time, storage 

temperature and relative humidity on bacterial survival.  
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4.2 EXPERIMENTAL DESIGN 

4.2.1 Influence of storage temperature and relative humidity on the survival of 
bacteria coated on rice collets for 4 weeks storage 

To investigate the effect of storage conditions on bacterial survival, temperatures of 20 and 

30 °C in combination with humidity of 20, 30 and 50% were used. A factorial experimental 

design (3×2×3) was shown in Table 4-1. A total of 54 samples was prepared in triplicateand 

stored under the designed storage conditions in section 2.2.7. Processing of coating bacteria 

onto rice collets was described in section 2.2.8. Bacterial survival was determined by plate 

counting at week 0, week 2 and week 4. This enumeration method was described in section 

2.2.9.  

 

Table 4-1. Investigation of different temperature and relative humidity on bacterial survival.  

Factor Value 

Bacteria 

 

 

B. longum ATCC 15707 

L. acidophilus ATCC 4356 

L. plantarum RC 30 

Temperature (°C) 

 

20 

30 

Relative Humidity (% RH) 

 

 

20 

30 

50 

 

The result of the preliminary experiment described in section 4.2.1 showed that the highest and 

lowest viable cell counts of the three bacteria coated on rice collets were found under storage 

conditions of 20 °C and 20% RH, and 30 °C and 50% RH, respectively. Therefore, in the next 

section, these two storage conditions were applied to study the relationship between different 

food matrices and bacterial viability for 4 weeks storage.  
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4.2.2 Effect of non-dairy foods and storage conditions on bacterial survival for 4 
weeks storage 

A factorial experimental design (3×6×2) was shown in Table 4-2. A total of 108 samples was 

prepared in triplicate. Bacterial survival was determined by plate counting at week 0, week 2 

and week 4. Storage temperature and relative humidity were monitored using Tinytag Ultra 

Data logger (TGU-4500, Tinytag UK). The graph of monitored storage temperature and relative 

humidity is provided in Appendix 3.1.  

 

Table 4-2. Investigation of food matrix and storage conditions on bacterial survival. 

Factor Value 

Bacteria 

 

 

B. longum ATCC 15707 

L. acidophilus ATCC 4356 

L. plantarum RC 30 

Food matrix 

 

 

 

 

 

Rice collet 

Peanut 

Coconut 

Raisin 

Oat 

Wheat bran 

Temperature and Humidity 

 

20 °C and 20 % RH 

30 °C and 50 % RH 

 

4.2.3 Effect of extended storage time on bacterial surival  

The previous results of section 4.2.1 and 4.2.2 showed that bacterial survival of B. longum 

ATCC 15707 and L. plantarum RC 30 coated on some food matrices appeared to be stable 

under the mild storage condition of 20 °C and 20% RH after 2 weeks and 4 weeks. If the trend 

of bacterial survival for 4 weeks was maintained till 12 weeks, the prediction for viability and 

stability of bacteria coated on food matrices would be helpful for studying a long-term storage 

of probiotic foods. Therefore, the same 108 samples used in section 4.2.2 continued to be stored 

under the same conditions for an additional storage of 8 weeks. Viable cells on these samples 

were enumerated by plate counting at the end of the storage.  
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4.2.4 Statistical analysis 

All samples were prepared in three dependent trials and enumeration of each sample was done 

twice using plate counting method. The enumeration results at week 0, week 2 and week 4 were 

analysed using the analysis of variance (ANOVA) processed by GenStat (18th editioin, VSNi 

UK). Fisher’s Least Significant Difference Design (LSD) at a confidence level of 95% was used 

to determine if there was significant difference between treatments. Main effect plots of bacteria, 

non-dairy food matrix, storage conditions and storage time on bacterial survival were also tested 

using Minitab (18th edition). The data of week 12 was analysed separately as an additional 

information of bacterial survival to the stability study at storages of week 0, week 2 and week 

4.   
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4.3 RESULTS 

4.3.1 Difference of loading on rice collets between bacteria 

Fresh cultures of each bacteria were prepared with a target viability of log 8.0 CFU mL-1, but 

differences of bacterial viability between the inoculating cultures and the culture coated rice 

collets was observed and shown in Table 4-3. The highest loading was observed in B. longum 

ATCC 15707 with a mean loading of 85.03% target loading, and only log 1.0 CFU g-1 of viable 

cells coated on rice collets was decreased during a coating process. While, log 3.0 CFU g-1 of 

viable cells of  L. acidophilus ATCC 4356 was lost during the inoculation and 55.77 % of viable 

cells maintained. Viable cells of L. plantarum RC 30 decreased by log 2.0 CFU g-1 and 72.25% 

target loading of the cells were determined. 

 

Table 4-3. Loading (Log CFU mL-1) of B. longum ATCC 15707, L. acidophilus ATCC4356 or 
L. plantarum RC30 on rice collet.  

Bacteria Culture 

viability 

Predicted 

loading 

Actual 

loading  

%Target 

loading 

Mean± SEM 

(n=3) 

B. longum ATCC15707 8.39 7.09 

5.98 84.41 

85.03±0.53 6.10 86.09 

6.00 84.59 

L. acidophilus ATCC4356 7.92 6.62 

3.30 49.84 

55.77±2.98 3.85 58.16 

3.93 59.31 

L. plantarum RC 30 8.31 7.01 

4.98 71.07 

72.25±0.86 5.03 71.75 

5.18 73.92 

 

4.3.2 Main effects of different storage conditions on the survival of bacteria coated 
on rice collets 

In Table 4-4, ANOVA analysis showed that temperature, relative humidity and week 

significantly influenced survival of each bacteria (p < 0.05). The interactions of temperature 

and relative humidity had significant influence on their survival (p < 0.05), but when the storage 

time increased to 4 weeks, this effect became not significant (p = 0.622).  
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Table 4-4. The results of ANOVA analysis of bacteria survival on rice collets at different 
combinations of temperature and relative humidity for each bacterium (Covariate 
to week 0). 

Source of variation F probability 
Block.Subject stratum  

Bacteria <0.001 
Temperature <0.001 

Humidity <0.001 
Week <0.001 

Bacteria. temperature <0.001 
Bacteria. humidity <0.001 

Temperature. humidity <0.001 
Bacteria. temperature. humidity <0.001 

Block.Subject.Time stratum  
Bacteria. week <0.001 

Humidity. week 0.008 
Temperature. week 0.346 

Bacteria. temperature. week <0.001 
Bacteria. humidity. week <0.001 

Temperature. humidity. week 0.622 
Bacteria. temperature. humidity. week 0.005 

                              Results are significantly different if p < 0.05. 

 

Average bacterial survival across all variables for each bacteria type, storage temperature and 

relative humidity, and storage time is shown in Figure 4-1. B. longum ATCC 15707 and                

L. plantarum RC 30 average survival differed by about log 1.0, whereas L. acidophilus ATCC 

4356 survival was 4 to 5 logs fewer, respectively. Storage temperatures increased from 20 °C 

to 30 °C clearly reduced their survival by 0.4 log. Maximum decreased survival of log 1.2 was 

observed at 50% RH. Average survival was declined from 4.2 logs to 3.8 logs through 4 weeks 

storage. Increased storage temperature and relative humidity and storage time appeared to 

decrease bacterial survival, and variability in the survival of bacteria coated on rice collets as 

expected to be great different.  
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Figure 4-1. Log survival (CFU g-1) from left to right; bacteria type, storage temperature, storage 
relative humidity and storage time. 

 

4.3.3 Influence of different storage conditions on the survival of bacteria coated 
on rice collets 

Viabilty of bacteria coated on rice collets at 2 and 4 weeks storage at different combinations of 

storage temperatures and relative humidity was recorded in Table 4-5. Generally, the viability 

of each bacterium coated on rice collets decreased with increasing temperature and relative 

humidity. With respect to B. longum ATCC 15707 after 2 weeks, viabilty of log 5.43 CFU g-1 

was observed when sampels stored at 30 °C and 50% RH, which was log 0.8 CFU g-1 fewer 

than the samples stored at 20 °C and 50% RH. That means storage temperatures increased by 

10 degree, viabilty of B. longum ATCC 15707 were decreased at the same storage relatve 

humidity. When storage time extended to 4 weeks, the difference in viabilty loss of log 1.3 

CFUg-1 was observed between 20 °C and 50% RH and 30 °C and 50% RH. Considering the 

viability of L. plantarum RC 30 at 30 °C 50% RH, this storage condition has significant 

imfluence on its viabilty at week 2 and week 4 (p < 0.05). The relative humidity of 20, 30 and 

50% appeared to significantly affect the survival of L. acidophilus ATCC 4356 at 20 and 30 °C 

at week 2 (p < 0.05), and no viable cells were detected after 4 weeks storage at 30 °C and 50% 

RH and 20 °C and 50% RH.  
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Table 4-5. The effect of temperature (°C) and relative humidity (% RH) on viability (Log10 
CFU g-1) of B. longum ATCC 15707, L. acidophilus ATCC 4356 and L. plantarum 
RC 30 on rice collets.  

Week Temperature 

(°C) 

Relative humidity 

(%) 

B. longum 

ATCC 15707 

L. acidophilus 

ATCC 4356 

L. plantarum 

RC 30 

2 20 

20 6.27±0.11jln 2.56±0.41d 5.67±0.11iklmn 

30 5.92±0.14hjklmn 2.54±0.20d 5.51±0.09ijklmn 

50 6.25±0.11jln 1.60±0.83c 5.26±0.17hijkl 

4 20 

20 6.21±0.03jln 1.42±0.36c 5.37±0.23hijkl 

30 5.89±0.08hjklmn 0.70±0.46b 5.05±0.05ɡh 

50 6.17±0.15jln < 1a 4.48±0.22ef 

2 30 

20 6.27±0.21jln 1.39±0.71c 5.67±0.05iklmn 

30 5.75±0.15hijklm 0.77±0.25b 5.41±0.07hijklmn 

50 5.43±0.09fhi < 1a 4.17±0.07e 

4 30 

20 6.15±0.08jlmn 0.60±0.30b 5.25±0.06hij 

30 5.62±0.26hijk 0.17±0.17a 4.47±0.08ef 

50 4.88±0.05efɡ < 1a 2.16±0.15c 

Samples coated with different bacteria which share the same letter (a - n) are not significantly 
different (p < 0.05). Viable cell counts are presented as mean ± SEM (n=3).  
 

4.3.4 Main effects of food matrix and storage conditions on bacterial survival for 
four weeks 

In Table 4-6, ANOVA analysis showed that bacteria species, food matrix, storage condition 

and storage time, as well as their interactions significantly influenced bacterial survival                

(p < 0.05).  

Average bacterial survival across all variables for each bacteria type, food matrix, storage 

temperature and relative humidity, and storage time is shown in Figure 4-2. B. longum ATCC 

15707 average survival was about log 2.8 CFU g-1 higher than that of L. acidophilus ATCC 

4356 and L. plantarum RC 30, respectively. Oat, peanut and wheat bran gave the highest 

survival of log 4.5 CFU g-1 in all different food matrix coating with bacteria, whereas raisin and 

rice collets showed less viability of log 3.2 CFU g-1 and log 3.6 CFU g-1, respectively, than the 

other four food matrices. Bacterial viability decreased from log 4.9 CFU g-1 to log 3.2 CFU g-1 

when storage conditions changed from 20 °C and 20% RH to 30 °C and 50% RH. Fewer 
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viability loss of log 2.2 CFU g-1 was found after 2 weeks storage compared with viability 

decreased by log 3.1 CFU g-1 after 4 weeks storage.  

Table 4-6. The results of ANOVA analysis of bacteria survival on six different food matrices 
under two different storage conditions of temperature and relative humidity for four 
weeks. 

Source of variation F probability 
Block.Subject stratum  

Bacteria < 0.001 
Food matrix < 0.001 

Temperature and humidity  < 0.001 
Week  < 0.001 

Bacteria. food matrix < 0.001 
Bacteria. temperature and humidity 0.033 

Food matrix. temperature and humidity < 0.001 
Bacteria. food matrix. temperature and humidity < 0.001 

Block.Subject.Time stratum  
Bacteria. week < 0.001 

Food matrix. week < 0.001 
Temperature and humidity. week < 0.001 

Bacteria. food matrix. week < 0.001 
Bacteria. temperature and humidity. week 0.015 

Food matrix. temperature and humidity. week  <0.001 
Bacteria. food matrix. temperature and humidity. week < 0.001 

                Results are significantly different if p < 0.05. 
 
 

 

Figure 4-2. Log survival (CFU g-1) from left to right; bacteria type, food matrix, storage 
temperature and relative humidity, and storage time. 



 

81 
 

 

4.3.5 Influence of food matrix and storage conditions on bacterial survival for 
four weeks 

Food matrix, storage conditions and storage time, significantly affected the survivability of        

B. longum ATCC 15707, L. acidophilus ATCC 4356 and L. plantarum RC 30 (p < 0.05). The 

average populations of the three strains in the samples reduced with increasing storage time 

(Table 4-7). The reduction was significantly (p < 0.05) higher at 30 ºC and 50% RH compared 

to the storage condition of 20 ºC and 20% RH. Foods used as carriers had a significant effect 

(p < 0.05) on the survival of the bacteria on week 0, week 2 and week 4.  

B. longum ATCC 15707 initially coated on to all substrates at about log 7.0 CFU g-1 except rice 

collet which was significantly lower at approximately log 6.2 CFU g-1. L. acidophilus ATCC 

4356 and L. plantarum RC30 was coated onto all food matrices with loads ranging from log 

4.5 to log 6.3 CFU g-1. There was no obvious trend. 

After two weeks storage at either 20 ºC and 20% RH or 30 ºC and 50% RH B. longum ATCC 

15707 survival reduced significantly (p < 0.05) when coated onto all food matrices except for 

oat or wheat bran at 20 ºC and 20% RH. After 4 weeks storage at 20 ºC and 20% RH bacteria 

surival on wheat bran did not show a significant reduction of CFU from time zero. After as little 

as two weeks storage at 30 ºC and 50% RH B. longum ATCC 15707 survival on raisin had 

reduced to less than log 1.0 CFU g-1. 

After 2 weeks storage at either 20 ºC and 20% RH or 30 ºC and 50% RH L. acidophilus ATCC 

4356 showed a significant (p < 0.05) reduction in survival when coated on all food matrices. 

When L. acidophilus ATCC 4356 was coated onto rice collet or raisin, no viable bacteria were 

recovered after 2 weeks storage at 30 ºC and 50% RH. 

Viable cell numbers of L. plantarum RC30 were significantly (p < 0.05) reduced on all food 

matrices after 2 weeks storage at 20 ºC and 20% RH, however the numbers were then stabilised 

with no further reduction for all substrates except coconut and raisin which showed further 

significant (p < 0.05) reduction. However, there was not significant reductions of L. plantarum 

RC 30 coated on raisin at 30 ºC and 50% RH at either week 2 or week 4 (p < 0.05). Indeed, no 

bacteria could be recovered after coated on raisin after 2 weeks.  
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Table 4-7. Probiotic bacteria (log CFU g-1) recovered from samples coated with B. longum ATCC 15707, L. acidophilus ATCC 4356 or L. 

plantarum RC30 as affected by food matrix, storage temperature and humidity for 4 weeks. 

Samples coated with same bacteria which share the same letter (a - t) are not significantly different (p < 0.05).  
Viable cell counts are Mean (log10 CFU g-1) ± SEM (n=3). 
 

Food 
Matrix 

Week B. longum ATCC15707 L. acidophilus ATCC4356 L. plantarum RC30 
 20 ºC 20% RH 30 ºC 50% RH 20 ºC 20% RH 30 ºC 50% RH 20 ºC 20% RH 30 ºC 50% RH 

Rice collet 0 6.22±0.06jkl 6.16±0.06ijk 4.70±0.04klmn 4.58±0.07klm 5.10±0.13lmn 4.93±0.14lm 
2 5.80±0.07h 3.90±0.18d 3.63±0.19ɡh < 1a 4.01±0.11hij 1.35±0.11c 
4 5.84±0.12ɡ 2.25±0.12c 2.97±0.12de < 1a 3.97±0.01hi < 1a 

Peanut 0 7.07±0.03st 7.15±0.04t 5.01±0.02nop 5.20±0.02op 6.29±0.03q 6.18±0.12q 
2 6.63±0.05mnopq 5.56±0.04h 3.96±0.33hi 2.89±0.25de 3.64±0.13ɡh 2.25±0.28e 
4 6.53±0.02lmnop 4.54±0.13f 3.15±0.22ef 2.00±0.34c 3.57±0.09ɡh 1.22±0.25c 

Coconut 0 7.04±0.01rst 7.09±0.04st 4.88±0.02lmno 4.90±0.03mno 5.42±0.13no 5.28±0.12lmno 
2 6.42±0.01klmn 5.18±0.03ɡ 3.40±0.11fɡ 2.67±0.05d 2.76±0.16f 1.46±0.10cd 
4 6.29±0.05klm 3.58±0.08d 3.20±0.03ef 1.18±0.19b 1.57±0.08cd < 1a 

Raisin 0 7.07±0.03st 7.06±0.03rst 5.34±0.02p 5.33±0.03p 5.56±0.15op 5.48±0.26no 
2 6.49±0.02klmno < 1a 4.56±0.05kl < 1a 2.17±0.11e < 1a 
4 5.07±0.19ɡ 0.98±0.49b 2.97±0.16de < 1a 0.55±0.30b < 1a 

Oat 0 6.87±0.06pqrst 6.98±0.13qrst 4.67±0.08klmn 4.49±0.05jk 6.12±0.19q 5.95±0.15pq 
2 6.77±0.07opqrs 4.93±0.08ɡ 4.13±0.05i 2.05±0.11c 5.33±0.05lmno 3.34±0.31ɡ 
4 6.51±0.10lmno 4.26±0.18ef 3.75±0.09h 0.09±0.06a 4.88±0.04kl 1.24±0.32c 

Wheat bran 0 6.88±0.26pqrst 7.02±0.03rst 5.22±0.08op 5.25±0.01p 5.35±0.22mno 5.16±0.06lmno 
2 6.96±0.06qrst 5.89±0.12hij 4.19±0.07ij 3.97±0.16hi 4.43±0.23jk 1.91±0.27de 
4 6.71±0.08nopqr 3.93±0.12de 3.91±0.03hi 1.35±0.06b 4.17±0.01ij 0.34±0.01ab 
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4.3.6 Reduced survival trend of bacteria on different food matrix during 4 weeks  

Enumeration results of bacterial survival under two different storage conditions were plotted 

against storage time to illustrate a reduced survival trend for B. longum ATCC 15707 (Figure 

4-3), L. acidophilus ATCC 4356 (Figure 4-4) and L. plantarum RC 30 (Figure 4-5). In general, 

the viability of bacteria coated on these food matrices decreased with increased storage time 

under both storage conditions. Moreover, higher viable populations were usually found in the 

storage condition of 20 ºC and 20% RH rather than the storage condition of 30 °C and 50% RH. 

The declined populations of B. longum ATCC 15707 incorporated onto six different foods 

during the storage were shown in  

Figure 4-3, their viability continued to reduce at the storage of 30 ºC and 50% RH through 4 

weeks. After storage of 2 weeks, the populations of viable cells on raisin reduced sharply by 

log 7 CFU g-1 at 30 ºC and 50% RH. In addition, the population reductions of log 1.10 -               

log 2.31 CFU g-1 were observed in the samples made from rice collet, oat, coconut, peanut and 

wheat bran. While, the storage of 20 °C and 20% RH gave rise to a slight decrease of the 

populations by log 0.10 to log 0.60 CFU g-1 during the same period. At week 4, the populations 

continued to be decreasing from a range of log 2.61 to 3.51 CFU g-1 at 30 °C and 50% RH in 

all the samples. In contrast, the storage condition of 20 ºC and 20% RH appeared to be less 

detrimental because viability loss was observed only by log 2.0 CFU g-1 on raisins and log 0.34 

CFU g-1 on wheat bran.  

Figure 4-4 shows the survival of L. acidophilus ATCC 4356 coated on the different foods at the 

storage of 20 ºC and 20% RH and the storage of 30 ºC and 50% RH for 4 weeks. Higher 

temperature and relative humidity caused more viability loss of L. acidophilus ATCC 4356 on 

coated samples during storage. After two weeks storage at 30 ºC and 50%, the most reduced 

population was found on the raisin with a decrease of 5.33 logs, followed by the reduced 

populations of log 4.58 to 2.24 CFU g-1 on rice collet, oat and peanut. For the samples stored at 

20 ºC and 20%, the reduction populations of log 1.07, 1.05, 1.03 0.78 and 0.54 CFU g-1 were 

found on rice collet, peanut, wheat bran, raisin and oat, respectively. However, one exception 

of the decreased populations of 1.48 logs was observed on coconut stored at 20 ºC and 20%, 

which was higher than the viability loss of log 1.28 CFU g-1 on wheat bran at 30 ºC and 50%. 

On the week 4, viable populations for the samples stored at 30 ºC and s50% RH decreased by 

log 5.33 CFUg-1 on the raisin, log 4.58 CFU g-1 on the rice collet, log 4.39 CFU g-1 on the oat, 

log 3.90 CFUg-1 on the wheat bran, log 3.73 CFU g-1 on the coconut and log 3.20 CFU g-1 on 
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the peanut. In contrast, less reduction populations were observed at the storage of 20º C and 20% 

RH, where raisin was shown to have the most declined population of log 2.37 CFU g-1 and the 

best survival was on oat with a reduction of log 0.92 CFU g-1.  

Changes in the survival of L. plantarum RC 30 coated on foods for 4 weeks storage at 20 ºC 

and 20% RH or 30 ºC and 50% RH were illustrated in Figure 4-5. Viability of L. plantarum RC 

30 on the samples stored at 30 ºC and 35% RH was decreased more than at 20 ºC and 20% RH. 

On the week 2, the highest reduced population of log 5.48 CFU g-1 was found on the raisin at 

30 ºC and 50%. The viable populations on the peanut, coconut and rice collet declined by log 

3.92, 3.82 and 3.58 CFU g-1, respectively. Interestingly, the reduced population of log 3.39 CFU 

g-1 on the raisin stored at 20 ºC and 20% RH was higher than the decreased population of log 

3.24 CFU g-1 on the wheat bran at 30 ºC and 50% RH . Besides, reductions of the populations 

on the peanut (log 2.64 CFU g-1) and coconut (log 2.66 CFU g-1) stored at 20 ºC and 20% RH 

was slightly higher than the reduced population of log 2.61 CFU g-1 on the oat at 30ºC and 50% 

RH. 
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Figure 4-3. Reduction of populations (log CFU g-1) of B. longum ATCC 15707 coated on six 
different food matrices (rice collet, peanut, coconut, raisin, oat and wheat bran) 
under storage conditions of 20 ºC 20% RH and 30 ºC 50% RH during a period of 4 
weeks. Error bars are SEM (n=3).  
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Figure 4-4. Reduction of populations (log CFU g-1) of L. acidophilus ATCC 4356 coated on 
six different food matrices (rice collet, peanut, coconut, raisin, oat and wheat bran) 
under storage conditions of 20 ºC 20% RH and 30 ºC 50% RH during a period of 4 
weeks. Error bars are SEM (n=3).  
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Figure 4-5. Reduction of populations (log CFU g-1) of L. plantarum RC 30 coated on six 
different food matrices (rice collet, peanut, coconut, raisin, oat and wheat bran) 
under storage conditions of 20 ºC 20% RH and 30 ºC 50% RH during a period of 4 
weeks. Error bars are SEM (n=3). 
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4.3.7 Influence of extended storage time on the survival of bacteria 

The 108 samples prepared in section 4.2.2 continued to be stored under the same conditions, 

and their viable cells were enumerated after 12 weeks and the results were listed in Table 4-8. 

Generally, an extended storage time of another 8 weeks reduced the survival of the three 

bacteria coated on most foods. A slight increase in viabilities of L. acidophilus ATCC 4356 on 

peanut and wheat bran, and L. plantarum RC 30 on coconut and raisin were observed. The trend 

of viability loss for all bacteria appeared to be worse at 30 ºC and 50% RH rather than at 20 ºC 

and 20% RH, which is accordance with the previous trends of bacteria survival after 4 weeks. 

B. longum ATCC 15707 was still the most robust bacteria that survived on all substrates with a 

viability range of log 6.6 to 2.3 CFU g-1 at 20 ºC and 20% RH, compared with L. plantarum RC 

30 which survived on four substrates with mean viability of over log 3.0 CFU g-1.  

Another unexpected finding in this experiment was microbial contamination occurring after 4 

weeks storage. It might be caused by yeast and mould that might be introduced by packed foods 

bought from a local supermarket. Prior to a coating process, all the substrates were 

decontaminated by drying at 65 ºC overnight. This approach could kill live microbes but had a 

less effort on spores, thus resulting in microbial contamination after 4 weeks. Furthermore, a 

worse contamination was observed when using coconut and raisin compared with other foods. 

L. acidophilus ATCC 4356 coated on these matrices showed higher contamination than the 

other two bacteria.  
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Table 4-8. Probiotic bacteria (log CFU g-1) recovered from samples coated with B. longum ATCC 15707, L. acidophilus ATCC 4356 or                        
L. plantarum RC30 as affected by food matrix, storage temperature and humidity after 12 weeks.  

Viable cell counts are mean (log10 CFU g-1) ± SEM (n=3). 
Samples coated with different bacteria which share the same letter (a - f) are not significantly different (p < 0.05). 
*: one replicate of samples of L. acidophilus ATCC 4356 coated peanut could be counted for colonies due to microbial contamination 

NC: Colonies of L. acidophilus ATCC 4356 coated on coconut and raisin could not be counted due to microbial contamination.  

 

Food Matrix  B. longum ATCC 15707 L. acidophilus ATCC 4356 L. plantarum RC 30 

 20 °C & 20% RH 30 °C & 50% RH 20 °C & 20% RH 30 °C & 50% RH 20 °C & 20% RH 30 °C & 50% RH 

 Rice collet 4.52±0.10e 0.94±0.38b 1.17±0.14c < 1a 3.17±0.09d < 1a 

 Peanut 6.42±0.02f 3.47±0.09d 2.93±0.29e 2.14d* 3.33±0.07d 1.34±0.01b 

 Coconut 6.18±0.02f 2.29±0.15c 2.46±0.18d NC 2.20±0.04c 1.86±0.56c 

 Raisin 2.32±0.51c < 1a < 1a NC 0.13±0.13a 1.20±0.34b 

 Oat 6.03±0.07f 3.07±0.11d 3.19±0.16e < 1a 3.89±0.03e < 1a 

 Wheat bran 6.58±0.08f 0.33±0.33ab 4.19±0.04e < 1a 3.84±0.03e < 1a 
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4.4 DISCUSSION 

Studying survival of probiotic bacteria at 20 ºC and 20% RH and 30 ºC and 50% RH can provide 

useful information to evaluate storage conditions and quality of non-refrigerated probiotic foods. 

Storage temperature and relative humidity were found to have a significant effect on the 

survival of probiotic bacteria. The population of bacteria recovered from samples was higher at 

20 ºC and 20% RH than that at 30 ºC and 50% RH, which is accordance with the results from 

other studies (Abe, Miyauchi, Uchijima, Yaeshima, & Iwatsuki, 2009; Albadran, Chatzifragkou, 

Khutoryanskiy, & Charalampopoulos, 2015; Klu, Phillips, & Chen, 2014).  

Viability loss of B. lactis BB12 after 2 weeks storage at 30 ºC has been shown to be related to 

water activity, where no viable bacteria were found after 8 days storage at aw 0.54 compared to 

0.1% of viability loss with aw 0.33 (Chávez & Ledeboer, 2007). In addition, the viability of       

L. rhamnosus GG formulated with flaxseed after storage for 14 months at 22 ºC was reported 

to show a reduction of viability by more than log 4.0 CFU g-1 at aw 0.43, but a slight reduction 

of only log 0.29 CFU g-1 at aw 0.11 (Vesterlund, Salminen, & Salminen, 2012). It has been 

shown that low water activity in a food carrier maintains enzyme activity of bacteria during 

storage. That may contribute to improved survival (Dianawati & Shah, 2011). While the work 

reported here did not measure water activity of the samples, it is reasonable to estimate that the 

samples produced would have equilbriated to water activities of approximatley 0.2 and 0.5 at 

20 ºC and 20% RH or 30 ºC and 50% RH respectively. Low relative humidity (11% RH) and 

therefore low water activity has been shown to improve survival of L. rhamnosus GG. However 

this was dependent upon temperature with less survival at 37 ºC than at 25 ºC (Ananta, Volkert, 

& Knorr, 2005). It has been suggested that at high storage temperature accelerated metabolic 

and cellular activities of probiotics result in depletion of nutrients and contribute to loss of 

viability and oxidation of cell contents (Bruno & Shah, 2003). Therefore, high temperature and 

water activity (humidity) lead to reduced viability. 

Under the storage condition of 20 ºC and 20% RH, the best survival of B. longum ATCC 15707 

was on wheat bran; for L. acidophilus ATCC 4356 on oat or wheat bran; and L. plantarum RC 

30 on oat. At storage of 30 ºC and 50% RH the best survival of all three bacteria was on peanut 

(and oat for L. plantarum RC 30). This is supported in literatures. Peanut butter is desired to 

protect probiotics such as Streptococcus, Lactococcus, Lactobacillus and Bifidobacterium 

species (Ananta et al., 2005). This may possibly due to the buffering capacity of the fat in the 

peanut butter ( Klu & Chen, 2015). Interestingly, we only observed this under the most adverse 
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storage condition (30 ºC and 50% RH). In addition, dietary fibres may also aid the viability of 

probiotics, for example oat bran increased the stability of Lactobacillus casei LC-1 at 10 ºC, 25 

ºC and 40 ºC, compared with inulin, unripe banana flour and apple (Guergoletto, Magnani, 

Martin, de Jesus Andrade, & Garcia, 2010). That may be used to explain oat generally provided 

a good protection for all three bacteria at 20 °C and 30 °C in this research. It is clear that 

probiotic viability when formulated with foods is linked to species and type of food matrix 

(Chávez & Ledeboer, 2007). However, another research found that survival of L. rhamnosus 

E899 and L. rhamnosus E522 on oat in low pH apple juice at 20 ºC was better than at 4 ºC 

(Saarela et al., 2006). This is contrary to more frequently report results indicating that higher 

storage temperature results in poorer survival. 

Although the initial population in the fresh culture for each bacterium was the same at ~log 8.0 

CFU mL-1, the initial loading of the bacteria on foods was different and covered a range of ~ 

log 5.0 to log ~7.0 CFU g-1. Since the method of sample preparation involved direct mixing of 

fixed quantities of materials it can be assumed all bacteria were loaded onto the food carriers. 

Clearly something soon after coating contributed to a reduction in cell viability. This is likely 

related to both the bacteria species and type of food substrate. 

It is interesting to note that B. longum ATCC 15707 was the most stable probiotic bacteria 

during storage in the present study, which is contrary to a general suggestion that Bifidobacteria 

are more sensitive to oxygen than Lactobacilli due to their anaerobic nature (Tripathi & Giri, 

2014). However a study by Klu et al. reported that Bifidobacterium had the greater survival at 

4, 25 and 37 ºC during storage over 12 months compared to Lactobacillus and Streptococcus 

or Lactococcus (Klu et al., 2014). The stability of L. acidophilus has been reported to be affected 

by nutritional status, thus affecting its cell morphology; short cells of L. acidophilus being more 

stable than long filamentous rods (Senz et al., 2015). Our microscopic observations (unreported) 

identified longer filamentous rods and less single short rods of L. acidophilus ATCC 4356 after 

anaerobic incubation for three days at 37 ºC. It is possible that the L. acidophilus ATCC 4356 

samples prepared for this investigation may have contributed to their poorer stability compared 

to Bifidobacteria.  
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4.5 CONCLUSION 

Storage conditions, food matrix and species played a key role in maintaining survival of 

probiotic bacteria on the six non-dairy solid foods. Loss of viability of the probiotic bacteria 

increased with increasing storage time, temperature and relative humidity. Overall, wheat bran 

and oat are suitable food matrices to best maintain probiotic stability under mild storage 

condition of 20 ºC and 20% RH. Under adverse condition (30 °C and 50% RH), Peanut is the 

best matrix to maintain probiotic survival under all storage conditions. B. longum ATCC 15707 

had the greatest survival under both storage conditions, followed by L. plantarum RC 30 and L. 

acidophilus ATCC 4356.  
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CHAPTER 5  

DIRECT IN SITU VIABILTY ASSESSMENT OF 

BIFIDOBACTERIUM LONGUM ON NON-DAIRY FOODS 

USING VIABILTY STAINING IN CONJUNCTION WITH EPI-

FLUORESCENCE MICROSCOPY 

5.1 INTRODUCTION  

Bifidobacterium longum ATCC 15707 under different storage conditions typically survived 

better than L. acidophilus ATCC 4356 or L. plantarum RC 30 when incorporated onto six 

different food matrices. This observation indicated that B. longum ATCC 15707 should be the 

focus for further investigations. Enumeration by serial dilution to count colony forming units 

(CFU) of culturable bacteria in order to assess viability does not enable count individual live or 

dead bacteria. The good survival of B. longum ATCC 15707 indicated its suitability as a model 

bacterium that would typically provide an appropriate mix of individual live and dead cells. 

The different stages between life and death of a microorganism may occupy leads to the 

complex and difficult to define term “Microbial Viability” (Breeuwer & Abee, 2000; Davey, 

2011). Plate counting, one of the most common method of determining bacterial viability, may 

underestimate numbers of bacteria in microbiology laboratories if bacterial cells are alive yet 

uncultivable, stressed, clumping or inhibited by neighbouring cells and components in the 

growth media used (Mason, Hamer, & Bryers, 1986). As an alternative approach to avoid these 

pitfalls of plate counting, cultivation-independent methods have been given increasing attention 

in the recent decade. Researchers can evaluate the effects of stress on viability during 

production and storage by measuring microbial membrane integrity and potential, respiratory 

and enzyme activities such as esterase (Auty et al., 2001; Maukonen et al., 2006; Moore et al., 

2015; Perdana et al., 2014a). Intracellular ATP has been proposed as a method to evaluate the 

viability of bacteria (Hammes, Berney, & Egli, 2010) However, compared with plate counting, 

these cultivation-independent methods cannot predict the final impact of a stress on bacterial 

growth because stressed cells are not recovered without cultivation (Nocker, Fernandez, 

Montijn, & Schuren, 2012). As each method has advantages and disadvantages, it is 

recommended to use different methods for gaining more information about survival of bacterial 

cells on foods. 
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LIVE/DEAD BacLightTM Bacterial Viability kit (Invitrogen®) has been used to detect location-

specific damage to the cell membrane in conjunction with epifluorescence microscopy 

(Hammes et al., 2010). This quantitative method can differentiate and enumerate cells between 

“live” (green fluorescence) and “dead” cells (red fluorescence). Apart from the stages of life 

and death of cells, intermediate states of cells can be observed with the use of a flow cytometry. 

One study showed when bacteria were exposed to UVA radiation and EDTA, the dead cells 

with intact membranes were stained with SYTO 9 instead of PI, and hence generated misleading 

results (Berney, Hammes, Bosshard, Weilenmann, & Egli, 2007). Therefore, in this chapter, 

SYTO 9 or PI stained cells were described as green or red fluorescence cells instead of live or 

dead cells.  

The BacLight staining method must take into consideration; the bleaching effect of SYTO 9, 

different binding affinity of STYO 9 to live and dead cells as well as background fluorescence 

interference (Stiefel, Schmidt-Emrich, Maniura-Weber, & Ren, 2015). Also, live cells should 

be as near to normal physiological states as possible in order to avoid the occurrence of 

artefactual cellular behaviour (Tan, Khaw, & Ng, 2010). However, it is not easy to achieve 

these goals. For example, black polycarbonate (PC) filter membranes that are generally used to 

fix cells for BacLight staining can underestimate total cells when environmental samples are 

analysed (Franklin, Campbell, Higgins, Barker, & Brown, 2011). One explanation is that PI 

fluorescence dye causes background fluorescence and non-specific binding to the matrix of 

environmental samples (Biggerstaff et al., 2006). Additionally, background fluorescence 

caused by food components in non-dairy drink has also reported (Maukonen et al., 2006). In 

order to reduce the negative effects of SYTO 9 and PI staining and cell fixation on microscopic 

enumeration results, methods to decrease background fluorescence and noise, and at the same 

time to increase fluorescence signals of the cells of interest are needed and also need to be 

validated (Waters, 2009). 

Drying is an old method that has been diversely applied to preserve food, disinfect surfaces, 

prevent pathogen transmission, and to produce and prepare probiotic culture powders (Nocker 

et al., 2012). Recently, emerging microbiological techniques have made great advancements 

exploring what happens to bacteria when they are subjected to drying. A comprehensive review 

reported the removal of water from cells during drying can cause desiccation damage to proteins, 

nucleic acids, lipids and membranes depending on the different levels of drying (Potts, 1994). 

Therefore, application of cultivation-independent methods to measure bacterial viability can 
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provide a deeper insight of cellular status during drying. Using BacLight viability staining in 

conjunction with fluorescence microscopy (expressed as Quantitative Fluorescence 

Microscopy (QFM) in this chapter) appears a promising method to understand damage to cell 

membranes of probiotics coated onto non-dairy foods and during drying at different 

temperatures.  

In CHAPTER 4, B. longum ATCC 15707 exhibited a better survival on the non-dairy foods at 

30 °C and 50% RH storage than the other bacteria tested, therefore this bacterium was chosen 

to study the effect of drying on its viability by measuring damage to cell membranes. In this 

chapter, QFM was firstly validated by using fresh cultures of B. longum ATCC 15707. To 

decrease background fluorescence interference caused by the non-dairy food matrix, Percoll 

buoyant density gradient centrifugation (PBDC) was validated and used to separate cells from 

a mixture of cells and the food matrix. Effects of drying temperatures (20 °C and 50 °C) and 

non-dairy food matrix (oat, peanut and raisin) on viability of B. longum ATCC 15707 were then 

investigated by QFM and plate counting. Environmental scanning electron microscopy (ESEM) 

was employed to visually assess the surface of peanut, oat and raisin after 24 h drying at 20 °C 

and 50 °C to provide supplementary information on the variability of maintaining viable cells 

of B. longum ATCC 15707 on different non-dairy foods.  
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5.2 EXPERIMENTAL DESIGN  

5.2.1 Method development of quantitative fluorescence microscopy 

The validation of the quantitative fluorescence microscopy method to measure green and red 

fluorescence cells of B. longum ATCC 15707 included the following steps: (1) checking 

fluorescence spectra, (2) optimizing BacLight staining, such as background fluorescence, 

proportions of STYO 9 and PI dyes used for staining cells in a range of cell density, (3) 

optimizing automatic cell counting via Image J, (4) testing accuracy and preciseness of 

quantitative fluorescence microscopy.  

 

5.2.1.1 Fluorophores and fluorescence filters  

Prior to commencing the method of quantitative fluorescence microscopy, it is important to use 

appropriate filter sets that accurately match the fluorophores (Waters, 2007). The fluorescence 

from green fluorophore (SYTO 9 stained cells) and red fluorophore (PI stained cells) was 

captured separately by using two different fluorescence filter blocks (GFP-3035C and CY3-

4040C, IDEX Health & Science, USA). Emission and Excitation wavelength of filter blocks 

and of fluorophores are listed in Table 5-1.  

 

Table 5-1. Wavelength of fluorophores and fluorescence filter used in quantitative fluorescence 
microscopy (the information was collected from manufacture instructions)  

Fluorescence Imaging Excitation (nm) Emission (nm) 

Fluorophore 
SYTO 9 (Green fluorescent) 480 500 

Propidium iodide (Red fluorescent) 490 635 

Filter 
GFP-3035C 472/30 520/35 

CY3-4040C 531/40 593/40 
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5.2.1.2 Specificity of BacLight viability staining 

In this study, the method of B. longum ATCC 15707 cells fixed on water agar for BacLight 

staining was based on the use of agarose gel reported by Perdana et al. (2012). Blank water agar 

was used instead of the agarose gel to make a staining base by loading approximate 7 mL of 

water agar solution in a well of a 6-well plate, giving a staining area of 9.5 cm2 per each well.  

Four different concentrations of water agar (1.5%, 2%, 2.5% and 3% microbiological agar) 

were compared to optimize a good firmness of the staining base to improve sharpness of images. 

Preparation of 6-well plates filled with water agar (3%) was described in section 2.1.5.   

 

5.2.1.3 Cell density range for BacLight viabilty staining 

To establish the sensitivity of the BacLight staining technique, washed cell pellets of B. longum 

ATCC 15707 were suspended in 0.15 M NaCl solution to yield a range of cell densities between 

106 and 109 cell mL-1 as measured by OD600 of cell suspensions. Fifty microliters of each cell 

suspension were stained with 2 μL of 10-1 diluted BacLight component A or B in a 1.5 mL 

Eppendorf tube and mixed properly by pipetting up and down for 30 times. Fifty microliters of 

BacLight stained cell suspensions were transferred onto a well of a 6-well plate previously filled 

with water agar (3%), and then spread evenly using an inoculation loop with folded top. Stained 

cells on the agar plate were placed in the dark immediately and kept at room temperature for 

20 min. An optimum range of cell density and proportions of BacLight STYO 9 and PI dyes 

were determined to give a high fluorescence density of green or red fluorescence cells and a 

low fluorescence background.  

 

5.2.1.4 Fluorescent microscopic factor for determining bacterial viability 

Calibration of 100 x objective of Nikon Epi-Fluorescent Microscope was completed before 

collecting fluorescent images. 640 x 480 image gave a final pixel resolution of 0.19 μm per 

pixel, thus the area of the microscopy field of view was 5.8 x 104 μm2. Depth of coverslip (No. 

1 1/2) was 1.7 x 101 μm according to the manufacture instruction, a volume of one microscopy 

field of view was 9.86 x 105 μm3 representing 9.86 x 10-7 mL as 1 μm3 is equal to 10-12 mL. For 
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a direct enumeration of bacteria suspended in one mL of a solution, a microscopic factor of 9.86 

x10-7 is used. To calculate green or red fluorescence cell numbers, the following formula is used; 

Green or red fluorescence cell numbers (cell mL-1) = green or red cell counts  x dilution factor

9.86 x 10−7
 

 
Green or red cell counts are presented as a mean number of green or red fluorescence cells per 

10 images. 

 

5.2.1.5 Viability assessment method  

Enumerating green or red fluorescence cells of B. longum ATCC 15707 was carried out using 

Image J (software version 1.42q, National Institutes of Health, USA) to process images of green 

and red fluorescence cells. The method of automatic cell counts using Image J was described 

in 2.2.15. 

The method of QFM was developed by carrying out the experiments described in sections 

5.2.1.1 to 5.2.1.5. Green and red fluorescence cells of B. longum ATCC 15707 could be 

differentiated and enumerated using Image J. The accuracy of this method was investigated by 

comparing R-square values of calibration curves by plotting ratios of green/red fluorescence 

cells against percent live cells between automatic cell counts and manual cell counts.  

 

5.2.1.6 Accuracy of BacLight viability staining  

In order to obtain 100% dead cells, 1 mL of fresh MRSc culture of B. longum ATCC 15707 

was heated using a regular laboratory heat block at 85 °C for 15 min (Maukonen et al., 2006). 

The rest of the fresh culture was stored at 4 °C for use as 100% live cells. After 15 min heating, 

the heated culture was cooled down to room temperature. Later, 100% of live cells and 100% 

dead cells in MRSc broth were washed and resuspended in 0.15 M NaCl solution to make a 

concentration of 1 × 108 cell mL-1 by adjusting its OD600 to 0.2. Finally, five different 

concentrations were prepared by mixing different proportions of washed live and dead cell 

suspensions in 1.5 mL sterile Eppendorf tubes (Table 5-2), and calibration curves was plotted 

by automatic cell counts and manual cell counts in Image J. 
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Table 5-2. Volumes of live- and dead-cell suspensions to mix for achieving different ratio of 
Live/Dead cells.  

Ratio of Live/Dead cells Live cells (mL) Dead cells (mL) 

0:100 0 1.000 

10:90 0.100 0.900 

50:50 0.500 0.500 

90:10 0.900 0.100 

100:0 1.000 0 

 

5.2.1.7 Repeatability of quantitative fluorescence microscopy (QFM) 

To investigate repeatability of QFM a fresh MRSc culture of B. longum ATCC 15707 was 

prepared in triplicate on three consecutive days. The culture each day was used to prepare six 

replicates, and the cell density of each replicate was adjusted to 1 × 108 cell mL-1. Intra-day and 

inter-day repeatability was evaluated by determining numbers of green and red fluorescence 

cells of six replicates for each culture.  

 

5.2.2 Percoll buoyant gradient density centrifugation (PBDC) method 
development  

This method was validated by the following steps: (1) preparation of different Percoll gradient 

solutions, (2) separation of cells and food fractions into different Percoll solutions, (3) 

investigation of the viability of B. longum ATCC 15707 by PBDC before and after storage at 

4 °C.  

 

5.2.2.1 Calibration curve of Percoll in NaCl solution  

Different Percoll solutions were prepared by diluting stock isotonic Percoll (Percoll:1.5 M NaCl 

= 9:1) with 0.15 M NaCl as described by (Fukushima et al., 2007). Refractive index of each 

Percoll solution was calculated by determining Brix% at 20 °C using a digital refractometer 

PR-101 (Atago, Palette) and using Sugar Conversion Table (135-A-50, Department of 

Agriculture, USA). Density of each Percoll solution was calculated using the formula (Pertoft, 

2000);  



 

100 
 

 

Density = 6.1905 × Refractive index – 7.252 
 

A calibration curve of refractive index against density for Percoll in solution of 0.15 M NaCl 

was plotted. Each Percoll solution was prepared in triplicate (Table 5-3). 

 

Table 5-3. Different Percoll gradient achieved by mixing various volumes of stock Percoll 
solution and 0.15 M NaCl solution.  

Percoll Gradient Density (g mL-1) Stock Percoll (mL) 0.15 M NaCl (mL) 

1.052 0.384 0.616 

1.061 0.468 0.532 

1.070 0.552 0.448 

1.074 0.595 0.405 

1.088 0.721 0.279 

1.099 0.811 0.189 

1.183 1 0 

 

5.2.2.2 Optimization of PBDC method 

Seven Percoll density gradients was prepared with a peristaltic pump (LKB pump P-1, 

Pharmacia), flow rate of < 1 mL per min, by carefully layering 1 mL of each Percoll solution 

from high density to low density in a 15 mL conical tube.  

Prepared Percoll density gradient solutions were used to separate and concentrate B. longum 

ATCC 15707 cells from culture coated oat, peanut or raisin. According to the method of PBDC 

in section 2.2.14, PBDC was carried out after culture coated samples dried for 2 h at room 

temperature by centrifuging at 4, 800 x ɡ at room temperature for 20, 40 and 60 min to examine 

purification of cells on each layer of Percoll gradient solutions under a bright field microscope.  

 

5.2.2.3 Bacteiral viability before and after PBDC and stored at 4 °C overnight  

To investigate the effects of PBDC and storage at 4 °C on viability of B. longum ATCC 15707, 

five replicates of a cell suspension of 1 x 108 cell mL-1 were prepared in by adjusting OD600 to 

0.2. A volume of 0.3 mL of each replicate was loaded on the top of 0.6 mL of Percoll gradient 
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solutions of 1.052 g mL-1 and 1.121 g mL-1 in a 1.5 mL Eppendorf tube, and centrifuged at 

14,500 x ɡ for 5 min at room temperature according to the method described by Fukushima et 

al. (2007). Following centrifugation 0.5 mL was carefully taken from the top proportion and 

diluted 10 times using NaCl solution (0.15 M), and the viability of B. longum ATCC 15707 was 

determined by QFM and plate counting. Additional samples were kept overnight in a fridge of 

4 °C followed by B. longum ATCC 15707 viability determination by the two methods.  

The methods of QFM and PBDC were developed in section 267045454.355.2.1 and 5.2.2, and 

hence effects of temperatures and food matrix on cell membrane integrity of B. longum ATCC 

15707 could be investigated by using PBDC to purify cells from food matrix and then using 

QFM to differentiate and enumerate green and red fluorescence cells in sample solutions.  

 

5.2.3 Effects of temperature and food matrix on cell membrane integrity 

The validated assessment method of QFM was used to evaluate the effects of temperature and 

food matrix on cell membrane integrity of B. longum ATCC 15707. Plate counting was also 

conducted to compare with the viability determined by QFM method.  

Preparation of B. longum ATCC 15707 coated oat, peanut and raisin has been described in 

section 2.2.8. Each sample was divided equally into two sterile petri dishes (90 x 15 mm). One 

was placed in an incubator at 50 °C and the other was stored at 20 °C for 24 h. Relative humidity 

was measured during the experiment. The viability of B. longum ATCC 15707 on these foods 

was determined by both QFM and plate counting at times 0, 2 and 24 h. Samples were prepared 

in triplicate (Table 5-4).   
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Table 5-4. Factors to investigate effect of food matrix, temperature and drying time on viability 
of B. longum ATCC 15707. 

Factor Value 

Food matrix Oat 

 Peanut 

 Raisin 

Temperature (°C) 20 

 50 

Time (h) 0 

 2 

 24 

Enumeration method Plate counting  

 QFM 

 

5.2.4 Environmental scanning electron microscopy (ESEM) of B. longum coated 
foods after drying at 20 °C or 50 °C 

Samples of B. longum ATCC 15707 coated oat, peanut and raisin were prepared by the same 

process as described in section 5.2.3. Oat, peanut and raisin without inoculating B. longum 

ATCC 15707 culture were used as controls to compare the surface of these foods coated with 

the culture after 24 h drying at 20 °C and 50 °C. The samples were sputter coated with gold for 

2 min (Quorum Technologies Polaron SC 7640 sputter coater, England) according to the 

method described by Stelting, Burns, Sunna, Visnovsky, and Bunt (2012). Images of the 

samples using Quanta 200 field emission environmental scanning electron microscopy (ESEM) 

(Thermo Fisher Scientific, USA) and a voltage of 10.0 KV were taken for qualitative evaluation. 

 

5.2.5 Statistical analysis  

The data were the mean of at least three iindependent assays. Regression analysis (γ2) was used 

as a goodness of fit measure of linear models (Excel 2016, Microsoft, USA). Analysis of 

variance (ANOVA) was used to compare means of measured viability of B. longum ATCC 

15707 under different conditions, and significant difference between the tested variables was 

verified by Fisher’s unprotected least significant different test (LSD). Viability was expressed 
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as CFU by plate counting or as green (live) or red (dead) fluorescence cells by QFM method. 

ANOVA was processed individually for the viability examined by each method. p-values below 

0.05 were deemed statistically significant. GenStat (18th edition, VSNI, UK) an d Minitab      

(18.1 edition) was used in all the analyses.   
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5.3 RESULTS  

5.3.1 Quantitative fluorescence microscopy method development  

To quantify cell viability of B. longum ATCC15707 coated as a culture onto a food matrix a 

quantitative fluorescence microscopy and image analysis methods were developed and 

validated. 

 

5.3.1.1 Fluorescent spectra for quantitative fluorescence microscopy (QFM) 

 Overlay of fluorophores and filter spectra (Figure 5-1) and spillover (Table 5-5) were produced 

by using ThermoFisher Scientific Fluorescence Spectra viewer online 

http://www.thermofisher.com/nz/en/home/life-science/cell-analysis/labeling-

chemistry/fluorescence-spectraviewer.html (accessed on 18.6.2018). In the fluorescent spectra, 

the area of green or red fluorescence intensity corresponded with 42.7% of emission 

fluorescence of SYTO 9 that can be detected by GFP block filter, and 25.5% of emission 

fluorescence of PI and 6.5% of emission fluorescence of SYTO 9 that can be detected by CY3 

block filter. Therefore, GFP block filter can be used to detect fluorescent intensity of SYTO 9, 

and while CY3 block filter is not an ideal filter to capture as fluorescence of PI but it can be 

used if red fluorescent signals are enhanced and efficient green fluorescent signals are 

maintained.  

  

Table 5-5. Percentage of fluorescent spillover between fluorophores of SYTO 9 and PI and 
emission filters of GFP and CY3 

Fluorophore 
Emission filter GFP  

(Green fluorescence) 

Emission filter CY3 

(Red fluorescence) 

SYTO 9 42.7% 6.5% 

PI 0 25.5% 

http://www.thermofisher.com/nz/en/home/life-science/cell-analysis/labeling-chemistry/fluorescence-spectraviewer.html
http://www.thermofisher.com/nz/en/home/life-science/cell-analysis/labeling-chemistry/fluorescence-spectraviewer.html
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Figure 5-1. Fluorescence intensity of SYTO 9 and PI using GFP and CY3 block filters. 
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5.3.1.2 Specificity of quantitative fluorescent microscopy  

Optimal contact time for staining B. longum ATCC 15707 on water agar (3%) was 20 min (in 

dark at room temperature) so that water in 50 µL of a sample could evaporate or absorb into the 

agar, thus improving the sharpness of fluorescence images. 

Figure 5-2 shows fluorescence images of B. longum ATCC 15707 cells trapped on a 0.22 µm 

CycloporeTM track etched polycarbonate (PC) black membrane (Whatman®, USA) (Top) or on 

water agar (3%) (Bottom). When comparing background fluorescence and viability of the cells 

trapped on the membrane or the agar, the latter appeared to have less interference of red 

fluorescence background and hence had a higher ratio of signal-to-noise. That is helpful for 

automatic green or red fluorescence cell counting via Image J. Additionally, loading and 

staining cells directly on the agar was easier than filtering, staining and rinsing cells on the 

membrane. A higher ratio of green or red cells exposed to room temperature for 6 h was also 

observed on the agar than the cells fixed on the membrane. Considering the above advantages 

of fixing cells on the agar, this fixation method could facilitate preparation and assessment of 

viability for a batch of samples and hence could reduce measurement errors between samples. 
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Figure 5-2. Fluorescence microscopy images of B. longum ATCC 15707 cells deposited on a 
PC black membrane (Top) or water agar (3%) (Bottom) observed with x 1,000 
magnification.  
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5.3.1.3 Minimum detection limits of quantitative fluorescence microscopy 

A minimum cell density of 107 cell mL-1 was found for detecting B. longum ATCC 15707 cells. 

An optimum cell density range of between 1 ~ 3 x 108 cell mL-1, representing a range of 50 ~ 

200 green or red fluorescence cells per 10 images (640 x 480 pixels per image).  

 

5.3.1.4 Accuracy of quantitative fluorescence microscopy  

The calibration curves of automatic cell counting or manual cell counting against percent live 

cells of B. longum ATCC 15707 were plotted in Figure 5-3. Ninety-four images captured in 

section 5.2.1.6 were used, and the green/red fluorescence ratio for live bacteria between 0 % 

and 100 % was determined manually and compared to the result from automatic cell counting 

via Image J. These methods generated two calibration curves that showed a linear relationship 

between % live bacteria and ratio of green/red fluorescence cells (R2 = 0.9305 for automatic 

cell counting; R2 = 0.9405 for manual cell counting).  

 

 

Figure 5-3. Calibration curve of the relationship between % live bacteria and ratio of green/red 
fluorescence cells. Error bars are SEM (n=3).  
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5.3.1.5 Repeatability of two different enueration methods 

Six replicates of each B. longum ATCC 15707 culture were used on three consecutive days for 

enumerating green fluorescence cells and cultivable cells by QFM and plate counting, 

respectively. The repeatability result for intra-day and inter-day variations between the 

replicates were shown in Table 5-6. For the intra-day variation, the determined values of 

coefficient of variance (CV) by QFM method were between 0.792 % and 1.522 %. The CV 

range of 0.994 % to 1.397 % determined by plate counting was noticed. On the other hand, 

when considering variability of the two methods across different days, the QFM method showed 

a much smaller value (% CV=1.152) than plate counting (% CV=5.483). These results may 

indicate that both methods can produce a relatively low variance of viability determined within 

a day, but plate counting may have measured with a relatively high variance viability between 

different days, probably due to variations between viability of different cultures, growth media 

and incubation conditions. 

 

Table 5-6. Repeatability for determination of viability of B. longum ATCC15707 using 
Quantitative Fluorescence Microscopy and Plate counting.  

Method Variation Mean (Log10 viability) SEM % CV 

Quantitative 

Fluorescence 

Microscopy 

Intra-day 8.003 0.050 1.522 

7.963 0.026 0.792 

7.958 0.038 1.154 

Inter-day 7.975 0.022 1.152 

Plate counting 

 

 

Intra-day 

 

 

6.599 0.038 1.397 

6.465 0.036 1.376 

5.847 0.024 0.994 

Inter-day 6.304 0.081 5.483 

These values are presented as Mean ± SEM of determination (n=6). % CV=percentage 
coefficient of variation.  
 

5.3.2 PBDC method development  

Our previous trials of BacLight staining B. longum ATCC 15707 cells inoculated in a solution 

of peanut or oat showed high fluorescence background so it was important to identify an 

efficient method of separating cells from food matrix to improve detection accuracy. Methods 
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of filtration and centrifugation had been attempted to purify cells from these food fractions, but 

could not decrease background fluorescence and noise to a satisfactory level of detection. And 

thereby, PBDC was investigated to purify cells by separating cells and food factions into 

different Percoll buoyant gradient layers depending on density of each components.  

 

5.3.2.1 Calibration curve of Percoll in 0.15 M NaCl solutions 

Seven different Percoll gradient solutions were prepared according to instructions and their 

refractive index measured. In Figure 5-4, a calibration curve of refractive index plotted against 

density had a good correlation between refractive index and density (R2=1).  

 

Figure 5-4. The calibration curve of the relationship between refractive index and density of 
Percoll solutions in 0.15 M NaCl. Error bars are SEM (n=3).  
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fluorescence caused by these food fractions interfered with enumerations of green or red 
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gradient solutions and few food fractions were observed. However, the PBDC process and 

image acquisition take times to complete a batch of samples so that PBDC processed samples 

required storing at 4 °C and assessment of potential loss of viability due to this needed to be 

determined. 

A reduction of green fluorescence cells after PBDC and storage at 4 °C overnight was found 

(Figure 5-5). Decreased viability from log 8.1 to log 8.0 cells mL-1 was observed immediately 

following the PBDC process, and the viability then further reduce to log 7.9 cells mL-1 after 

storage overnight at 4 °C. This result might indicate that PBDC caused mild damage to cell 

membranes of B. longum ATCC 15707 cells and their viabilities were not significantly 

decreased. However, these cells while stored at 4 °C overnight led to a significantly declined in 

viability of log 0.2 cells mL-1 (p < 0.05) compared with initial viability of log 8.1 cells mL-1. 

Compared with other centrifugation methods that were attempted to purify B. longum ATCC 

15707 cells from culture coated foods before using PBDC, the PBDC method showed a better 

separation of cells from food fractions and a lower background fluorescence and noise in QFM, 

and hence was used in the next experiment of studying the influence of temperature and food 

matrix on cell membrane integrity of B. longum ATCC 15707 for 24 h drying at different 

temperatures. 

 

Figure 5-5. Mean numbers (Log10 cells mL-1) of green fluorescence cells of B. longum ATCC 
15707 determined initially, after Percoll buoyant gradient centrifugation (PBDC) 
and after storage at 4 °C overnight. Error bars are SEM (n=5).  
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5.3.3 Main effects of Food matrix, drying temperature and time, and enumeration 
method, and their interacitons on viability of B. longum ATCC 15707  

In Table 5-7, results of ANOVA show that the viability for effects of food matrix, drying 

temperature and time, and enumeration method significantly affected viability of B. longum 

ATCC 15707 (p < 0.05). Most interactions of these factors had significant influence on the 

viability (p < 0.05), but the interactions of food matrix, temperature and enumeration method 

did not significantly affect the viability with or without drying time.  

 

Table 5-7. Analysis of variance on effect of food matrix, temperature, time and enumeration 
method, and interactions between these factors on viability of B. longum ATCC 
15707  

Source of variation  F probability  
Block. Subject. stratum   

Food matrix < 0.001 
Temperature  < 0.001 

Time  < 0.001 
Enumeration method  < 0.001 

Food matrix. temperature 0.006 
Food matrix. Enumeration method < 0.001 
Temperature. Enumeration method < 0.001 

Food matrix. Temperature. Enumeration method 0.273 
Block. Subject. Time. stratum  

Food matrix. time 0.052 
Temperature. time < 0.001 

Enumeration method. time < 0.001 
Food matrix. Temperature. time 0.029 

Food matrix. Temperature. Enumeration. time 0.004 
Temperature. Enumeration method. time < 0.001 

Food matrix. Temperature. Enumeration method. time 0.130 
                Results are significantly different if p < 0.05. 
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Figure 5-6. Log viability (unit g-1) from left to right; food matrix, temperature, time and 
enumeration method (plate counting expressed as PC, quantitative fluorescence 
microscopy expressed as QFM). 

 

Average viability across all variables for food matrix, drying temperature and time, and 

enumeration method is shown in Figure 5-6. Average viability of B. longum ATCC 15707 

coated on oat was about log 1.2 unit g-1 higher than that on peanut and raisin, respectively. 

Viability decreased from log 6.2 unit g-1 to log 5.2 unit g-1 when drying temperature increased 

from 20 °C to 50 °C. Viability of log 6.5 unit g-1 was determined before a drying process, and 

then was reduced to log 5.9 and log 5.0 unit g-1 after drying for 2 h and 24 h, respectively. 

Different enumeration methods appear to have great influence on viability values between plate 

counting (log CFU g-1) and quantitative fluorescence microscopy (log cells g-1).  

 

5.3.4 Influence of food matrix, temperature and enumeration method on viability 
of B. longum ATCC 15707 at 0, 2 and 24 hours of drying 

In general, viability declined when B. longum ATCC 15707 coated on oat (Figure 5-7), peanut 

(Figure 5-8) and raisin (Figure 5-9) during 24 h of drying when determined by both quantitative 

fluorescence microscopy and plate counting methods. Compared with the microscopic method, 

lower average viabilities loss of log 2.7 CFU g-1, log 2.9 CFU g-1 and log 3.8 CFU g-1 were 
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determined by counting colonies where B. longum ATCC 15707 cells were recovered from 

culture coated oat, peanut and raisin samples, respectively, at 0 and 2 h of drying at 20 °C. 

When the drying time increased to 24 h (for all temperatures), a statistically significant 

reduction in CFU g-1 was found (p < 0.05), but green fluorescence cell numbers appeared to be 

consistent. It is worth considering that the use of two enumeration techniques can reveal the 

difference of viability, indicating the cellular status of B. longum ATCC 15707 cells possibly 

changed from viable to viable but not culturable in a mild drying process. 

When culture coated samples were dried at 50 °C, a significant decline of viability was detected 

by both methods (p < 0.05). The green fluorescence cells decreased from log 8.2 cells g-1 to log 

7.0 cells g-1 on oat, log 7.6 to log 6.7 cells g-1 on peanut, and log 7.8 to log 6.2 cells g-1 on raisin 

after 24 h, while compared with the enumeration result determined by plate counting, the 

colonies of B. longum ATCC 15707 coated on peanut and raisin were not detectable at the end 

of 24 h, and only log 2.0 CFU g-1 was determined on the oat samples. That strongly suggests a 

different protecting effect of food matrix on cell membrane against a drying process. 
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                                   Green fluorescence cells at 20 °C for 24 h 

                                                            
                                  Green fluorescence cells at 50 °C for 24 h 

Figure 5-7. Viability of B. longum ATCC 15707 coated on oat at storage of 20 °C and 50 °Cat 0, 2 and 24 h. Green and red fluorescence cells were 
observed in images with x 1,000 magnification. Error bars are SEM (n=3).   
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                                    Green fluorescence cells at 20 °C for 24 h  

                                      
                                    Green fluorescence cells at 50 °C for 24 h  
 

Figure 5-8. Viability of B. longum ATCC 15707 coated on peanut at storage of 20 °C and 50 °C at 0, 2 and 24 h. Green and red fluorescence cells 
were observed in images with x 1,000 magnification. Error bars are SEM (n=3). 
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                                   Green fluorescence cells at 20 °C for 24 h 

                                    
                                   Green fluorescence cells at 50 °C for 24 h 

Figure 5-9. Viability of B. longum ATCC 15707 coated on raisin at storage of 20 °C and 50 °C at 0, 2 and 24 h. Green and red fluorescence cells 
were observed in images with x 1,000 magnification. Error bars are SEM (n=3).  
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5.3.5 ESEM micrograph of B. longum ATCC 15707 coated foods drying at 20 °C 
or 50 °C 

The ESEM made it possible to observe the adherence of B. longum ATCC 15707 cells on the 

surface of dried non-dairy foods. Figure 5-10 shows the images of a dehydrated plain oat, 

peanut and raisin and these foods inoculated with B. longum ATCC 15707 cultures after 24 h 

drying at 20 °C or 50 °C. These low magnification (400×) images showed the intrinsically 

different surfaces between plain oat, peanut and raisin where a coarser surface with apparent 

cracking was observed on oat compared with a relatively smooth surface of raisin. Plain peanut 

was noticed to have two different surfaces on the same microscopic field where one part of the 

surface was rougher than the other. Comparison of the surface of these foods between 20 °C 

and 50 °C, drying at a higher temperature caused a drier and rougher surface of oat and peanut, 

but a smoother surface of raisin. B. longum ATCC 15707 cells adhesion to the surface of oat, 

peanut and raisin after drying at 20 °C or 50 °C was not observed under magnification of      

12, 000×. 
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Figure 5-10. Environmental scanning electron micrograph of dried plain oat (A), peanut (D) and raisin (G); B. longum culture coated oat (B), 
peanut (E) and raisin (H) after 24 h drying at 20 °C ; B. longum culture coated oat (C), peanut (F) and raisin (I) after 24 h drying at 
50 °C. Magnification of 400×. All scale bars show 300 um.  
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5.4 DISCUSSION 

Validation of the method of BacLight staining in conjunction with fluorescence microscopy is 

important for assessing viability of B. longum ATCC 15707 in a pure culture and coated on 

different non-dairy foods after drying at 20 °C and 50 °C. Limitations of applying this method 

to investigate viability also needed to be considered. Measurement of Quantitative Fluorescence 

Microscopy (QFM) contains some amount of error that can be introduced by the operator, 

microscope, the detector and the biological specimen (Waters, 2009).  

Cell density is a critical factor affecting green fluorescence cell counts. Low cell density may 

not provide sufficient numbers of cells for enumeration, and high cell density may induce 

flocking or overlapping of cells. The minimum detection limit for this quantitative fluorescence 

microscopy was ~ 107 for B. longum ATCC 15707 cells mL-1 and an ideal cell density between 

1 ~ 3 x 108 cells mL-1 gave 50 to 200 cells per image in this study, which is in accordance with 

the recommended cell density of 108 cells mL-1 for Bifidobacterium UCC 35612 (Auty et al., 

2001). Perdana et al. (2012) measured viability of L. plantarum WCFS1 in 20 images with 200 

to 500 cells per image (2,080 by 1,544 pixels). Another study conducted by Massana et al. 

(1997) suggested cell density of 40 – 50 cells per image, but the size of the images was not 

mentioned so comparison of the cell density between different studies difficult. In addition a 

study conducted by Lina, Michele, Benoit, Josee, and Raymond (1999), 10 images with 50 cells 

of Escherichia coli ATCC 11229 per image was required for enumerating 6.4 x 105 cells mL-1 

after filtering 1 mL through a 0.2 µm black PC filter membrane. From these studies, it is difficult 

to select a standard cell density for the assay due to different bacteria and methods used, but 

cell numbers more than 45 per image appear to be a common reported figure, and has also was 

suggested to minimize variance of cell counts (Seo, Ahn, & Zo, 2010).  

In the present study, B. longum ATCC 15707 culture obtained from early stationary-phase was 

used for assessing BacLight viability staining because of its relatively stable physiological 

status (Berney et al., 2007). It is also important to confirm the proportion of STYO 9 and PI 

dyes (0.167mM: 1.83mM) for staining approximate 108 cells mL-1 of B. longum ATCC 15707 

in our study. This is because PI could quench SYTO 9 emissions in PI and SYTO 9 stained 

Bacillus clausii in a flow cytometer (Christiansen, Michaelsen, Wumpelmann, & Nielsen, 

2003). Besides, SYTO 9 enters the cells of gram positive bacteria (such as B. longum ATCC 

15707) more easily than gram negative bacteria due to the outer membrane present in the later 

bacteria (Berney et al., 2007).    
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BacLinght staining is a useful and efficient method for enumerating B. longum ATCC 15707 

cells in a pure culture, but after the cells were incorporated into foods, a high background 

induced by the fractions from oat and peanut became a challenge when determining green and 

red fluorescence cells. A real-time viability standard curve of microencapsulated probiotics has 

been reported using confocal microscopy, but this method might be not precise if capsular 

materials or food matrices auto-fluorescenced (Moore, Kailasapathy, Phillips, & Jones, 2015). 

Sample preparations for assessing viability of probiotics in liquid foods have been reported in 

some studies. Probiotic non-dairy drink samples were filtered through 41 μm and 20 μm filters 

to remove large solid particles and then  centrifuged at 1000 x ɡ for 10 min to concentrate cells, 

and finally diluted for fluorescence staining (Maukonen et al., 2006). Fermented oat drink 

inoculated with B. lactis or a combination of B. longum DSM 14579 and B. longum DSM 14583 

was centrifuged at 800 x ɡ for 7 min to separate a less turbid upper fraction containing cells 

(Lahtinen, Gueimonde, Ouwehand, Reinikainen, & Salminen, 2006). Klauth, Wilhelm, Klumpp, 

Poschen, and Groeneweg (2004) also introduced a new procedure of differentiating bacteria 

from soil matrix by using Sytox green and a suboptimal excitation wavelength, thus avoiding 

the need for separation of soil particles to a large extent.  

Although those approaches appeared to achieve satisfying separation results, the damages of 

bacteria cells during these separation processes is not known. This might cause underestimation 

of viability of bacteria that recovered from or exposed to the stresses present in separation 

processes. In the current study, PBDC was applicable to separate B. longum ATCC 15707 cells 

in suspension with food fractions for which differences in buoyant density, thus diminishing 

fluorescence background and improving accuracy of quantitative fluorescence microscopy. 

This method was validated and confirmed a viability loss of less than log 0.2 cells mL-1 after 

PBDC. To our knowledge, this is the first time the application of PBDC to separate a probiotic 

bacterium from solid non-dairy foods such as oat, peanut and raisin has been reported. It is 

worth considering the limitations of PBDC method where separation process is complex and 

time-consuming, and this method must be re-examined if other bacteria and food matrices are 

used.  

An alternative fixation method, bioadhesive slides (Excell AdhesionTM, Fisher Scientific) 

showed a good potential for trapping cells, but chemical compounds present in coating materials 

of the slides caused mortality or affected permeability of the cell membrane, thus inducing 

mortality of some pure cultures and river water microbes (Franklin et al., 2011). Recently, 
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Perdana et al. (2012) developed a low-melting point agarose gel supplemented with BacLight 

stains that can rehydrate and determine viability of dried cell particles deposited on Anopore 

chips. However, anopore chips are expensive for routine determination of live or dead cells in 

a product. We attempted to use 0.22 μm PC black membrane as an alternative to anopore chips, 

but the numbers and ratio of green and red fluorescence cells after transferring from the PC 

membrane to water agar (3%) gel were not consistent, thus affecting viability assessments. 

Regarding the difference in viability of B. longum ATCC 15707 determined using QFM or plate 

counting at room temperature, the viability of this bacterium in fresh cultures was observed to 

be log 1.6 higher using QFM method than with the plating counting method. And while, 

averaged viability on fresh culture coated oat, peanut and rasins was log 3 units higher 

determined by QFM than by plate counting. These observations may indicate food matrix 

affecting determination of bacterial viability between the two methods. Another study reported 

a 10-fold lower in plate counting than the microscopic method (Moreno et al., 2006). In another 

study of B. lactis incorporated into butter, the number of cells determined by plate counting was 

log 2 units lower than the microscopic method during production and storage of one week at 

4 °C (Olszewska, Staniewski, & Łaniewska-Trokenheim, 2012). The difference on numbers of 

B. lactis between the two methods was log 0.7 units after 1 month of storage at 4 °C, but a great 

difference of log 6.8 units was found in the numbers of B. longum inoculated in the same oat 

drink products (Lahtinen et al., 2006). Our study shows that plate counting may not provide 

precise information on the cellular status of B. longum ATCC 15707 on non-dairy foods as this 

bacterium may enter a dormant state during production and storage, and hence the cell numbers 

using plate counting were underestimated. Therefore, applying two or more different 

enumeration methods to determine numbers of probiotic bacteria in food products can provide 

a further understanding of bacterial cell status, thus giving an informative result of bacterial 

viability.  

Temperature of 50 °C was used to investigate the effect of heat stress on cell membrane of         

B. longum ATCC 15707 coated on different non-dairy foods. This temperature is regarded as 

having reversible impacts by melting membrane lipids of L. bulgaricus cells (Teixeira, Castro, 

Mohácsi-Farkas, & Kirby, 1997). The viability results of B. longum ATCC 15707 coated on 

different non-dairy foods and dried at 20 °C and 50 °C support that BacLight cell counting can 

add important information to plate counting result. When B. longum ATCC 15707 coated foods 

were treated at a mild temperature for 24 h or at a harsh temperature for 2 h, QFM showed its 
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strength in providing information about the cell membrane status, while plate counting reflected 

the overall impact of drying. This is in accordance with the statement that cultivation method 

shows bacteria are either detected as cultivable or not, interpreted as alive or dead cells. 

(Hammes et al., 2010).   

Environmental scanning electron microscopy (ESEM) was used in an attempt to visualize           

B. longum ATCC 15707 cells attached to the surface of oat, peanut and raisin. However, the 

cells on the surface of these foods were not able to be seen in the ESEM. The samples of                 

B. longum ATCC 15707 culture coated oat, peanut and raisin were dried at 20 °C and 50 °C, 

and the percent of relative humidity was approximate 50% at 20 °C or 20% at 50 °C after 24 h 

drying. Before the samples were coated with gold, a further dehydration process such as freeze 

dried or critical point dried was not carried out so that a high content of water remained in the 

samples. Because the ESEM can simplify sample preparation treatments and avoid the possible 

artefacts created during SEM sample preparation(Kirk, Skepper, & Donald, 2009). That means 

samples do not need a further dehydration. ESEM was therefore used to exam the samples 

instead of SEM in this study. A low vacuum (0.68 torr) and magnification (12, 000×) were 

used for the ESEM examination, but the images of culture coated foods did not show any cells 

attached on the surface of our tested foods. This result showed ESEM is not applicable to view 

B. longum ATCC 15707 cells under the current conditions. The cells may be damaged during 

dehydration and membrane may collapse in the specimen chamber (Kirk et al., 2009). Although 

the previous ESEM studies of biological samples demonstrated a possibility of imaging bacteria 

(McKinlay et al., 2004; Muscariello et al., 2005), the presence of a watery film on the sample 

surface or inter-cellular EPS matrix which forms a hydrated and negatively charged layer could 

negatively affect image formation (Bergmans, Moisiadis, Van Meerbeek, Quirynen, & 

Lambrechts, 2005). In our case, dehydrated MRSc broth might cover the surface of these foods 

and coat the cells in a thin continuous film, thus hiding cells in the ESEM examination. Another 

possible reason for not observing cells may be due to limited number of samples tested.  

On the other hand, the ESEM produced quality images for assessing the surface characteristics 

of different foods at the two drying temperatures. Culture coated oat showed a more open and 

cracking structure after drying at 50 °C as compared to the same oat samples dried at 20 °C. 

Some particles, i.e. starch or gluten distributed on the upper layer of the plain oat, apparently 

conglutinated to form bigger particles after 24 h drying at 50 °C than at 20 °C. Compared with 

a relatively smooth surface of dried culture coated peanut at 20 °C, the high temperature of 
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50 °C appeared to melt peanut fat and migration within the matrix might occur, thus producing 

a number of pores on the surface at the end of drying. The surface of raisin under the ESEM 

was not expected. The appearance of raisin looked more wrinkle than oat and peanut, but 

images of raisin under ESEM showed a much smoother surface at magnification of 400 x rather 

than the surface of the other two foods. It is worth showing that sugar on the surface of culture 

coated raisin accumulated at the trough of wrinkled surface during drying at 20 °C and 

disappeared after drying at 50 °C. The surface of these foods before and after drying at 50 °C 

showed that air drying caused changes in the surface of non-dairy food, which agrees with a 

study of drying yacon (Bernstein & Noreña, 2014).   
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5.5 CONCLUSION 

The results of this study indicate that in situ LIVE/DEAD BacLight viability staining in 

conjunction with Epi-Fluorescence Microscopy (simply expressed as Quantitative 

Fluorescence Microscopy, QFM in this chapter) may be of value for the rapid estimation of 

viable bacteria in non-dairy solid foods during drying, compared with viability assessed by plate 

counting alone. The data demonstrate that viability of B. longum ATCC 15707 coated on oat, 

peanut and raisin determined by QFM were 2 to 3 fold higher than plate counting. This may 

indicate a degree of dormant cells during drying at both temperatures. Particular attention 

should be given on the limitation of QFM to determine viability of B. longum ATCC 15707, 

when the numbers of green fluorescence cells were decreased below the detection limit ~107 

cell mL -1 during drying at 50 °C  after 24h, accuracy and precise of this method may be 

decreased. Additionally, methods of QFM and PBDC applied to assess viability of the other 

bacteria coated on foods need to be validated accordingly. Overall, the results demonstrate that 

the use of QFM can add relevant information about cell membrane integrity compared to 

viability studies solely based on plate counting.  
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CHAPTER 6  

INFLUENCE OF ADDITION OF PROBIOTIC BACTERIA TO 

MUESLI AND STORAGE ON CONSUMERS’ ACCEPTANCE 

AND BACTERIAL SURVIVAL 

6.1 INTRODUCTION  

A review of the literature on probiotic bacteria that have been incorporated in non-dairy foods 

identified three bacteria species for initial characterisation and ultimately identified 

Bifidobacterium. longum ATCC 15707 as suitable for incorporation in muesli. Investigations 

to compare enumeration results of plate counting of colony forming units (CFU g-1) with 

Quantitative Fluorescence Microscopy (QFM) of individual bacteria (cells g-1) established that 

B. longum ATCC 15707 on oat or peanut at room temperature was culturable (viable) with high 

cell numbers.  

Consumption of functional foods which are made by adding small functional components to 

lifestyle can help to improve health and increase human well-being (Goetzke, Nitzko, & Spiller, 

2014). Probiotic foods which are examples of functional foods, are giving increased interest 

because scientific research has shown that probiotic bacteria can confer health-promoting 

benefits to consumers (Sharma & Devi, 2014). Non-dairy based foods were found to be ideal 

carriers to deliver probiotics, e.g. probiotic fruit juice (Rivera-Espinoza & Gallardo-Navarro, 

2010). Of the hundreds of microorganisms used as probiotics in the food industry worldwide, 

B. longum is the most common species (Saxelin, 2008). Due to its non -pathogenic or -virulence 

properties (FAO & WHO, 2001), this species has been recommended for a Qualified 

Presumption of Safety (QPS) status by EFSA (2007, 2014).  

In addition, B. longum ATCC 15707 has been demonstrated as a potential probiotic in many 

scientific publications (Gagnon, Kheadr, Le Blay, & Fliss, 2004; Gomes & Malcata, 1999; Hill 

et al., 2014; Izquierdo, Medina, Ennahar, Marchioni, & Sanz, 2008). Based on the results of 

storage stability of probiotics coated on different foods from our previous studies in chapter 4, 

oat and peanut have shown protective effects on the survival of B. Longum ATCC 15707 

(Human origin, purchased from ESR, NZ) at a storage of 20 °C and 20 % relative humidity 

(RH) for up to three months. Therefore, in this study, oat, peanut and raisin were used to make 

plain muesli and probiotic muesli samples by adding fresh cultures of B. longum ATCC 15707. 
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To our knowledge, this is the first time to report consumers’ acceptance and bacterial survival 

of probiotic muesli. The overall objective of this study was to provide new information about 

whether addition of B. longum ATCC 15707 to the muesli affects consumer’s acceptance, as 

well as the effect of storage on consumers’ acceptance. The effect of different types of packages 

(plastic bag and foil pouch) on the survival of B. longum ATCC 15707 coated on muesli for 2 

weeks storage was also studied.  
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6.2 EXPERIMENTAL DESIGN  

A survival study and a sensory study of B. longum ATCC 15707 on muesli were conducted in 

this chapter.  

A survival study was conducted in the following steps: (1) preparing plain muesli and probiotic 

muesli samples; (2) packing in two different packages (plastic bag and foil pouch) and storing 

for 14 days; (3) determining survival of B. longum ATCC 15707 on muesli samples on day 0 

and day 14 using plate counting method; (4) comparing the difference of survival between the 

different packages. 

A sensory study was carried out in the following steps: (1) preparing plain muesli and probiotic 

muesli samples; (2) packing and storing for 14 days; (3) conducting sensory evaluations by 

tasting muesli samples and completing question sheets (4) collecting and analysing the data that 

was obtained from panellists’ question sheets for evaluating sensory characteristics of muesli 

samples and panellists’ acceptance.  

 

6.2.1 Preparation of muesli for a survival study 

The probiotic muesli containing B. longum ATCC 15707 was formulated in a ratio of 1: 1: 4 

(peanut: raisin: oat) and produced in a sensory food kitchen at Lincoln University. The kitchen 

temperature and relative humidity were 20 °C and 58%. Before making muesli samples, oats 

were dried at 65 °C overnight to reduce water content and diminish potential microbial 

contamination.  

Fresh culture of B. longum ATCC 15707 was added onto pre-dried oat and mixed by hand, and 

then mixed with peanut and raisin evenly. This mixture was used as probiotic muesli samples 

and prepared in three indenpendent replicates. Half of the samples were packed in plastic bags 

(A600 Barrier bags, Cryovac, NZ) and the other half was packed in foil pouches (Contour, NZ). 

Both types of packages were stored in an incubator (Contherm, NZ) at 20 °C and 50% RH for 

14 days. The same formula and process used for making probiotic muesli were also used to 

make plain muesli but adding fresh MRSc broth instead of fresh culture. Plain muesli samples 

were prepared in triplicate, and packed and stored in the same incubator for 14 days.  
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6.2.2 Enumeration of probiotic bacteria on the samples  

To investigate if the inoculated bacteria were equally distributed in muesli during the 

preparation, samples were determined in triplicate by taking samples from the top, middle or 

bottom of the probiotic mueslis produced on day 0. Each sample was weighed and placed in a 

50 mL tube to achieve a 10-fold dilution by adding MRSc broth. After vortex mixing for 1 min, 

the mixture was placed at 37 °C for 1 h, and then vortex mixing for another 1 min. Serial 

dilutions for each sample were prepared. An aliquot (0.1 mL) of each sample was transferred 

and spread evenly on MRSc agar plate. All plates were placed in a sealed jar containing an 

anaerobic sachet and incubated at 37 °C for 48 h. Population of B. longum ATCC 15707 was 

recorded as CFU g-1 of each sample on day 0 and after 14 days storage. 

 

6.2.3 Preparation of muesli samples for a sensory study  

Pre-dried oat was weighed and placed into a clean and sterile steel bowl of a mixer (Delta & 

Planetary, Southern Hospitality LTD). Fresh culture of B. longum ATCC 15707 was added to 

oats with constant stirring on the lowest setting for 5 min. Peanut and raisin were added to the 

B. longum ATCC 15707 coated oats and mixed evenly. This mixture was used as one batch of 

probiotic muesli samples and packed into 10 plastic bags and 3 foil pouches (100 g per bag or 

pouch) and stored in the incubator at 20 °C and 50% RH for 14 days. Another batch of probiotic 

muesli samples was prepared and stored using the same process one day before conducting the 

sensory study. Two batches of plain muesli samples were also prepared by adding MRSc broth 

instead of cultures and using the same process on the same days when probiotic muesli samples 

were produced. On the day of sensory evaluation, two batches of probiotic muesli and plain 

muesli samples packed in plastic bags on day 1 and day 14 were served to panellists.  

 

6.2.4 Effect of addition of B. longum to muesli and storage on consumers’ 
acceptance 

The sensory evaluation was conducted to investigate consumers’ acceptance of four samples 

(probiotic muesli and plain muesli at storage of 20 °C and 50% RH for 1 day and 14 days). 

Each sample was placed in a clear disposable plastic cup and coded with a 3-digit random 

number and served in all possible orders (Figure 6-1).  
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The consumer panel consisted of 92 panellists who were recruited from student and staff at 

Lincoln University in New Zealand. Evaluations were conducted in individual sensory panel 

booths between 9:00 and 16:00 on the one day. The temperature and relative humidity for the 

booths were controlled between 20 – 22 °C and 55% – 60%. The sensory research was reviewed 

and approved by the Lincoln University Human Ethics Committee (No. 2016-26). All panellists 

gave written informed consent to participate in the study prior to evaluating samples.  

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

Figure 6-1. Four samples coded with a 3-digit random number on a plastic serving tray for a 
sensory test.  

 

In order to avoid rehydration of muesli affecting results of the sensory tests, all samples were 

served to panellists in the dry state. This method was different from the common method of 

tasting muesli with a small portion of milk or juice. The panellists were asked to evaluate the 
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samples regarding their degree of liking for appearance, flavour, texture and overall using a     

9-point hedonic scale (1 = disliked extremely, 9 = like extremely). The panellists were also 

asked to rank the samples from most preferred (scored as 1) to least preferred (scored as 4). The 

consumers were instructed to rinse their mouths with water between samples, to avoid 

interference of the previous sample. Table 6-1 illustrates the panellists’ ethnicity and frequency 

of eating muesli.  

 

Table 6-1. Information of panellists’ ethnicity and frequency of eating muesli (total 92 
panellists) 

Information  Percentage of panellists Group  

Ethnicity  Asian (63.0%) 1 

European (28.3%) 2 

Middle eastern/Latin American/African/ (6.5%) 3 

Pacific People (2.2%) 4 

Frequency of 

eating muesli  

Less than once a month (45.6%) 1 

More than once a month but less than once a week (22.8%) 2 

More than once a week (13.0%) 3 

Almost every day (18.5%) 4 

 

6.2.5 Introduction of different statistic tests for studying variables in the sensory 
study  

Ninety-two consumers’ preference scores for four variables (appearance, flavour, texture and 

overall liking) were initially input into Excel for each sample. The Levene test was conducted 

to verify the homogeneity and stability of the variances. General analysis of variance (ANOVA) 

was used to determine whether significant differences (p < 0.05) existed in the four samples. 

Fisher’s least significant difference (p < 0.05) was performed to compare differences between 

each variable. The additional attributes (ethnicity and frequency of eating muesli for panellists) 

were also investigated for considering their effects on the consumer’s acceptance. All analyses 

were carried out using a statistic software (GenStat, 18th edition).  

In order to obtain a simple and clear representation of the interrelationships among variables 

and samples, principal component analysis (PCA) was performed on the mean scores for 
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samples averaged across 92 consumers. Furthermore, correlation of variables was also 

calculated for better understanding the meaning of the PCA results.  

Overall liking scores were classified into four groups by using two different methods. One was 

to arrange these scores regarding the consumers’ frequency of eating muesli (Table 6-1). 

Different eating habit might impact the results of sensory evaluation. If there was no difference 

of the results between the four groups of frequency of eating muesli, hierarchical cluster 

analysis (HCA) was then applied for overall liking scores by using the Euclidian distance and 

Ward’s method to generate four clusters. General ANOVA and Fisher’s LSD were used to 

consider significant difference between these groups or clusters. These analyses were 

performed using SPSS (IBM Statistics 22 software) and GenStat.  

To analyse the consumer preference ranking, the Friedman rank was performed using a 

significance level (p < 0.05) to determine if the consumers were able to discriminate between 

samples. General ANOVA with Fisher’s LSD were used to investigate which samples were 

significantly preferred to others. These analyses were performed using SPSS.   
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6.3 RESULTS 

6.3.1 Survival of B. longum ATCC 15707 on probiotic muesli after storage for 14 
days 

To study survival of B. longum ATCC 15707 on muesli, probiotic muesli samples were 

prepared in triplicateby hand making, while for the sensory study, two batches of probiotic 

mueslis were produced by a mixer. A total of 20 probiotic muesli samples were prepared and 

enumerated for this survival study. The difference of bacterial survival between the two 

processing methods was compared using ANOVA. The results of ANOVA analysis in Table 

6-2 shows that processing and storage significantly affected the survival of B. longum ATCC 

15707 in probiotic muesli samples (p < 0.05), but no significant difference was observed 

between the two different packages (p = 0.997), probably due to a similar value of water activity 

(aw) in both samples. The mean value of aw in the samples vacuumed and packed in foil pouches 

was 0.372 and packed in plastic bags was 0.336.  

Table 6-3 shows the enumerated viable cells of B. longum ATCC 15707 in probiotic muesli 

samples and compared between packed in plastic and vacuumed in foil on the initial day and 

after 14 days storage at 20 °C 50% RH. On day 0, the handmade probiotic muesli had a 

significantly log 0.6 CFU g-1 higher viable cells than the samples made by a mixer (p < 0.05). 

After 14 days, the viability decreased by approximately log 2.0 CFU g-1 and log 3.6 CFU g-1 in 

the samples that were made by hands and by a mixer, respectively.  

 

Table 6-2. ANOVA analysis results of survival of B. longum ATCC 15707 on probiotic muesli 
produced and packed in two different processing and packages.  

Source of variation  F probability  
Block. Subject. stratum  

Package 0.997 
Processing  0.006 

Storage  < 0.001 
Package. processing  0.997 

Package. storage  0.997 
Processing. storage  0.007 

Package. processing. storage  0.997 
                                     Results are significantly different if p < 0.05 
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Table 6-3. Mean survival (Log10 CFU g-1) of B. longum ATCC 15707 on muesli packed in 
different packages between processing by handmade and mixer.  

Storage Processing Plastic Package Foil Package 

Day 0 Handmade 6.18 ± 0.04c 6.18 ± 0.04c 

 Mixer 5.55 ± 0.36b 5.80 ± 0.36b 

Day 14 Handmade 4.16 ± 0.11a 4.11 ± 0.08a 

 Mixer 2.14 ± 0.14a 2.07 ± 0.18a 

Survival of B. longum ATCC 15707 is mean ± SEM (n=3 for handmade; n=2 for mixer).  
Means followed by the different letter are significantly different according to a Fisher’s 
unprotected least significant difference (LSD) with 95% confidence.  
 

6.3.2 Effect of the addition of B. longum ATCC 15707 and storage on consumers’ 
acceptance 

The results of ANOVA analysis in Table 6-4 and mean scores of panellists’ liking of plain 

muesli and probiotic muesli samples in Table 6-5 show that sample types along with a storage 

of 1 day or 14 days significantly impacted the appearance, flavour and overall liking of the 

samples (p < 0.05), but the texture was unchanged. Moreover, probiotic muesli after 14 days 

storage was significantly different from the other three samples regarding the appearance            

(p < 0.05). While plain muesli after 14 days storage showed a significant difference on the 

flavour.  

Panellists’ eating habit and ethnicity were used individually as a source of variation to exam 

the differences between the appearance, flavour, texture and overall liking by using one-way 

ANOVA. These additional factors did not significantly impact the four sensory characteristics.  

To identify if  growth medium or probiotic cells affected sensory characteristics of probiotic 

muesli, MRSc broth without cells was added to muesli as a control and labelled  ‘plain muesli 

day 1’. The results demonstrated that the  addition of MRSc broth to muesli did not affect 

sensory characteristics but probiotic cells did after 14 days storage. Fermentation by probiotic 

on muesli may occur during the storage, and hence affect sensory characteristics. 
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Table 6-4. ANOVA analysis results of sensory characteristics of plain muesli and probiotic 
muesli samples at storage of 1 and 14 days, and effects of panellists’ frequency of 
eating muesli and ethnicity on the sensory characteristics. 

Source of variation 
F possbility 

Appearance Flavour Texture Overall 

Sample 0.102 0.008 0.503 0.057 

Storage <0.001 0.151 0.738 0.889 

Sample. Storage 0.008 0.017 0.316 0.023 

Frequency of eating muesli  0.221 0.364 0.460 0.462 

Ethnicity  0.457 0.562 0.502 0.570 

              Results are significantly different if p < 0.05 

 

Table 6-5. Acceptance rating of 92 panellists for appearance, flavour, texture and overall liking 
of muesli with/without probiotics at a storage of 1 and 14 days. Acceptance rating 
were evaluated using a 9-point hedonic scale.    

Sample Appearance Flavour Texture Overall  

Plain muesli day 1 6.326b 6.141a 6.065a 6.109ab 

Plain muesli day 14 6.239b 6.620b 6.239a 6.391b 

Probiotic muesli day 1 6.424b 6.109a 6.109a 6.152ab 

Probiotic muesli day 14 5.837a 5.989a 6.022a 5.902a 

Means with the same letter within each column are not significantly different according to 
Fisher’s unprotected least significant difference test (LSD) with 95% confidence.  
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6.3.3 Influence of sensory characteristics on consumers’ acceptance of muesli 
samples  

Table 6-6 shows a strong correlation of overall liking to flavour (0.872) and texture (0.820). 

While a less correlation of appearance to texture, flavour and overall liking were found with 

coefficients of 0.565, 0.600 and 0.649, respectively.  

 

Table 6-6. Coefficient of correlation on variables of a sensory evaluation.  

 Appearance Flavour Texture 

Flavour 0.600   

Texture 0.565 0.721  

Overall liking 0.649 0.872 0.820 

 



 

138 
 

 

 

Figure 6-2. Unrotated two-dimensional PCA solution of plain muesli and probiotic muesli 
samples and sensory characteristics at storage of 20 °C and 50% RH for 1 day and 
14 days. Plain muesli day 1 and day 14 are expressed as muesli day 1 and day 14; 
Probiotic muesli day 1 and day 14 are expressed as promuesli day 1 and day 14 in 
the PCA biplot.  

 

The structure result of a PCA was shown in Figure 6-2. PC1 explains 78.22% of the variance 

in the data set and shows a good correlation among overall liking, texture and flavour. PC2 

explains an additional 19.98% of the variance and it is primarily a function of appearance. Plain 

muesli day 1 is balanced between appearance and overall liking and has less texture and flavour. 

Plain muesli day 14 has the highest scores on the overall liking, texture and flavour, but has 

poor performance for its appearance. Probiotic muesli day 1 has the best appearance compared 

to other three samples and similar scores among flavour, texture and overall liking. While, 
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probiotic muesli day 14 has the poorest performance on the appearance, flavour, texture and 

overall liking in all samples. It is interesting to see the contrasting results of probiotic muesli 

samples between storage for 1 day and 14 days. The overall performance of probiotic muesli 

decreased with increasing storage time.  

 

6.3.4 Relationship between panellists’frequency of eating muesli and their overall 
liking of plain muesli and probiotic muesli samples 

To investigate if frequency of consumption of muesli can give considerable assistance to the 

panellists in evaluating plain muesli and probiotic muesli samples, ninety-two panellists were 

classified into four groups according to their frequency of eating muesli (Table 6-1). ANOVA 

and LSD were applied in each group to test if there was a significant difference of overall liking 

between four samples. The results in Table 6-7 and Table 6-8 show the panellists in the group 

1, 3 and 4 were not able to discriminate between the four samples. Only the panellists in the 

group 2 showed a significant difference of probiotic muesli day 14 from the other three samples 

(p = 0.003). The panellists in the group 3 found plain muesli day 14 was significantly different 

from probiotic muesli day 1 but not different compared with the other two samples.  

In general, the above results show the frequency of panellists’ eating muesli was not 

significantly helpful to assess overall liking of all samples. Which factor affected the panellists 

to discriminate between the samples? HCA was used to re-group the 92 panellists into clusters 

1, 2, 3 and 4 by arranging their overall liking of plain muesli and probiotic muesli samples to a 

similar group. General ANOVA and LSD was then used to determine whether the panellists in 

the clusters were able to discriminate between samples. 

Table 6-7. ANOVA analysis results of overall liking of plain muesli and probiotic muesli 
samples affected by panellists’ frequency of eating muesli 

Source of variation F possbility 

Group 1(less than once a month) 0.942 

Group 2 (more than once a month but less than once a week) 0.003 

Group 3 (more than once a week) 0.226 

Group 4(almost every week) 0.211 
             Results are significantly different if p < 0.05 
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Table 6-8. Acceptance rating for overall liking of muesli with/without probiotics at a storage 
of 1 and 14 days., The 92 panellists were grouped into 4 groups based on their  
frequency of eating muesli.The numbers of panellists in each group are shown in 
brackets.  

Sample 
Group 1 

(n=42) 

Group 2 

(n=21) 

Group 3 

(n=12) 

Group 4 

(n=17) 

Plain muesli day 1 6.262a 6.095b 5.667ab 6.059a 

Plain muesli day 14 6.286a 6.619b 6.167b 6.529a 

Probiotic muesli day 1 6.143a 6.286b 5.333a 6.588a 

Probiotic muesli day 14 6.190a 5.429a* 5.750ab 5.882a 

Means with the same letter within each column are not significantly different according to 
Fisher’s unprotected least significant difference test (LSD) with 95% confidence. 

 

The HCA results of plain muesli and probiotic muesli samples were shown in Table 6-9 and 

Table 6-10. Four clusters were assigned to compare the results to the results obtained by four 

groups of panellists’ eating habit. Significant differences were found in each cluster (p < 0.05). 

Cluster 1 represented 32.6% of the panellists who showed the lowest scores of overall liking 

for all samples. Furthermore, they disliked probiotic muesli day 1 significantly compared to the 

other samples (p <0.05). Cluster 2 contained 43.5% of the panellists who expressed the highest 

overall liking for the four samples (p <0.05). These panellists significantly discriminated 

probiotic muesli day 14 from the other samples. In cluster 3, the panellists found that plain 

muesli day 14 had a significantly lower score (4.909) of overall liking than the other samples 

(p <0.05) Cluster 4 with mean scores of overall liking between the cluster 1 and cluster 2 

showed a significant difference in the samples, but did not give an agreement on which samples 

were significantly different from the others.  

 

 

 

 



 

141 
 

 

Table 6-9. ANOVA analysis results of overall liking of plain muesli and probiotic muesli 
samples affected by panellists’ scores  

Source of variation F possbility 

Cluster 1 (lowest overall liking of all samples) < 0.001 

Cluster 2 (highest overall liking of all samples) 0.006 

Cluster 3 (lowest overall liking of plain muesli day 14) <0.001 

Cluster 4 (lowest overall liking of probiotic muesli day 14) <0.001 

              Results are significantly different if p < 0.05 

 

Table 6-10. Hierarchical cluster analysis (HCA) of 92 penallists for overall liking of muesli 
with/without probiotics at a storage of 1 and 14 days. 92 panellists were clusted into 
4 groups. The number of panellists in each group are shown in brackets. 

Sample 
Cluster 1 

(n=30) 

Cluster 2 

(n=40) 

Cluster 3 

(n=11) 

Cluster 4 

(n=11) 

Plain muesli day 1 5.300b 7.025b 6.727b 4.364a 

Plain muesli day 14 5.900c 7.175b 4.909a 6.364b 

Probiotic muesli day 1 4.433a 7.250b 6.455b 6.545b 

Probiotic muesli day 14 5.300b 6.675a 6.818b 3.818a 

Means with the same letter within each column are not significantly different according to 
Fisher’s unprotected least significant difference test (LSD) with 95% confidence. 

 

6.3.5 Influence of ethnicity on consumers’ acceptance  

Ethnicity is an important factor which affects consumers’ choice on types of foods. To 

investigate the influence of panellists’ ethnicity on their acceptance of plain muesli and 

probiotic muesli samples, the panellists who scored over 6 in overall liking of plain muesli or 

probiotic muesli samples were firstly selected, and then the selected panellists were grouped 

according to their ethnicity which was previously shown in Table 6-1. Finally, the difference 

of panellists’ acceptance of the samples between ethnic groups was found.  
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Figure 6-3. Percentage and ethnicity of panellists who scored over 6 in overall liking of plain 
muesli on day 1 and day 14.   

 

Figure 6-4. Percentage and ethnicity of panellists who scored over 6 in overall liking of 
probiotic muesli on day 1 and day 14.  

62%

38%

Scored ≥ 6

72%

63%
58%

European Pacific &
MELAA

Asian

The panellists who scored ≥ 6

51%49%

Scored ≥ 6
Scored < 6

56%

50%
49%

European Pacific &
MELAA

Asian

Plain muesli day 1 and day 14 

Probiotic muesli day 1 and day 14 The panellists who scored ≥ 6 
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In Figure 6-3, 62% of panellists (57 panellists) scored 6.89 for overall liking of plain muesli on 

day 1 and day 14. While 51% of panellists (47 panellists) gave an average score of 6.99 to 

probiotic muesli on day 1 and day 14 (Figure 6-4). Over fifty percentage of panellists accepted 

either plain muesli or probiotic muesli with a moderate degree of liking due to the score of 6. 

The reason that 62% of the panellists who liked plain mueslis moderately might be due to the 

formula of plain muesli used in this sensory study. After addition of B. longum ATCC 15707 

culture to plain muesli, the percentage of panellists who scored over 6 decreased to 51%. 

On the other hand, it is interesting to see the difference of ethnicity on evaluation of all samples. 

A higher percentage of European panellists scored over 6 of either plain muesli or probiotic 

muesli than Asian panellists did. Regarding the additional information on panellists listed in 

Table 6-1, there were 63% of panellists from Asia and only 28.3% original from Europe. That 

might lead to only half panellists who gave mean scores of 7 for overall liking of plain muesli 

and probiotic muesli samples, because muesli as a typical western breakfast was evaluated 

mainly by Asian panellists in this study.  

 

6.3.6 Consumers’ preference for plain muesli and probiotic muesli samples 

Although the panellists evaluated the samples relating to their overall liking, preference ranking 

was also requested in the sensory test. The Friedman ranking results in Table 6-11 show 

panellists did not discriminate but ranked difficultly between samples (p = 0.429), plain muesli 

day 14 and probiotic muesli day 14 were selected as the most preferred and least preferred 

samples, respectively, but this was not significant. The result of consumers’ preference is 

consistent with overall liking of the samples (Table 6-5).   

 

Table 6-11. Mean scores of consumers’ preference of plain muesli and probiotic muesli 
samples. 

Sample Mean scores Rank 

Plain muesli day 1 2.41 2 

Plain muesli day 14 2.37 1 (most preferred) 

Probiotic muesli day 1 2.56 3 

Probiotic muesli day 14 2.66 4 (least preferred) 
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6.4 DISCUSSION 

A survival study of B. longum ATCC 15707 on muesli was conducted for investigating the 

effect of different processing and package on its viability. After 14 days storage at room 

temperature, the viability of log 4 CFU g-1 and log 2 CFU g-1 was determined on probiotic 

muesli samples prepared by hand-making and mixer, respectively. That indicated muesli can 

be a potential food carrier to deliver probiotic bacteria, but processing method and storage 

condition are essential factors impacting bacterial survival. Additionally, different packages did 

not significantly affect viability of B. longum ATCC 15707 on muesli samples after 14 days 

storage. Water activity (aw) in the samples that were vacuum packed in foil pouches was 0.372, 

whereas aw of 0.336 was measured in the samples packed in plastic bags. That suggested aw 

may play a critical role of maintaining bacterial viability inside packages.  

Consumption of probiotic foods is clearly described for improvement of consumers’ health in 

the literature review of this thesis. Increasing applications of probiotics into food products need 

to gain knowledge of sensory characteristics and consumers’ acceptance of those “new foods”. 

Sensory analytical techniques and consumer attitudes are important in a sensory study, because 

both factors can influence probiotic food product development and consumers’ acceptance 

(Cruz et al., 2010).  

To know consumers’ preference of types of non-dairy probiotic foods at Lincoln University, 

New Zealand, a small scale of survey was carried out in my PhD proposal seminar. Twenty 

copies of the survey were collected, and results showed the most preferred food was soymilk 

or soy yogurt, and followed by fruit or vegetable juices or beverage, breakfast cereals and 

chocolate, while the least preferred food was confections. Apparently, breakfast cereal type 

food was given a high expectation of being suitable for probiotic non-dairy foods by 

participators, which was in accordance with the trend of global probiotic studies on non-dairy 

food selection (Table 1-1).  

Prior to commencing sensory study of probiotic muesli, selected 92 panellists had shown their 

positive attitudes on consumption of probiotic products and muesli products. The results of 

consumers’ acceptance of probiotic muesli and plain muesli samples showed that panellists’ 

ethnicity affected their scores in overall liking of samples, which agreed on cross-cultural 

sensory research conducted by Prescott (1998) and Siegrist, Shi, Giusto, and Hartmann (2015). 

Additionally, it is worthy considering that patterns of functional food consumption among 



 

145 
 

 

countries are different, and types of functional foods should be related to consumers’ traditional 

diets, special dietary needs (Ozen, Pons, & Tur, 2012) or should be a base product to meet 

consumers’ demand (Annunziata & Vecchio, 2013).  

Selection of a serving size is important for researchers in terms of reducing difference of 

sensory characteristics between food products (Hutchings et al., 2009). In the sensory study, 10 

g of each muesli sample with a constant proportion of raisin, peanut and oat was provided to 

each panellist. Some panellists commented a “sweet”, “dry” and “chewy” texture, while the 

others gave “plain”, “sticky” and “soft” to their comments. That suggested panellists might 

have different consumption proportions of the tested samples, and hence gave different 

comments on the same samples.  

Most consumers used “whitish” and “powdery” to describe muesli samples. That could be due 

to using a mixer to prepare muesli samples, which probably damaged outside layers of rolled 

wholegrain oats and released whitish powdery granules. Although the constant speed was set 

at the lowest possible setting and the served samples were taken from the upper part of the 

packed samples to avoid powdery parts at the bottom, both strategies appeard not to give a 

satisfactory appearance of the samples. Consequently, mean scores of appearance for all 

samples were low, compared with the scores of flavour, texture and overall liking. On the other 

hand, appearance of “whitish and powdery” was not shown on the samples produced by hand-

making, because this method was gentler than a mixer. Therefore, optimization of the 

processing of the food product can be a critical factor that affects consumers’ acceptance on the 

product. In addition, different scales of food production might also affect sensory and bacterial 

survival during processing and storage.  

With particular focus on oxidation of probiotic food products, it may deteriorate bacterial 

survival and produce off-flavours (Cognat, Shepherd, Verrall, & Stewart, 2014; Jensen & Risbo, 

2007). This might result in decreased consumers’ acceptance of probiotic muesli after 14 days 

storage at room temperature. To improve scores of sensory characteristics in terms of aroma 

and taste, addition of flavour compounds was suggested by researchers. For example, 10% fruit 

juice added into goat milk yogurts gave higher scores of overall sensory characteristics and 

higher viability of L. acidophilus LA-5 than plain yogurts (Senaka Ranadheera, Evans, Adams, 

& Baines, 2012). Addition of tropical juices also could mask probiotic off-flavours of probiotic 

juice (containing L. paracasei NFBC 43338) and improve its sensory quality (Luckow et al., 

2006). One sensory study reported that different species of probiotics and variety of fruits could 
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impact sensory profile of probiotic fermented juice (de Souza Neves Ellendersen, Granato, 

Bigetti Guergoletto, & Wosiacki, 2012). The authors used L. acidophilus LCC and L. casei  

LA-5 to produce probiotic Fuji and Gala apple juices, and found Gala apple juice fermented 

with L. casei LA-5 presented much higher acceptance of 96% than the other juice samples.  
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6.5 CONCLUSION 

This study investigated the effect of B. longum ATCC 15707 addition and 14 days storage on 

the sensory characteristics and its survival on muesli. A decrease of log 2.0 CFU g-1 and log 3.6 

CFU g-1 at the end of the storage was recorded for probiotic muesli samples made by hands and 

by using a mixer (p < 0.05), respectively. No significant difference in the survival of B. longum 

ATCC 15707 was observed in probiotic muesli samples between sealed in plastic and vacuum 

packed in foil. On day 1, all mean panellists’ scores of probiotic muesli samples were not 

significantly different compared with plain muesli samples on day 1. However, significant 

differences were noted for appearance, flavour and overall liking of mueslis after 14 days 

storage (p < 0.05). Overall liking of the four samples was highly correlated to flavour (0.87), 

texture (0.82) and to a less extent to appearance (0.65). Panellists showed no significant 

difference on preference for the four samples by using a Friedman ranking test. In general, 51% 

of panellists gave a score greater than 6 (mean score 6.99) for overall liking of probiotic muesli 

day 1 and day 14, while 62% of panellists scored plain muesli day 1 and day 14 over 6 (mean 

score 6.89). The overall results indicate a moderate degree of consumers’ acceptance of 

probiotic muesli.   
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CHAPTER 7  

GENERAL DISCUSSION AND FUTURE 

RECOMMENDATIONS 

7.1 GENERAL DISCUSSION 

The research aim for this thesis was to investigate coating probiotic free cells directly onto   

non-dairy foods. The objectives of the thesis were to; 

1) Identify suitable bacterial strains to assess their survival when coated on non-dairy foods 

and how this is affected by bacterial species/strains, type of food, storage temperature, 

relative humidity, and storage time. 

2) Investigate consumers’ acceptance of probiotics incorporated into muesli. 

Lactobacillus spp. and Bifidobacterium spp. as major probiotic bacteria have been given 

enormous attention both by academic and industry researchers, but relatively poor viability and 

stability of probiotic strains incorporated onto or into foods presents a significant challenge to 

yet be addressed appropriately (De Angelis & Gobbetti, 2004; Mattila-Sandholm et al., 2002). 

Furthermore with regards to the regulation of probiotic foods; identified probiotic strains, 

adequate viable cell numbers at the end of shelf-life and their structure/function claims for 

labelling probiotic food products have been proposed by EFSA and FDA (O'Toole, Marchesi, 

& Hill, 2017; Sanders & Levy, 2011). The regulations aim to ensure the efficacy of delivering 

probiotics to consumers, but also increase the manufacturing difficulty and development of such 

functional foods.  

During the past decade, many techniques to improve the stability of bacteria have been 

investigated, including; optimization of fermentation to prepare more “robust” bacteria, 

encapsulation, various methods of drying, controlled rehydration and controlled 

storage/packaging. However, no technique that enhances the stability of bacterium A can ensure 

efficient stability of bacterium B, even under identical conditions. This highlights the 

importance of considering the strain and species dependent properties of probiotic bacteria. 

Furthermore, selection of suitable excipients that support the stability of bacteria is another key 

factor affecting bacterial viability and stability (Champagne et al., 2009). 
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In general, current encapsulation technologies can aid a higher survival of encapsulated bacteria 

cells than free cells under certain conditions (Champagne, Gardner, & Roy, 2005), but these 

technologies do not provide encapsulation formulations which guarantee high survival of a 

range of different bacteria, because strain-dependent properties of bacteria play a critical role 

(Tuomola, Crittenden, Playne, Isolauri, & Salminen, 2001). 

Complex physico-chemical properties of foods likely make the introduction of probiotics into 

foods harder to develop than probiotic supplements which may have only a small selective list 

of ingredients. The ability of bacteria to form biofilms suggests that without encapsulation they 

may survive on some foods under certain conditions favourable to biofilm formation.  

The aim of this thesis was to investigate survival of free viable cells coated onto non-dairy 

foods during storage at room temperature. For this B. longum ATCC 15707, L. acidophilus 

ATCC 4356 and L. plantarum RC 30 and six non-dairy foods (rice collet, peanut, coconut, 

raisin, oat and wheat bran) were chosen. The coating of bacteria onto substrates to maintain 

stability and assist delivery has been successfully applied to non-probiotic bacteria for non-food 

applications (Bunt, Price, Hampton, & Stelting, 2016; Bunt & Swaminathan, 2010; Stelting, 

Burns, Sunna, & Bunt, 2014). It would appear likely that a similar approach would be of benefit 

stabilising probiotics on non-dairy foods. 

At 37 and 42 °C in MRSc broth at pH 6 and 7 B. longum ATCC 15707 showed sufficient growth, 

however at pH 5 growth was observed only at 37 °C. L. acidophilus ATCC 4356 was found to 

only grow sufficiently at only 37 °C and pH 5 or 6, whereas L. plantarum RC 30 grew at 30 

and 37 °C over the pH range 4 to 7. The above results suggest B. longum ATCC 15707 and      

L. plantarum RC 30 may have a high survival when subjected to heat or cold conditions, 

respectively. Mild acidic to neutral conditions favoured the growth of B.longum ATCC 15707, 

while L. plantarum RC 30 suggesting it might survive over a wider range of pH conditions. 

Taking these characteristics into consideration, B. longum ATCC 15707 may be more suitable 

to incorporate into non-dairy foods and store at room temperatures than other two bacteria.  

L. plantarum RC 30 showed a greater tolerance towards bile salt across pH 5, 6 and 7 at 37 °C 

than the other two bacteria which did not grown in the presence of bile salt at any pH. This 

observation might indicate a specific characteristic of an isolate from cow rumen compared 

with isolates of human origin.  
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Although L. acidophilus ATCC 4356 did not show any outstanding growth characteristics, it 

was however more hydrophobic (as assessed by adhesion to xylene) than the other two bacteria. 

In other words, this bacterium might have an advantage adhering to surfaces by removing water 

between contacting areas and bacteria via short range interaction and Lewis acid-base 

interaction (Bellon-Fontaine et al., 1996; Busscher & Weerkamp, 1987). In contrast, relatively 

high capacity of auto-aggregation by B. longum ATCC 15707 might aid its survival against 

stresses by the formation of self-protecting clusters. Bacterial hydrophobicity and                     

auto-aggregation appeared to be independent traits for L. acidophilus ATCC 4356 and B. 

longum ATCC 15707, similar observations have been reported elsewhere (Del Re et al., 2000). 

It has been reported elsewhere for bifidobacteria and lactobacilli that different growth 

conditions (media, pH and temperatures) and composition of cell membrane could be 

responsible for variable adhesion characteristics (Polak-Berecka et al., 2014; Rahman et al., 

2008; Shakirova et al., 2010).  

A preliminary trial coating fresh cultures of the three bacteria onto rice collet confirmed the 

feasibility of free cells remaining viable during storage at room temperature. Even though initial 

amounts of bacteria coated onto rice collet were similar but 2 hours viable cell loadings were 

different. The highest and lowest loadings were observed for B. longum ATCC 15707 and           

L. acidophilus ATCC 4356, respectively. This result is not consistent with their hydrophobic 

(adhesion) properties (84% for L .acidophilus ATCC 4356 and 15% for B. longum ATCC 

15707), suggesting that adhesion might not contribute to bacteria survival. 

Following this early investigation a factorial design experiment was used to examine the 

relationship of bacterial viability on rice collet at different combinations of temperature and 

relative humidity. Results further supported that free cells could survive on rice collet without 

encapsulation. Furthermore increased temperature and/or increased relative humidity 

contributed to lower bacteria survival, similar observations have been reported by other studies 

(Abe et al., 2009; Albadran et al., 2015; Klu et al., 2014).  

The effects of temperature and humidity on bacteria viability is widely acknowledged (Tripathi 

& Giri, 2014; Ying, Sun, Sanguansri, Weerakkody, & Augustin, 2012). Regardless of food type, 

higher storage temperatures, higher humidity and increasing storage time contributed to lower 

viability of all the bacteria. However the impact of individual food ingredients has received far 

less attention. A factorial design experiment to investigate stability of the three bacteria at 20 °C 

and 20 % RH, and 30 °C and 50% RH, on a range of food ingredients was conducted. The 
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different food matrices each supported survival of the bacteria to varying degrees. In general 

when coated onto, oat, peanut and wheat bran higher survival was observed, whereas raisin 

provided little maintenance of stability for the bacteria. Furthermore, B. longum ATCC 15707 

showed greater survival with all the food matrices than L. acidophilus ATCC 4356 and L. 

plantarum RC 30. The greatest survival for all three bacteria was on oat or wheat bran at 20 °C 

and 20 % RH, while at 30 °C and 50 % RH some stability was maintained (less than 2 log loss) 

for B. longum ATCC 15707 on peanut. 

One unexpected observation for some of the stability study sample was microbial 

contamination. Although all food matrices were heated at 65 °C overnight prior to 

compounding to reduce any microbe contamination, possible yeasts or moulds appeared after 

4 weeks storage. Heat treating did not appear to be an adequate disinfection process therefore 

if these ingredients are routinely used for foods, microbiological safety needs to be monitored. 

On the other hand there appeared to be less contamination with samples coated using B. longum 

ATCC 15707 with greater survival, suggesting this bacteria may have a possible role in food 

preservation.  

Another interesting result is that the best survival was observed with B. longum ATCC 15707 

among the three bacteria, this is contrary to the general suggestion that bifidobacteria are more 

sensitive (and therefore less stable) to oxygen than lactobacilli due to their anaerobic nature 

(Tripathi & Giri, 2014). MRSc broth contains 0.05% of L- cysteine which might provide        

anti-oxidation protection or B. longum ATCC 15707 might simply become dormant during 

storage. To investigate this the cell membrane of B. longum ATCC 15707 during air drying at 

20 °C and 50 °C along on oat and peanut (better protection) and raisin (worse protection) was 

studied.  

Plate counting of colony forming units (CFU) may underestimate numbers of bacteria if 

bacterial cells are viable but uncultivable, stressed, excessively clumped or inhibited by 

neighbouring cells or components in the growth media (Mason et al., 1986). In order to assess 

dormant cells of B. longum ATCC 15707 that are present on coated substrates during storage, 

cultivation-independent methods may be better tools to evaluate viability during storage. 

Quantitative fluorescence microscopy (QFM) using LIVE/DEAD BacLightTM Bacterial 

Viability kit (Invitrogen®) was chosen to detect damage of cell membrane of B. longum ATCC 

15707 in conjunction with epifluorescence microscopy for differentiation between “live” (green 

fluorescence) and “dead” cells (red fluorescence) and enumeration of individual cells.  
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QFM to determine viability requires low fluorescence background and high signal of green or 

red fluorescence cells to achieve accuracy and precise of viability assessments (Waters, 2009). 

The ratio of the stain SYTO 9 to the stain PI was validated to identify the most appropriate ratio 

for staining approximately 108 cell mL-1 of B. longum Aatcc 15707. Additionally, a method of 

cell fixation for microscopic examination was developed by trapping cells on water agar (3%). 

This method produced a lower fluorescence background thus avoiding the need to wash stained 

cells, which is required when using 0.22 m polycarbonate (PC) black membranes as report by 

other studies (Geraldine Duffy & Sheridan, 1998; Lina et al., 1999; Olszewska et al., 2012; Seo 

et al., 2010).  

A possible limitation of QFM is interference by high fluorescence background and noise that 

can be caused by food matrix and other debris. Attempts to separate bacteria from food matrices 

by centrifugation and filtration proved unsuccessful. Percoll Buoyant Gradient Density 

Centrifugation (PBDC) with less than log 1.0 cells mL-1 viability loss during sample preparation 

was identified as a suitable method to separate cells from culture coated oat, peanut and raisin.  

Viability of B. longum ATCC 15707 cells coated on oat, peanut and raisin during drying at 20 

and 50°C were investigated by both QFM and plate counting. Higher viability and greater 

precision of QFM method over plate counting method was observed in this study. These 

observations were also reported by Lahtinen et al. (2006); Moreno et al. (2006); Olszewska et 

al. (2012); Raymond and Champagne (2015). Different viable cell numbers reported by the two 

methods may suggest a dormant sub-population of B. longum ATCC 15707 coated on peanut, 

oat and raisin may have been established during the drying treatment. Both QFM and plate 

counting methods can produce relatively low within day variance, but plate counting may have 

relatively high variance between days, probably due to variations between viability of different 

cultures, growth media and incubation conditions. However, applying multiple enumeration 

methods to determine viability of probiotic bacteria in food products could provide a better 

understanding of cells survival on food products. 

Peanut, oat and raisin provide different stabilising effects for coated B. longum ATCC 15707. 

In order to identify if these differences might be due to surface structure Environmental 

Scanning Electron Microscopy (ESEM) of plain and culture coated foods was employed. Oat 

and peanut surfaces appeared rough with oat also possessing deep recesses. Generally oat 

provided greater protection (maintaining viability) for B. longum ATCC 15707, perhaps a 
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feature of the rough surface. Whereas the raisin surface appeared much smoother, and 

coincidently raisin provided the least protection for B. longum ATCC 15707. The images of 

culture coated oat, peanut and raisin did not show any cells attached to the surface. This may 

have been due to cell damage during sample preparation and membrane collapse in the 

specimen chamber (Kirk et al., 2009) or dehydrated MRSc broth may have formed a film 

covering and thereby hiding cells. 

Good survival of B. longum ATCC 15707 coated onto the individual non-dairy food matrices 

oat and peanut and then stored at room temperature has been demonstrated. However, 

individual food matrices are unlikely to be a suitable product for consumers. The addition of    

B. longum ATCC 15707 to a “food” (muesli made from oat, peanut and raisin) and its 

acceptance by consumers has been shown for the first. Initial storage stability studies of                

B. longum ATCC 15707 on individual food matrices showed significant loss in the first two 

weeks of storage at room temperature after which viability decreased much more slowly. 

Therefore a storage period of two weeks was selected in order to test if storage could affect 

consumers’ acceptance of muesli samples. Processing (hand or machine mixing) and storage 

time significantly affected the survival of B. longum ATCC 15707 in probiotic muesli samples, 

but no significant difference was observed between the two different packages, probably due to 

a similar value of water activity in both samples. Consumer acceptance testing identified both 

storage and the addition of B. longum ATCC 15707 significantly reduced appearance, flavour 

and overall liking of probiotic muesli samples (p < 0.05), but not texture. It is understood that 

possible effects by consumers’ ethnicity on sensory evaluation should be addressed (Prescott, 

1998). Sensory evaluation of the muesli with or without B. longum ATCC 15707 identified less 

acceptance by consumers of Asian origin compared to consumer of European origin. Therefore, 

it is strongly recommended to consider consumers’ ethnicity carefully when evaluating sensory 

acceptance of foods specially if presenting a new food different to consumer’s traditional diets 

(Ozen et al., 2012).  

This thesis presents the attractive potential of probiotic bacteria coated on non-dairy foods 

which can maintain survival during storage at room temperature without the need for 

encapsulating cells. It is recommended that in order to maintain viability of probiotic bacteria 

the influence of strains, type of non-dairy foods and storage conditions are regarded as 

important factors that must be addressed with particular attention to any possible interactions. 

Consumers’ acceptance of probiotic muesli indicates further research is required, with 
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particular attention to either technology transfer to develop commercial products or more 

fundamental research to identify the mechanisms responsible for the effects due to strains, type 

of non-dairy foods and storage conditions. 
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7.2 FUTURE RECOMMENDATIONS 

This research commenced with a review of the literature to identify the current state of 

knowledge associated with probiotic bacteria and their presence or incorporation into non-dairy 

foods. It was identified that probiotics incorporated into “dry” non-dairy foods such as muesli 

has received little attention. This thesis has presented new knowledge about the incorporation 

of probiotics into muesli and it’s acceptance by consumers. However much more work should 

be conducted in order to either transfer the findings of this thesis to the development of a 

commercial product or to address and identify the underlying mechanism that contribute to both 

bacteria death and survival on non-dairy matrices. 

 

7.2.1 Transfer the findings of this thesis in order to develop a commercial product 

Awareness of the relationship between consumers’ traditional diets and innovative functional 

foods is recommended as it should be recognised that consumer’s life-long held preferences 

will influence sensory evaluation research outcomes. It should also be recognised that the 

species selected for this thesis is not exhaustive. Also the methods of compounding employed 

by this thesis should not be assumed to be directly scalable to industry. To address these issues 

it is recommended that; 

• Studies to identify the most appropriate food type addressing different population’s food 

preference should be conducted. It is likely that a single food type such as muesli will 

not be acceptable to all consumer groups. There may be other food types suitable for 

probiotic incorporation and these should be identified. 

 

• Prior to developing an innovative non-dairy probiotic food more probiotic species and 

strains should be assessed in terms of their stability on food matrices. While B. longum 

ATCC15707 was the most stable probiotic bacteria studied by the thesis this should not 

suggest the all Lactobacillus spp. are unsuitable for further development. 

 
• The possible impact of industrial process on probiotic stability during processing (as 

well as storage) should be studied.  
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7.2.2 Identify the underlying mechanism that contribute to both bacteria death 
and survival on non-dairy matrices 

The importance of strain-dependent properties of probiotic bacteria in terms of both beneficial 

health promoting as well as formulation/stability properties is widely accepted. However why 

individual bacteria in a formulation of a single strain of bacteria may be either survive or not is 

poorly understood. A formulation using species X may have 106 CFU g-1 “viable” bacteria 

along with 102 CFU g-1 “dead” bacteria. What differentiates viable from dead bacteria is poorly 

understood; are they uncultureable, damaged, dead, dormant or something else. General 

suggestions that oxidation, lipid and or protein stability, membrane integrity, accumulation of 

toxic metabolites, loss of nutrients, desiccation are often more suggestive than definitive.   

The research the underlying mechanisms of bacteria survival when incorporated onto or into 

non-dairy food matrices it is recommended that;  

• A single strain of a bacteria such as B. longum ATCC 15707 be selected and focused 

upon for material properties studies. When formulated there will be stabilised bacteria 

alongside “dead” bacteria, these two groups essential can function as controls for the 

other.  

 

• Investigation to examine the microenvironment may identify key mechanisms that lead 

to stability or death of bactiera; such investigations might include the following: Raman 

or IR microscopy to map the presence of water, lipid stability and other chemicals within 

and around bacteria. 

 

• Working with more than one strain of a single species e.g. B. longum ATCC 15707 and 

B. longum BB536 in a single well characterised formulation as identified by the previous 

work genotyping the two strains may identify genes associated with survival. 

 
• Quantitative Fluorescence Microscopy (QFM) enabled the recovery from formulation 

and differentiation of B. longum ATCC 15707 into two populations; “live” and “dead”. 

However this physically destroys the sample. More research to adapt QFM for whole 

samples should be conducted. If it is possible to identify live and dead bacteria in situ 

characterising the surrounding microenvironment as well as the genes of an individual 

bacterium should be possible. Developing QFM for in situ examinations alongside using 
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labelled bacteria (with appropriate tags) could prove an insightful view for identifying 

exactly where bacteria are when looking at samples by ESEM. 
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APPENDIX 1. CHAPTER TWO  

Appendix 1.1 Pictures of six non-dairy foods packed in original packages 
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Appendix 1.2 Processing of automatic cell counts using Image J  

   
 

   
 

   
 
Original fluorescence microscopy image of B. longum ATCC 15707 cells fixed on water agar 
(3%) observed with x 1,000 magnification. Green and red fluorescence cell images are captured 
separately (top), followed by MaxEntropy thresholding (middle) and particles analysing 
(bottom) to automatically determine the number of fluorescence green (left) and red (right) cells.  
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APPENDIX 2. CHAPTER FOUR  

Appendix 2.1 Temperature and relative humidity graph (20 °C and 20% RH, 
30 °C and 50% RH) monitored using Tinytag data logger.  
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Non-dairy probiotic food products: An emerging group of functional foods

Min Mina, Craig R. Buntb, Susan L. Masona, and Malik A. Hussain a

aThe Department of Wine, Food and Molecular Biosciences, Lincoln University, Lincoln, Canterbury, New Zealand; bThe Department of Agriculture
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ABSTRACT
The functional food sector has shown tremendous growth in recent years with the application of probiotic
bacteria as “food additives”. The utilization of probiotic bacteria in food presents many challenges related
to their growth, survival, viability, stability and functionality in food processing, storage and consumption
as well as changes of sensory characteristics of probiotic foods. Although dairy foods are currently the
most common food carrier to deliver probiotics, an increasing number of non-dairy food matrices exhibit
potential for delivery of probiotics. This review provides more recent insight into the emergence of non-
dairy probiotics products, the interactions between probiotics and different food matrices and the
challenges in developing such products. Some of the technical issues are also reviewed and discussed.
These issues include the efficacy of probiotic bacteria in non-chilled, low pH or high water activity foods;
the potential loss of bacterial viability, additionally unwanted fermentation and changes of the sensory
characteristics of food products which may result in poor microbiological quality and low acceptability to
consumers.

KEYWORDS
Probiotics; functional food;
non-dairy foods; viability;
stability; sensory

Introduction

The term functional food is credited to have been introduced in
1991 by the Japanese government, and refers to a food that is
supplemented with extra ingredients such as vitamins, proteins,
fibres, probiotic bacteria or other food additives which can con-
tribute to human health and wellbeing (Granato et al. 2010a).
In a recent study on the consumption of functional foods by
older adults, probiotic yoghurt was the most popular product
representing 56.0% of all consumed functional foods (Vella
et al. 2013). People have been consuming fermented foods such
as yogurt for thousands of years and some of those foods are
still a part of our everyday diets. Scientific studies have demon-
strated that fermentation contributes not only to the preserva-
tion of foods but also increases digestibility of some foods
compared with the same non-fermented foods (Caplice and
Fitzgerald 1999) Furthermore, lactic acid produced during fer-
mentation can improve the value of fermented products by
changing taste and texture of food matrices (Kun et al. 2008).

Probiotic food products are receiving a lot of attention
largely due to their prospective health benefits and rapidly
growing global markets. The reported health benefits of con-
suming probiotics include possible roles for the management
and prevention of diarrhoea, inflammatory bowel disease, lac-
tose intolerance, allergies, cancer, respiratory tract infections,
constipation, urinary tract infections, helicobacter pylori infec-
tion and high blood cholesterol (Nagpal et al. 2012a). Although
studies using animal models have shown that probiotics do not
consistently show significant effects on fat depots, cholesterol
or hormones levels, their ability to manipulate gut health and

the immune system are well-documented (Ali et al. 2004).
Therefore, selection of suitable probiotic strains needs to be
carefully considered for a certain health claim that should be
based on available scientific evidence. The global sale of probi-
otic ingredients, supplements and foods is expected to reach
US$ 50.0 billion by 2020 with a compound annual growth rate
of 8.0% from 2015 to 2020 (BBC Research 2016). Although the
current probiotic market is dominated by dairy food products,
non-dairy food products have some unique characteristics and
advantages as alternatives to dairy probiotic food products.
These advantages include meeting the needs of vegans and veg-
etarians; avoiding allergens present in dairy products; providing
low cholesterol content products to consumers who suffer from
cardiovascular diseases or obesity; suiting dietary habits of vari-
ous ethnic groups; improving the aroma of soy products;
increasing the nutritional value of non-dairy foods and pre-
venting and inhibiting spoilage and growth of pathogens in
meat and meat products (Granato et al. 2010b; Ko»o_zyn-Kra-
jewska and Dolatowski 2012; Nagpal et al. 2012a; Stadnik and
Dolatowski 2014; Vasudha and Mishra 2013; Yeo and Liong
2010).

The most common probiotic bacteria utilised by the food
industry are Lactobacillus spp. and Bifidobacterium spp. as they
are typically granted “Generally Recognized As Safe” (GRAS)
status by several regulatory agencies. Some yeasts such as Sac-
charomyces cerevisiae and S. Boulardii also possess potential
probiotic properties (Figueroa-Gonzalez et al. 2011). Strains of
Lactobacillus acidophilus, Lactobacillus. casei, Lactobacillus.
plantarum, Lactobacillus. rhamnosus and Bifidobacterium lactis
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are probiotics that can be incorporated into plant-based prod-
ucts (Martins et al. 2013). It is important to note that probiotic
strains from gut or food origin show different tolerance to
external stresses. For instance, the probiotic strains isolated
from foods generally have higher tolerance to changes of tem-
perature and pH during food product processing, but lower
survival rate passing through the gastrointestinal tract (GIT)
compared with probiotic strains isolated from the gut (Klein
et al. 1998). Furthermore, the use of probiotic bacteria individu-
ally or in combination also needs to be carefully considered
since the amounts and types of metabolites after fermentation
could be variable thus affecting a final product quality
(Champagne et al. 2010). To exert beneficial effects, it is recom-
mended probiotic microorganisms should have at least 106 col-
ony forming unit (CFU)/g or ml of viable cells in a product, to
provide a daily dose of 108 – 109 of viable cells (Gomes and
Malcata 1999). However, viability and stability of probiotic bac-
teria under detrimental environmental conditions during food
processing, storage and consumption are still major challenges
in the development of probiotic products. Studying the rela-
tionship between food substrates and probiotic bacteria can be
an approach to develop survival-enhanced probiotic food prod-
ucts (Shori 2016).

Microencapsulation of probiotic bacteria cells has been sug-
gested as a solution to the problem of viability loss. However,
many technical issues need to be resolved when applying this
technology to produce new probiotics foods. Selection of
appropriate encapsulation technique, choosing safe and effec-
tive encapsulating material, and bacterial strain can affect effi-
ciency of encapsulation or result in a decrease in bacterial
viability (Huq et al. 2013). Currently, only a few microencapsu-
lated probiotics have been developed as food products
(Coghetto et al. 2016; De Prisco and Mauriello 2016). Microen-
capsulating cells do not always show a better survival than free
cells. For instance, the viability of microencapsulated L. reuteri
NCIMB 30242 and free cells was not significantly different in a
fruit juice and a soy beverage for 8 weeks storage at 4�C or 8�C
(Roy et al. 2016).

The environment within or adjacent to probiotic bacteria in
a food matrix appears to be a significant factor for growth, sur-
vival, viability and functionality of probiotic bacteria. Living
cells may adapt to suit a new environment that may be created
during food production. Although dairy is currently the most
common food carrier for probiotics, an increasing number of
non-dairy food matrices show potential for the delivery of pro-
biotics. A good example is that the release of citric acid from
pomegranate juice was found to promote cell synthesis of L.
acidophilus and L. paracasei (Mousavi et al. 2010). As well as
stresses during processing, other factors such as culture prepa-
ration and preservation, food matrices, dietary habits, and host
age and health can also affect the performance of probiotics
(Marco and Tachon 2013). Importantly, strain-dependent
properties of bacteria can raise the complexity of research into
the interactions between probiotics and foods. The metabolic
capabilities of probiotic microorganisms, such as Bifidobacte-
rium spp. that utilize a wide range of mono- di and oligosac-
charides, the “bifidus pathway” may influence the performance
(Kun et al. 2008). Different nutritional needs for probiotics sur-
vival may partly explain the different consumption rates of

some media substrates, such as different sugars between differ-
ent probiotic bacteria (Crittenden et al. 2002).

In recent few years some reviews have been published on
non-dairy probiotic foods: Granato et al. (2010b) presented an
overview of functional food development to emphasize the role
of non-dairy foods in delivering probiotic bacterial strains;
Vasudha and Mishra (2013) highlighted the research done on
probiotic beverages from non-dairy sources; Kumar, Vijayen-
dra, and Reddy (2015) compared trends in dairy and non-dairy
probiotics products; and recently, Bansal et al. (2016) discussed
non-dairy based probiotics with reference to microbiologically
healthy intestine. The probiotics market is growing at a tremen-
dous rate globally and could increase to US$ 50 billion by 2020.
Therefore, more frequent review of the scientific and technical
developments in the probiotics sector will assist academics,
researchers, industry and government agencies to keep a good
track of the innovations and emerging challenges. This will
assist with the design of new research and develop policies to
support future growth. This review aims to provide a more
recent scientific and technical insight into non-dairy probiotic
products as emerging functional foods, mainly concentrating
on four groups: fruit and vegetables, cereals, meat and meat
products, and soy. In addition, a critical overview of the proper-
ties of different food matrices and probiotic bacteria, as well as
examples of current technological challenges and advance-
ments, functionality and sensory acceptances, and future direc-
tions for developing probiotic non-dairy foods have been
included.

Probiotic food products of non-dairy origin

Fruit and vegetables, cereals, soy and meat are non-dairy foods,
which are rich sources of protein, minerals, vitamins, dietary
fibres, antioxidants and other bioactive substances have been
studied for suitability of probiotic survival and stability
(Rivera-Espinoza and Gallardo-Navarro 2010). Additionally,
the unique physiology of plants as well as fat constituents of
meat are also able to protect probiotic bacteria from different
stresses (Holck et al. 2011; Martins et al. 2013). Several tradi-
tional non-dairy fermented foods used as vehicles for probiotics
delivery are presented in Figure 1. It is interesting to note that
most traditional fermented foods are in the cereal based group,
which is the least studied group in terms of developing innova-
tive probiotic foods in current food industry. Conversely the
most research interests in this field are in the sector of fruit and
vegetables. To present a comprehensive view of probiotics
applied to non-dairy foods, emerging and innovative non-dairy
probiotic products are summarized in Table 1.

Fruit and vegetable based probiotic food products

The richness in nutrients, unique physiological structures of
fruit and vegetables, such as pores and irregularities occurring
on the surface of intact fruit are likely to provide natural shelter
for probiotic bacterial cells from stresses (Sapers 2001). For
instance, a combination of L. paracasei LMGP 22043 and arti-
choke was found to positively influence the bacterial balance in
the GIT partly due to micro-architecture of the artichoke sur-
face (Valerio et al. 2011). The potential for fruit and vegetables
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as suitable vehicles to deliver probiotic bacteria has been exten-
sively studied, and the development of such probiotic foods
mainly falls into three categories; fermented or unfermented
fruit juices, fermented vegetables, and minimally-processed
fruit. A lot of work has been carried out to develop probiotic
fruit and vegetable juices with high viable probiotic microbial
cells loads incorporated into a wide range of juices and other
forms of foods (Table 1).

Many studies have demonstrated the feasibility of probiotic
bacteria incorporation into fruit and vegetables; however, their
survival and stability in such matrices have been found to be
highly strain dependent (Rivera-Espinoza and Gallardo-Nav-
arro 2010). Three probiotic bacteria (L. casei A4, L. plantarum
C3 and L. delbruekii D7) in fermented cabbage juice were
stored at 4�C without nutrient supplementation for 4 weeks
(Yoon, Woodams, and Hang 2006). Although these strains
showed high initial viable cell counts of 109 CFU/ml after fer-
mentation, a loss of viability was observed at the end of cold
storage. The viability of L. plantarum C3 and L. delbrueckii D7
had reduced to 4.1 £ 107 CFU/ml and 4.5 £ 105 CFU/ml,
respectively whereas L. casei A4 did not survive in the fer-
mented cabbage juice. Kun et al. (2008) evaluated the growth of
B. lactis Bb-12, B. bifidum B7 and B. bifidum B 3.2 in fermented
carrot juice. All strains showed high initial viable cell counts of
1010 CFU/ml. However, their viabilities were not monitored
during storage, thus offering little insight for further product
development. Sharma and Mishra (2013) also reported high
initial cell numbers of L. acidophilus NCDC 11, L. plantarum
NCDC 414 and Pediococcus pantosaceus MTCC 2819 after fer-
mentation of a vegetable juice mixture of bitter gourd, bottle
gourd and carrots, and then the cell numbers decreased gradu-
ally during storage at 4�C after 4 weeks. These findings are in
contrary to the report of Pereira, Maciel, and Rodrigues (2011)
where they found L. casei NRRL B-442 used to ferment cashew
apple juice produced an initially high viable cell count of 108

CFU/ml and also maintained at 4�C for 42 days. A decrease in

probiotic viability during storage is a common finding in many
studies, so selection of suitable techniques to enhance the sta-
bility of probiotics in this type of food during storage is a
challenge.

Depleting the nutrient contents is a methodological
approach to decrease the growth rate of probiotic cells, and
another method is to decrease sugar content and pH (Nagpal,
Kumar, and Kumar 2012b). However, in contrast to these
approaches, Charalampopoulos, Pandiella, and Webb (2002)
reported that probiotic bacteria treated with high concentra-
tions of sugar and malt extract showed higher survival rates
than untreated probiotics because the bacterial cells were pro-
tected from processing treatments as well as the sugar medium
providing nutrients for rapid regeneration and growth. To
investigate effects of sucrose, glucose, fructose, citric acid and
ascorbic acid on viability of L. plantarum NCIMB 8826, a
model preparation composed of those five compounds was
designed, and compared with seven different commercial fruit
juices as controls (Nualkaekul and Charalampopoulos 2011). It
was suggested that high pH and citric acid concentration would
have a positive impact on survival of NCIMB 8826. High viable
counts in orange, blackcurrant, pineapple and grapefruit juices
were reported, however viability in cranberry or pomegranate
was compromised due to the effect of phenolic compounds.
Mango and guava pulps also showed a negative effect on the
viability of L. acidophilus La-5 and B. animalis Bb-12 in soy
yoghurt (Bedani et al. 2014). Some antioxidants present in
white grape seed extract, green tea extract and vitamin C have
been found to protect the cell membrane of L. rhamnosus
HN001, B. lastis HN001 and L. paracasei LPC 37 from lipid
oxidation in the juices (Shah et al. 2010). However, L. casei T4
failed to maintain viability in cornelian cherry juice during
refrigerated storage because of presence of low pH and phenolic
compounds (Nematollahi et al. 2016). These findings indicated
the importance of studying combinations of probiotic strains
and food matrices.

Figure 1. Traditional fermented foods that may contain potential probiotic bacteria. (adapted from Caplice and Fitzgerald 1999; Rivera-Espinoza and Gallardo-Navarro
2010; Vasudha and Mishra 2013).
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Some prebiotics derived from plant-based foods favour pro-
biotic viability. The use of pear and pineapple to support
growth of lactic acid bacteria has been investigated by Diaz-
Vela et al. (2013). Carbohydrates from pear flour were con-
sumed by bacteria more than those of pineapple flour or glu-
cose probably due to different compositions of carbohydrates
in these flours. Another study also found that oligosaccharide
extracted from pitaya (dragon fruit) could support the growth
of lactobacilli and bifidobacteria (Wichienchot, Jatupornpipat,

and Rastall 2010). Several prebiotics including xylo-oligoschar-
ides, xylan, galacto-oligosccharide, fructo-oligosccharide, poly-
dextrose, lactitol, gentiobiose and pullulan added to pure
culture fermentations were evaluated by Makelainen et al.
(2010). They found that different bacteria selectively fermented
different prebiotics. For example B. lactis strains and lactoba-
cilli only fermented xylo-oligosccharide and lactitol, respec-
tively. Therefore, it is important to test the interactions of
probiotics and prebiotics when considering using them as
“synbiotic”.

Cereal based probiotic food products

Cereals such as wheat, maize, oat, barley and other grains, are
abundant sources of dietary fibre some of which can have sev-
eral beneficially physiological effects on the gut; can be used as
prebiotics providing specific non-digestible carbohydrates and
used as encapsulation materials to improve the viability and
stability of probiotics (Capozzi et al. 2012).

Fermentation of cereals with lactic acid bacteria can increase
the nutritional values and improve health-promoting proper-
ties of the final products such as beverages, bread, biscuits and
breakfast cereals (Lamsal and Faubion 2009). Cereal grains nor-
mally contain dietary fibre-phenolic compounds (DF-PC) that
are covalently bound to polysaccharides by ester bonds, where
the ester bonds can be broken by fermentation to release some
phenolic acids such as ferulic acid, thus promoting health bene-
fits (Vitaglione, Napolitano, and Fogliano 2008). Fermentation
of milled whole grain barley with three probiotics (L. johnsonii
LA1, L. reuteri SD2112, and L. acidophilus LA-5) improved bio-
availability of free phenolic acids (Hole et al. 2012). It has also
been reported that the antioxidants in buckwheat, wheat germ,
barley and rye increased after the fermentation with L. rhamno-
sus and S. cerevisiae (Đorđevi�c, �Siler-Marinkovi�c, and
Dimitrijevi�c-Brankovi�c 2010). Changes in the viscosity of pro-
biotic fermented oat-based foods were reported, the viscosity
increased after the fermentation and then decreased throughout
storage due to the utilization of oat b-glucan by L. plantarum
strains (Russo et al. 2016).

Apart from the contribution of fermentation to improving
survival of probiotics in cereal foods, cereal extracts showed a
capacity to increase the tolerance of probiotic bacteria to harsh
conditions. For instance; cereal extracts from malt, barley and
wheat significantly improved the acid tolerance of three lacto-
bacilli (L. plantarum, L. acidophilus and L. reuteri) to gastric
acid (Charalampopoulos, Pandiella, and Webb 2003). Both sol-
uble sugars and free amino acid nitrogen in the extracts were
suggested to have a positive impact on the survival of these bac-
teria under the acid conditions. Moreover, these sugars were
more effective in protecting the three bacteria than other com-
ponents present in the same extracts. Michida et al. (2006)
compared the influence of malt and barley extracts on the sur-
vival of L. plantarum in gastric and bile acids, and found the
higher content of sugars in the malt extract enabled these bacte-
ria to tolerate the acid conditions better than the barley extract
(Salmer�on, Thomas, and Pandiella 2015).

Utilisation of different carbohydrates derived from oat to
culture different bacteria indicates specificity of sugars
towards microbial survival. Kontula, von Wright, and

Table 1. Examples of non-dairy probiotic products reported in laboratory scale
projects.

Category Examples of products References

Fruit and
vegetable

Vegetable juices including
tomato, gourd, cabbage,
carrot, andean tubers and
Moringa leaves based
beetroot

Nagpal et al. 2012; Yoon,
Woodams, and Hang 2006;
Kun et al. 2008; Mosso,
Lobo, and Samm�an 2016;
Vanajakshi et al. 2015

Fruit juices including orange,
pineapple, cranberry, apple,
mandarin, grape, longan,
passion fruit, cornelian
cheery, water melon and
cantaloupe

Luckow et al. 2006; Saarela
et al. 2011; Nualkaekul and
Charalampopoulos 2011;
Nematollahi et al. 2016;
Chaikham et al. 2013;
Mestry, Mujumdar, and
Thorat 2011; Russo et al.
2015; Farias, Soares, and
Gouveia 2016

Fruit powders (apple, banana
and strawberry), snacks (pear
and peach)

Borges et al. 2016; Sohail et al.
2012

Fresh cut apple and papaya,
cantaloupe, mango and
guava pulps

Tapia et al. 2007; Russo et al.
2015; Bedani et al. 2014

Olives De Bellis et al. 2010; Peres
et al. 2012

Cashew juice Pereira, Maciel, and Rodrigues
2011

Lupin-based yogurt Hickisch et al. 2016
Sauerkraut Beganovi�c et al. 2011

Meat Sausages including Iberian dry
fermented, dry fermented,
raw fermented, mutton
fermented, dry-cured
‘Longanize de Pascua’,
typical Czech fermented
‘Herkules’, low fat fermented

Muthukumarasamy and Holley
2006; Holko et al. 2013;
Rubio et al. 2013;
Trząskowska et al. 2014;
Ratanaburee et al. 2013;
Sidira et al. 2015; Sidira
et al. 2016

Dry fermented pork loins Stadnik and Dolatowski 2014
Salami Coman et al. 2012
Ham Ko»o_zyn-Krajewska and

Dolatowski 2012
Soybean Okara Bedani, Rossi, and Saad 2013

Soy milk Tang et al. 2007; Yeo and
Liong 2009; Subrota et al.
2013; Espirito-Santo et al.
2014

Soy bar Chen and Mustapha 2012
Fermented soy beverage _Içier et al. 2015; Champagne

et al. 2009
Soy-based cream cheese Liong et al. 2009
Frozen soy dessert Heenan et al. 2004
Soy yoghurt Pandey and Mishra 2015;

Farnworth et al. 2007
Cereal Beverage from rice, barley, oats,

wheat and malt
Ma

�
rtenssona, €Oste, and Holst
2002; Chumphon,
Sriprasertsak, and Promsai
2016; Russo et al. 2016;
Angelov, Gotcheva, and
Hristozova 2006

Cereal bar Ouwehand, Kurvinen, and
Rissanen 2004

Chocolate coated breakfast
cereal

Saarela et al. 2006
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Mattila-Sandholm (1998) compared b-gluco-oligosaccharides
and xylo-oligosaccharides, which were derived from oat. The
latter selectively supported the growth of L. rhamnosus GG
and L. lactis but not of L. plantarum. In another study, a range
of dietary fibres including b-glucan, xylan, xylo-oligosacchar-
ides and arabinoxylan were investigated for their influence on
the fermentation of several Lactobacillus spp., Bifidobacterium
spp., Enterococci spp., Bacteroides spp., Clostridium spp. and
Escherichia coli (Crittenden et al. 2002). The authors found
bifidobacteria could utilize arabinoxylan as a carbon source
but b-glucan derived from barley had no effect on the growth
of any of the tested bacteria. However, b-glucan derived from
oat could be consumed by B. bifidum DSM 20456
(Ma

�
rtenssona, €Oste, and Holst 2002). In another study, barley

b-glucan used as an encapsulation material successfully pro-
tected the cells of L. casei, L. brevis and L. plantarum from
simulated gastrointestinal digestion, heat treatment and stor-
age (Shah et al. 2016).

Meat based probiotic food products

Fermentation of meat products can produce many substan-
ces including lactic acid, acetic acid, alcohols, aldehydes,
ketones and bacteriocins; which impact product quality,
flavour, safety and shelf life (Ko»o _zyn-Krajewska and
Dolatowski 2012; Sidira et al. 2016). During the production
of dry-cured fermented meat products, proteolysis can
enhance colour, taste and aroma of the final product
because the muscle structure of meat breaks down, and pro-
teins are degraded into small peptides and free amino acids
(Stadnik and Dolatowski 2014). Furthermore, some species
of Bifidobacterium and Lactobacillus produce health-pro-
moting components such as conjugated linoleic acid (CLA)
and increase the functional characteristics of food
(Ko»o _zyn-Krajewska and Dolatowski 2012). Besides, differ-
ent probiotic delivery systems such as encapsulation and
entrapping probiotics in gelled dispersions enhanced the
viability of probiotics in meat products after heat treatments
during processing and cooking (Cavalheiro et al. 2015).

Fermented sausage ingested without cooking is regarded as a
good vehicle to transfer probiotics into the intestine because the
cells can be embedded within protein and fat in the sausage
matrix (Rubio et al. 2013). Rivera-Espinoza and Gallardo-Nav-
arro (2010) evaluated the population of probiotics in sausages
and found the initial inoculum of 105 CFU/g of L. plantarum
299V increased to 108 CFU/g after fermentation. A comparison
of probiotic bacteria counts (loading) and sensory evaluation of
mutton sausages between L. acidophilus CCDM 476 and B. ani-
malis 241a were investigated by Holko et al. (2013). The
authors observed a higher viability of L. acidophilus CCDM
476 in the final product and after 60 days of storage compared
with the viability of B. animalis 241a. Both texture and typical
smell of mutton were improved by addition of the probiotic
strains. In addition, 1% of orange fibre added into the formula-
tion of Spanish non-fermented dry-cured sausage (Longanize
de pascua) was found to favour the growth of L. casei CECT
475 and to improve sensory and safety of the final product
(Sayas-Barber�a et al. 2012).

The concentration of volatile compounds of dry-fermented
sausages after heat treatment is highly correlated to the concen-
tration of the starter culture (Sidira et al. 2015). Two different
strains of L. casei were investigated for the microbiological
quality after inoculation into raw-fermented sausages and after
storage for 6 months (Trząskowska et al. 2014). The aroma of
cured meat, the taste of dried meat and muscle tissue fragmen-
tation after fermentation were acceptable, but bitter and fatty-
like taste, and acrid odour was also present in the final prod-
ucts. Although the number of the two strains of L. casei was
similar after fermentation, L. casei LOCK 0900 exhibited a bet-
ter capacity to inhibit the growth of Staphylococcus aureus, E.
coli and Enterobacteriaceae. Increased trichloroacetic acid
(TCA) soluble peptides and free amino acid content demon-
strated that L. casei LOCK 0900 also assisted proteolysis during
fermentation and aging of meat products (Stadnik and
Dolatowski 2014).

Soy based probiotic food products

Soy has a high level of protein and contains polyunsaturated
fats, fibre, minerals and vitamins. Although consumption of
soy oligosaccharides such as stachyose and raffinose may cause
bloating, cramping and flatulence, the fermentation of soybean
extracts by probiotics can reduce these indigestible sugars
(Champagne et al. 2010). For example, probiotic L. acidophilus
LA-2 produced a high level of a-galactosidase activity at 5.0 U/
mg in soy protein bars throughout 14 weeks of storage at 4�C
(Chen and Mustapha 2012). Soy protein is also considered a
good protector for bacteria against bile and acid conditions in
the gut (Shimakawa et al. 2003). For instance, a study of sur-
vival and sensory acceptability of five probiotic bacteria in non-
fermented frozen soy dessert, L. acidophilus MJLA1, L. rham-
nosus 100-C, L. paracasei spp. paracasei 01, B. lactis BBDB2
and B. lactis BB-12 demonstrated high viable numbers exceed-
ing 107 CFU/g during 6-month storage, and desirable sensory
acceptability (Heenan et al. 2004). L. rhamnosus GG and L.
johnsonii La-1 were also successfully incorporated with yoghurt
starters into fermented soy yoghurt, and generated an accept-
able taste (Farnworth et al. 2007). L. acidophilus LA- 5 in a fer-
mented soy beverage exhibited good growth and viability of
8.73 – 9.11 log CFU/g after 21 days storage at 4�C (_Içier et al.
2015).

Other factors such as drying techniques, storage tempera-
ture, packaging materials and the use of prebiotics are also
important and influence the quality of probiotic soy foods.
Wang, Yu, and Chou (2004) compared different conditions to
produce probiotic soy milk, and suggested three elements;
freeze-drying, storage temperature of 4�C and a laminated
pouch to pack dehydrated soymilk, could ensure good probiotic
survival. Response surface methodology was also used to study
the formulation of synbiotic soy yoghurt by measuring effects
of fructo-oligosaccharides concentration, inoculum size and
fermentation temperature on fermentation time, hardness,
whey separation and overall acceptability (Pandey and Mishra
2015). Authors found that the optimized product showed good
nutritional, textual and sensory characteristics. An investigation
on the addition of prebiotics to probiotic soymilk was con-
ducted by Yeo and Liong (2010). They reported the viability of
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six probiotics (L. acidophilus FTDC 2113, L. acidophilus FTDC
8033, L. acidophilus ATCC 4356, L. casei ATCC 393, B. longum
FTDC 8943 and B. longum FTDC 8643) in a combination of
FOS, inulin, mannitol, maltodextrin or pectin. All strains
showed high viable counts in soymilk products after 24 h stor-
age. In another study, higher production of peptides and amino
acids by proteolysis of proteins was found in a soymilk fer-
mented by L. acidophilus FTCC 0291 than other species. This
may explain the viability of exceeding 107 CFU/g in soy cream
cheese stored at 4�C and 25�C for 20 days (Liong et al. 2009).

Technological challenges

The most studied technologies which were involved in fermen-
tation, encapsulation, drying, rehydration, and storage have
been developed and successfully applied to protect some

probiotics from environmental stresses associated with various
non-dairy food matrices, but there are still many technological
challenges (Table 2) in producing and preserving probiotic
foods and these need to be resolved.

Undoubtedly, with probiotics as living microorganisms
present in a food product, retention of sufficient viable bacteria
is a significant component of quality. Simply using any bacterial
species such as Lactobacillus and Bifidobacterium does not
guarantee high viable content in fermented products after fer-
mentation and during storage (Holko et al. 2013). Therefore,
the choice of appropriate probiotic bacteria and their cultures
as well as studying the relationship between bacteria and food
matrices under different conditions are important. Also, safety
of probiotic products must also be considered. Although a
sharp decrease in pH could inhibit growth of Enterobacteria-
ceae during the fermentation of sausages, negative effects on

Table 2. Technological challenges associated with survival of probiotics during processing and storage.

Bacterial survival circumstance Technique Existing challenge Strategy

Fermentation One step fermentation; Temperature Control of fermentation temperature/
time and pH;

Continuous fermentation; Oxygen content; Addition of antioxidant
Membrane bioreactors; Acidification;
Immobilized cell fermentation Undesirable change of sensory

Encapsulation Extrusion Production capacity; Alginate;
Particle size Alginate with starch/ chitosan/

calcium chloride/ poly-amino
acids;

Water-soluble capsuled particle; Whey protein;
Emulsion Choice of solvents Proteins derived from legumes /milk;

Pectin;
Milk;
k-carrageenan;
Sodium carboxymethyl cellulose

(NaCMC);
Cellulose acetate phthalate (CAP);

Drying Freeze drying
Freeze-vacuum drying

Crystal formation;
Dry cake;
Osmotic stress;
Mechanical stress

Cryo-, lyoprotectants (skim milk,
whey protein, glucose,
maltodextrine, trehalose);

Freeze drying temperature/ rate;
Pre-treatment to sub-lethal stress;
Fermentation condition

Spray drying Heat stress; Protectants (disaccharides);
Two-step spray drying Shear stress; Outlet/inlet temperature;
Spray freeze drying Osmotic stress; Oxidative Feed rate;
Spray chilling stress Moisture content in the powder;

Pre-treatment to sub-lethal stress
Fluidized-bed drying Low yields of probiotic cells Protectants;

Process parameters;
Pre-treatment to sub-lethal stress

Other drying High cost Alginate combined with other
coating materials

(hybridization; impinging aerosol
technology;

Probiotic survival is species dependent

Electrospinning)
Rehydration Dissolving Rehydration media (osmotic stress, pH,

composition and volume)
Increase buffering capacity
Supply nutrients
Optimize pH
Proper cell density

Storage Frozen; Food ingredients Optimal formulation of probiotics;
Chilling; Oxygen content Addition of antioxidant;
Room temperature Water activity Control of storage temperature and

humidity;
Storage temperature Package
pH and titratable acidity

Adapted from Broeckx et al. 2016; Lacroix and Yildirim 2007; Mart�ın et al. 2015; Sohail et al. 2012; Tripathi and Giri 2014.
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the survival of probiotic bacteria and the sensory characteristics
of fermented meat products have been noted (Rubio et al.
2013). Decarboxylation of free amino acids or amination and
transamination of aldehydes and ketones in ageing fermented
meat products are undesirable since these biogenic amines
have a negative effect on health (Ko»o_zyn-Krajewska and Dola-
towski 2012). Furthermore, these authors found oxidation of
lipid and protein caused loss of nutritional values, colour and
other characteristics of sensory. For example, raw-fermented
sausages with L. casei LOCK 0900 showed bitter taste and other
undesirable flavours, acrid odour, fatty flavour and “visible” fat
present in the final products (Trząskowska et al. 2014).

Other common technological challenges such as processing,
storage temperature and time, oxygen content, pH and external
stresses may impact the application of probiotics in food prod-
ucts (Vasudha and Mishra 2013). These challenges have been
discussed in the previous sections of non-dairy origin in this
review. Besides, water activity as a critical parameter can impact
the viability of bacteria in these food products. Many food
ingredients such as salts and sugar can bind water to create
‘dry’ and low water activity environments, resulting in an
improved survival of microorganisms (Holck et al. 2011). In
contrast, excess water activity (e.g. in fruit juice) also can reduce
the viability of bacteria during storage (Vasudha and Mishra
2013).

Technological advancements

To produce high viability and yields of probiotic bacterial cells
and nutritionally active biomass, fermentation process has been
extensively improved. Many probiotic bacteria have shown
good survival with viable cells of 108 – 109 CFU/ml in fer-
mented juices (Bialonska et al. 2010; Chaikham et al. 2013;
Sharma and Mishra 2013; Valerio et al. 2011). However, some
drawbacks of applying these techniques to produce probiotic
non-dairy foods still need to be addressed on a case by case
basis.

Acidification can be a major problem in the fermenta-
tion, sonication was carried out to reduce acidification by
probiotics without affecting their viability (Racioppo et al.
2017). They reported acidification by four probiotic bacteria
treated with ultrasound were significantly lower than con-
trols after 14 days at 15�C. However, the authors did not
observe differences of viability between ultrasound treated
and untreated bacteria. Calcium lactate to buffer the pH
within 4.0 to 5.0 in fermented soy food that was inoculated
with L. rhamnosus LR32 and a mixture of L. acidophilus
LAC4, L. paracasei LBC81 had viability of 9 – 11 logs
CFU/mL or inoculated with B. longum BL04 had viability
of 8 – 9 logs CFU/mL after storage of 30 days at 4�C
(Mondrag�on-Bernal et al. 2017). Four strains of L. planta-
rum showed a good tolerance to acidic conditions in fer-
mented oat foods, and high viability of 8 logs CFU/g for all
strains after storage at 4�C, but viscosity reduced due to
degradation of oat b-glucan and production of microbial
EPS (Russo et al. 2016). Yeast was found to have high anti-
oxidant activity in fermentation with cassava and rice, and
hence reduced oxidative stress effects on probiotic viability
during fermentation (Freire et al. 2017).

Microencapsulation was given great attention to achieve
high viability of probiotic cells in fruit and vegetable bases
(Antunes et al. 2013; Chaikham et al. 2013; Khan et al.
2013). The addition of protectants to the culture medium
can improve viable counts of probiotics in the final product.
Different lyo-protectants have also been used to increase the
survival of B. infantis UV16PR after freezing drying
(Basholli-Salihu et al. 2014). Authors found cellobiose, lac-
tose, sucrose and trehahose could enhance viability of B.
infantis UV16PR, and cellobiose exhibited the best perfor-
mance maintaining the viability by stabilizing cell mem-
branes and preventing intracellular ice-formation. A
combination of air drying and radiant energy vacuum dry-
ing to dehydrate apple slices supplemented with L. rhamno-
sus ATCC 7469 showed viable counts of 105 CFU/g during
storage at 25�C for 60 days (Mestry, Mujumdar, and Thorat
2011). Another study conducted by Borges et al. (2016)
found that the drying method and formulation were highly
related to the survival of probiotics in the fruit powders
during storage at 4�C and at room temperatures.

Table 3 includes some investigations of microencapsulated
probiotics and protective capacity of coating materials used
alone or in a combination with other materials to form single
or multilayer(s) to maintain probiotic bacteria viability during
storage and passage through the GIT. Furthermore, addition of
protectants in the formulation of microencapsulated probiotics
also showed the possibility of high viability of probiotics after
drying.

Alginate as a core coating material consistently receives
extensive attention, especially in combination with other
novel materials. Alginate-gelatin encapsulated L. salivarius
Li01 lost 1.7 logs CFU after 5 weeks storage at 4�C com-
pared to reduced viability of 2.4 logs CFU of alginate alone
and 3.5 logs CFU for free cells after as little as 4 weeks.
However, alginate-gelatin microgels eroded or swelled under
simulated small intestine conditions (Yao et al. 2017).
Muhammad et al. (2017) reported the viability of L. planta-
rum KLDS 1.0344 encapsulated with potato resistant starch
or potassium alginate were 5.7 logs CFU and 4.5 logs CFU,
respectively, during storage at 25�C for 42 days, compared
with viability loss of 3.1 logs CFU for free cells. They sug-
gested the amorphous glassy state and low water content of
potato resistant starch coated bacteria attributed to high
bacterial survivals. However, they also found potassium algi-
nate encapsulated cells less ideal for bacterial survival under
simulated gastric conditions. To reduce erosion of alginate
in simulated gastric juice, the cell wall of yeast (S. cerevi-
siae) was used to coat alginate particles of L. acidophilus or
B. bifidum under another layer of alginate coating
(Mokhtari et al. 2017). Although the tolerance of multi-
layer encapsulated L. acidophilus to gastric juice increased
significantly compared to free and single layer of alginate
encapsulated cells, the size of the multi-layer microcapsules
(103 mm) was two times bigger than the single layer prepa-
ration. Moreover, there was no significant difference in sur-
vival of encapsulated B. bifidum in simulated intestinal juice
between single layer and multi layers coating. Attempts to
reduce swelling of alginate microcapsules at pH 1.5 and 5
solutions by incorporation of cellulose nanocrystal (CNC)
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or lecithin or starch has been reported (Huq et al. 2017).
They found that the addition of CNC and lecithin in algi-
nate microbeads decreased the gastric fluid absorption but
increased the dissolution time compared to alginate
microbeads.

Other coating materials such as resistant rice starch were used
to encapsulate three Lactobacillus strains by emulsification and
these showed high viability of more than 7 logs CFU/g for 60 days
at 4�C or 120 min under simulated gastrointestinal conditions
(Ashwar et al. 2018). However, low encapsulation efficiency of
43% – 48% and moderate size of 45.5 – 49.3 mm diameter of
microcapsules were also found, which may increase the difficulty
of introducing this encapsulated probiotic to food products.

Encapsulation technology may appear to be an all-encom-
passing means to maintain viability of probiotics in the encapsu-
lated particles, because examples such as those discussed above
showed stable viabilities of probiotics during storage and/or
under simulated gastrointestinal juice. However, the production
and size of encapsulated probiotics are not always satisfactory,
and the survival of encapsulated probiotic incorporated into dif-
ferent non-dairy foods is also strain-dependent. In other words,

a successful formulation encapsulating probiotic A may be
unsuitable for probiotic B in terms of developing new probiotic
foods.

It is interesting to note that the number of studies using
encapsulation to develop formulations of probiotic cells far out-
number the studies of encapsulated probiotic cells in a real food
system. The observation that studies on encapsulated probiotics
in food are rare and has been reported elsewhere. Some reasons
for there being not many commercial products containing
encapsulated probiotic cells may due to insufficient consider-
ation of structural effects of encapsulating materials, improper
encapsulating methods, issues in evaluation methods and risk
assessments for applications (Chen et al. 2017). Among these
reasons, microcapsule material is a critical factor for affecting
the effectiveness of microencapsulation (Dianawati, Mishra,
and Shah 2016).

With regard to the review of Probiotication of Foods, micro-
encapsulated probiotics for foods has failed to deliver it prom-
ise (De Prisco and Mauriello 2016). The authors emphasised
the importance of directing this technology towards practical
production of desirable probiotics in food and suggested new

Table 3. Examples of microencapsulation technology affecting viability and stability of probiotics.

Material Technology Bacterial Strain Survival Rate (log CFU ml¡1 or g¡1) References

Resistant rice starch Emulsification L. brevis MTCC01
L. casei MTCC297
L. plantarum MTCC021

> 7 log at 55�C, > 3 log at 65�C and
> 2 log at 75�C for 10 min, while >
7 log at 4�C for 60 days.

Ashwar et al. 2018

Alginate or alginate-gelatin Extrusion L. salivarius Li01 2 times higher of viability loss of free
cells than encapsulated cells with
alginate-gelatin after 5 weeks
storage at 4�C. Free cells were not
detectable after 15 min heating at
63�C but reduction in viability of
alginate-gelatin coated cells was
< 3 log.

Yao et al. 2017

Three cultivars of Thai rice Homogenization C package
in capsules

L. amylovorus TISTR1110 >6.4 log at 4�C for 60 days. Chumphon,
Sriprasertsak, and
Promsai 2016

Alginate, soya oil Modified emulsificationC freeze
drying

Lactobacillus strain (strain
name not given)

100% of survival of microencapsulated
bacteria after 150 days at -20, 4 and
25�C.

S�anchez et al. 2017

Holy basil essential oil EmulsificationC Spray drying L. reuteri KUB-AC5 Survival of 9 log corresponding to 97%
survival using 6 mg/ml of HBEO at
the inlet air temperature of 130�C.

Rodklongtan and
Chitprasert 2017

Potassium alginate, pectin and
potato resistant starch with
maltodextrin, whey protein and
mannose

Homogenization C spray drying L. plantarum KLDS 1.0344 Viability loss of encapsulated bacteria
< 0.35 log at 25�C for 42 days.

Muhammad et al.
2017

Yeast cell wall and calcium alginate Emulsification L. acidophilus PTCC 1643
B. bifidum PTCC 1644

Viability of double-layer alginate
encapsulated L. acidophilus was 8.6
log and 6.1 log in simulated gastric
juice and intestinal juice,
respectively, and viability of
encapsulated B. bifidum was 7.3 log
and 6.2 log.

Mokhtari et al. 2017

Yacon root
Trehalose

Homogenization L. casei LC1 Viability of L. casei loaded on yacon
flakes without trehalose was 6.5 log
after 56 days at 25 �C.

Leone et al. 2017

Sodium alginate, sodium caseinate,
soy protein isolate

EmulsificationC spray drying L. zeae LB1 Inactivation rate of encapsulated L.
zeae with NaCas-AG was 0.4 log and
0.7 log with SPI-AG at aw of 0.76,
compared to 0.01 log at aw of 0.11
during a 16-week storage at 25�C.

Liu et al. 2017

Alginate, nanocrystal lecithin EmulsificationC freeze drying L. rhamnosus ATCC9595 Reduction of 1.2 log and 1.1 log at
25�C and 4�C for 42 days. 8 log of
encapsulated L. rhamnosus with
CNC and lecithin was after SGF.

Huq et al. 2017
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polymers for probiotics worthy of focus. Huq et al. (2013) also
reviewed the effects of biopolymeric system on encapsulation
of probiotics and pointed out that when applying encapsulation
of probiotics to new foods, some factors including appropriate
encapsulation techniques, safe and effective encapsulating
materials and potent strains of probiotics as well as increasing
layers of biopolymers needs to be further investigated. How-
ever, the authors did not take food systems into account for
retention of viable cells during storage.

The development of probiotic microcapsules and their
application in food may indicate the food system is a com-
plex environment and unsuitable for bacterial survival.
Microencapsulation technology applied to simply make pro-
biotic capsules cannot ensure probiotics are viable and sta-
ble in a food product. Work to explore different coating
materials and protectants along with optimization of drying
process may not solve these technological hurdles to
improve survival of probiotics in foods, if the interactions
of probiotics and food substrates are not investigated. Fur-
ther research of probiotic applications in foods should be
directed towards the study an intrinsic relationship between
free probiotic cells and food matrix during processing, stor-
age and in the host, which agrees with the findings of Flach
et al. (2017). They highlighted the importance of studying
relationship between carrier matrices and the quality of pro-
biotic products. Besides, studying biofilm formation of pure
or a mixture of probiotic species under certain conditions
may offer valuable information and understanding of bacte-
rial behaviour under various stress conditions.

Functional advancements and sensory acceptance

Functionality improvements of non-dairy probiotic food prod-
ucts are dependent on subtle action of bioactive food compo-
nents on human health. For example, development of soy-
based probiotic products has received considerable attention
from researchers due to many functional properties such as
good amino acid profile and compounds (isoflavones) with
strong antioxidant activity (Wang, Yu, and Chou 2006). Probi-
otic products containing a combination of soy and fruit juices
have successfully showed good numbers of probiotic, and func-
tional and sensory properties (Shimakawa et al. 2003). In some
probiotic beverages, probiotic bacteria were directly added to
the finished products and achieved high viable cell counts and
functionality (Acosta et al. 2008).

Probiotic dairy foods have successfully pioneered the intro-
duction of probiotics to consumers, and indeed, consumers are
willing to improve their health and wellness through the con-
sumption of dairy or non-dairy food products supplemented
with probiotics. Apart from microbiological quality, sensory
properties and consumer acceptance are also essential for the
development of innovative probiotic food products. Sensory
properties of probiotic non-dairy foods can be affected by inter-
actions of different species of probiotics and food matrices,
where textures, taste, aroma, and colour for example might be
improved or worsened by production of different metabolic
compounds. Therefore, it is important to review not only good
survival of probiotics but also sensory acceptance of probiotic
non-dairy foods during production and storage.

Some examples of the effects of probiotics incorporated into
non-dairy foods on sensory characteristics and consumers’
acceptance along with bacterial viability and stability are pre-
sented in Table 4. Fruit juice and cereal beverages received
much interest as potential non-dairy food carriers to deliver
probiotics, but some undesirable sensory characteristics such as
off-flavour, acidification of taste and after taste are observed
mostly in this type of food. Regarding semi and solid probiotic
non-dairy foods, the mean scores of texture, taste and odour
are lower than of non-dairy foods without probiotics. On the
other hand, bacterial survival for most probiotics in the foods
listed in the Table 4 was over 8.0 logs CFU/g or mL after proc-
essing and/or at 4�C storage, whereas their viabilities could
decrease below 1.0 log CFU /g or mL when the storage temper-
ature increased to 20 to 30�C.

Scientists employed addition of sweetness and flavour masks,
optimization of fermentation and encapsulation by using single
or multiple layers of bacterial capsules, along with air drying,
freeze drying or vacuum drying to produce probiotic non-dairy
foods. However, sensory acceptance and bacterial survival can be
intrinsically related to the strain of probiotic, and to a less extent
to a type of bacterial cells (free or encapsulated) inoculated onto
foods. A good example to illustrate this statement was a compre-
hensive study of viable cells, volatile compounds, free amino
nitrogen and total reducing sugars after fermentation of oat, bar-
ley or malt drink with L. acidophilus NCIMB 8821, L. plantarum
NCIMB 8826 or L. reuteri NCIMB 11951 (Salmer�on, Thomas,
and Pandiella 2014). The authors found the highest amounts of
acetaldehyde and diacetyl or lactic acid in malt drink fermented
by L. plantarum or L. acidophilus, indicating the different combi-
nation of probiotic bacteria and cereal foods resulted in different
flavour of the fermented cereal-based drinks.

Future directions

It is important to understand that delivering live microorganisms
using food vehicles is a challenging task. As discussed in this arti-
cle, various food matrices are being used to deliver probiotics.
However, each food matrix not only has unique properties and
advantages but may also impose technological barriers for suc-
cessful delivery of probiotics. Development of novel, economical,
and technologically feasible non-dairy products that satisfy con-
sumer demands should be the focus of future research efforts.
Some important areas of future research may include:

� Developing a range of probiotics products to meet the
demand from consumers with certain dietary restrictions
like vegetarianism, milk allergies, low cholesterol or fat
content and lactose intolerance.

� Innovative non-dairy probiotics products for specialized
market segments such as children, chronically ill patients
and the elderly.

� Addressing the technological barriers to use of non-dairy
food matrices.

� Stability and viability of probiotics strains under specific
environmental stress factors associated with non-dairy
food substances.

� Impact of combining different non-dairy food matrices
on probiotic, sensory and functional characteristics of a
product.
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Table 4. Selected publications on sensory evaluation of and bacterial survival in probiotic non-dairy foods.

Probiotic Bacteria Type of Food Sensory Evaluation Viability (log CFU per ml or g) References

L. casei NRRL B-442 Fermented cupuassu
beverage

Lower acceptance of texture, flavour,
sweetness and overall in the
probiotic samples

Viability of 9.3 log after 18 h of
fermentation

Pereira et al. 2017

L. plantarum ATCC 20174, L.
casei ATCC 393, L.
rhamnosus ATCC 7469, L
casei T4, L. casei TD4

Cornelian cherry juice No significant difference of odour,
taste and overall acceptance
between probiotic samples and
control samples but L. casei TD4
produced pungent odour and
astringent taste

L. plantarum (2.5 log), L. casei (5.1 log),
L. rhamnosus (< 1 log), L. casei T4
(8.5 log), L. casei TD4 (5.0 log) after
28 days storage at 4�C

Nematollahi et al. 2016

L. paracasei NFBC 43338 Orange juice “Medicinal” flavour of probiotic orange
juice could be masked by adding
10% (v/v) of tropical fruit juice.

Initial viability of 8.1 log in orange juice Luckow et al. 2006

L. plantarum DW12 Fermented coconut water Moderate acceptance of fermented
coconut water, presenting sour
flavour and fermented odour after
48 h of fermentation

Viability of 8.5 log after 48 h of
fermentation

Kantachote et al. 2017

L. casei NRRL B-442 Fermented pineapple
juice

Sweetened juice received a higher
preference than un-sweetened
juice due to Post-acidification of
fermented pineapple juice.

Viability of 8.6 log in the pineapple
juice after 24 h of fermentation, and
6.0 log in non-sweetened juice and
4.8 in sweetened juice after 42 days
storage at 4�C

Costa et al. 2013

L. plantarum B2, L.
fermentum PBCC11.5

Fresh-cut cantaloupe Addition of L. plantarum onto
cantaloupe produced off-odor and
off-flavor, but not negative effects
were found in cantaloupe
inoculated with L. fermentum
during stroage

L. plantarum (8.1 log) and L. fermentum
(7.8 log) after 11 days storage at
4�C

Russo et al. 2015

L. rhamnosus GG Fresh cut apple slices Apple slices inoculated with L.
rhamnosus on day 0 were accepted
but a softer texture and lactic acid
odour were found

Viability of 8.74 log in unwashed apple
slices after 10 days storage at 4�C

R€oßle et al. 2010

L. rhamnosus ATCC7469 Dried apple slices Air dried slices showed a lower
acceptance of texture than that of
the sliced dried by other two
methods on day 0.

Viability of 1.0 – 3.0 log in the slices
dried by freezing and a
combination of air drying and
vacuum drying after 120 days
storage at 25�C but a higher
viability of 9.3 – 7.8 log was found
at 4�C for 180 days.

Noorbakhsh, Yaghmaee,
and Durance 2013

Acceptance of air dried slices for taste,
flavour, texture, colour and overall
was below the acceptance level
after 30 days at 25�C and 180 days
at 4�C compared with the sliced
dried by other two methods.

Viability of < 1.0 log and 7.8 log in the
air-dried slices was found after
120 days at 25�C and 180 days at
4�C.

L. pentosus B281, L.
plantarum B282

Fermented olive Mean scores of bitter, acid, hardness,
crunchiness in olives fermented
with both species were similar. The
highest score of overall acceptance
was found in L. pentosus fermented
olive and the lowest score of 5.15 in
mixed species.

Viability of 6.5 – 7.5 log in the olive
fermented with L. pentosus, and 5.7
– 7.2 log with L. plantarum, but
lower viability of 4.8 – 5.8 log of a
mix of both species, after 110 days
fermentation at 20 – 22�C.

Argyri et al. 2014

L. pentosus B281, L.
plantarum B282

Fermented olives Bitterness of olives fermented by L.
plantarum and stored at both
temperatures; olives fermented by
L. pentosus and stored at 4�C was
the most accepted.

L. pentosus (3.4 log and 4.6 log at 4 and
20�C) and L. plantarum (3.5 log and
4.4 at 4 and 20�C) after 357 days
storage

Blana et al. 2016

L. plantarum 33, L. casei
Shirota

Olive paste Paste inoculated with free and
encapsulated species induced off-
flavour, grainy texture and a bitter
taste when compared with
conventional olive paste. Mean
scores of overall acceptances of all
samples were 5.7 – 6.2 in a 9-
hedonic scale study.

Viability of 6.0 – 9.0 log in the paste
inoculated with free and
encapsulated L. plantarum and L.
casei at 4�C, and of 4.0 – 5.0 log at
22�C after 30 days storage,
furthermore encapsulated cells
showed 1.0 – 2.0 log higher survival
than free cells.

Alves et al. 2015

L. plantarum 6E, L.
rhamnosus SP1

Fermented emmer
beverage

Emmer beverage fermented with both
species showed more acidic taste
and after-taste with more intense
flavour than control samples.

L. plantarum (8.1 log) and L. rhamnosus
(8.9 log) after 30 days storage at
4�C

Coda et al. (2011)

(Continued on next page)
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� Identification of suitable microencapsulation materials to
enhance probiotic viability and survivability in non-dairy
food matrices.

� Assurance of microbiological quality and safety of non-
dairy probiotics products.

� Development of efficient methods to confirm the probi-
otic effects of a products so that product labelling will be
highly useful in future.

Conclusion

The potential applications of some probiotic bacteria incorpo-
rated into four groups of non-dairy foods (fruit and vegetables,
cereals, meat and meat products, and soy) were discussed. A
better understanding of physiological and technological proper-
ties of probiotic bacteria and food matrices as well as their com-
binations through scientific investigations are key elements to
produce innovative probiotic food products. In terms of devel-
oping innovative probiotic non-dairy products, it is important
to consider factors such as viability and stability of probiotic

bacteria, resistance to oxidation, pH, temperature and other
stresses, appropriate levels of water content, utilization of car-
bohydrates and metabolites from non-dairy foods with or with-
out fermentation. Most probiotic food market currently are
dairy based, non-dairy food matrices have shown potential for
delivering probiotics with high viability and could be an ideal
alternative to provide benefits without milk proteins, lactose,
saturated fat and cholesterol.
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Abstract: The viability of probiotics in non-dairy food products during storage is required to meet
content criteria for probiotic products. This study investigated whether non-dairy foods could be
matrices for probiotics. Selected probiotic bacteria were coated on non-dairy foods under two storage
conditions, and viabilities were assessed. The non-dairy foods were coated with 5–7 log cfu g−1

of Lactobacillus acidophilus ATCC4356T, Lactobacillus plantarum RC30, and Bifidobacterium longum
ATCC15707T. The coated non-dairy foods were stored at 20 ◦C and 20% relative humidity (RH)
or 30 ◦C and 50% RH. Viability of probiotic bacteria was determined after 0, 2, and 4 weeks of
storage. B. longum showed the highest survival at week 4 of 6.5–6.7 log cfu g−1 on wheat bran and oat,
compared with 3.7–3.9 log cfu g−1 of L. acidophilus and 4.2–4.8 log cfu g−1 of L. plantarum at 20 ◦C 20%
RH. Under the storage conditions of 30 ◦C 50% RH, survival of 4.5 log cfu g−1 of B. longum was also
found on oat and peanut. This was two and four times higher than the population of L. acidophilus
and L. plantarum, respectively. The results suggest that probiotics can survive on non-dairy foods
under ambient storage conditions. However, the storage conditions, food matrices, and probiotic
strains should be carefully chosen to maximize probiotic bacteria survival.

Keywords: probiotic; non-dairy; survival; ambient storage condition; relative humidity

1. Introduction

The development of innovative food products with improved sensory properties and
demonstrated health benefits is needed in the rapidly growing probiotics food sector. Probiotics are
micro-organisms with demonstrated health benefits to the recipient, and are used as “food additives”
in the industry. Species belonging to the genera Lactobacillus and Bifidobacterium, such as Lactobacillus
acidophilus, Lactobacillus plantarum, Lactobacillus casei, Bifidobacterium longum, and Bifidobacterium bifidum,
are considered to be probiotics with well-documented evidence [1–3]. To be effective, probiotics need
to be alive and have a minimum population of 106–107 cfu per g or mL in a product [4]. However,
the incorporation of probiotics into processed food products and subsequent storage can be stressful
for bacterial cells, and their viability may decrease. Hence, the quality of the final probiotic product is
determined by bacterial survival.

The choice of food matrix is important for the viability of probiotics during both processing and
storage. Dairy-based matrices can be used to produce a range of probiotic foods [5]. There is great
potential to deliver bacteria using non-dairy-based food matrices and to develop new innovative
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probiotic products. Examples of dairy-free probiotic foods include raw materials based on fruit,
vegetable, cereal, and soy. Some meat products have also been investigated as vehicles for probiotics [6].
However, during production and storage, the survival and stability of probiotics added into fruit
and/or vegetable juice as well as chocolate-coated cereal breakfast have been shown to not only
depend on the food matrix, water activity, and pH of the final products, but also on the choice of
probiotic species selected [7–9].

Most probiotic food products are recommended to be stored at or below 4 ◦C, resulting
in higher transportation and storage costs and risking viability loss of probiotics if the storage
temperatures are not properly maintained. Ambient storage conditions can expose probiotic products
to many stresses—heat, acid, osmotic, and oxidative—which can decrease the survival of Lactobacillus
and Bifidobacteria species in foods [10]. In order to improve the survival of probiotics in foods,
some strategies have been suggested. These include adaption to sub-lethal stress, optimization
of drying parameters, microencapsulation, and the addition of cell protectants, and appear to achieve
suitable cell counts in the products during the processing [11–13]. Additionally, study of food
composition, storage environment, and packaging material can assist to reveal underlying mechanisms
of the survival of probiotics in the products during storage [14–17]. Besides, studying probiotic bacteria
under food-like conditions will provide practical information on how to improve survival during
preparation, processing, distribution, storage, and consumption [18].

This study aimed to investigate the survival of three probiotic bacteria on six non-dairy foods
during storage for four weeks, and to understand the effects of food matrix, storage time, storage
temperature, and relative humidity on bacterial survival.

2. Materials and Methods

2.1. Materials

Six non-dairy foods were tested in this study. Blanched peanut, rolled wholegrain oat, raisin,
processed wheat bran, and desiccated coconut were purchased from the local supermarket. Extruded
rice collets (produced from brown Australia medium grain rice) were manufactured by the food
laboratory of the Department of Wine, Food and Molecular Biosciences at Lincoln University.

Bifidobacterium longum ATCC15707T and Lactobacillus acidophilus ATCC4356T were purchased
as freeze-dried cultures from the ESR Culture Collection Centre, New Zealand. The cultures were
activated in De Mann Rogosa Sharpe broth (Oxiod, Hampshire, UK) supplemented with 0.05% (w/v)
L-cysteine (Sigma-Aldrich, St. Louis, MO, USA) (MRSc) at 37 ◦C for 20 h and 22 h for B. longum
ATCC15707T and L. acidophilus ATCC4356T, respectively, under anaerobic conditions using CO2

generating sachets (Sigma-Aldrich, USA). One milliliter of MRSc-grown cell suspension was inoculated
on a MRSc agar plate and incubated at 37 ◦C under anaerobic conditions for 48 h for B. longum
ATCC15707T and for 72 h for L. acidophilus ATCC4356T. After that, these bacterial cells were harvested
using 1 mL of a mixture of sterile glycerol and MRSc broth (30:70 v/v) and washing off the agar plate,
and 0.7 mL of the blend was consequently collected in a cryovial. The cryovial was labelled and stored
at −80 ◦C as the stock culture, or at −20 ◦C as the working culture.

Lactobacillus plantarum RC30 was isolated from cow rumen. Identification and characteristics of
this isolate have been previously described by our laboratory [3]. The isolate was stored in sterile
glycerol and 2X MRS broth in a ratio of 30:70 (v/v) at −20 ◦C as a working culture.

When required, 100 µL of thawed working culture was inoculated into 10 mL of MRSc and
incubated at 37 ◦C under anaerobic conditions until the Optical density at 600 nm (OD600) value of
the broth culture reached 1.8, representing populations of approximately 108 cell mL−1. MRSc broth
was also used as a blank. The culture was enumerated and transferred to 4 ◦C and stored for up to 4 h
prior to a coating process.
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2.2. Inoculation of Non-Dairy Food Matrices with Probiotics

Utensils were sterilized under UV light for 15 min in a level II biosafety cabinet. The six
different non-dairy foods were placed in an oven at 60 ◦C overnight to diminish potential microbial
contamination and reduce moisture. Thirty-six grams of food was weighed and placed into a 500 mL
sterile Scott bottle. Then, a total of 1.8 mL of fresh culture was added into the food by transferring 0.9 mL
twice. With each transfer of culture onto the non-dairy matrix, mixing and coating was achieved
by rigorous manual to-and-fro shaking for three minutes at room temperature. Once prepared,
the culture-coated non-dairy food was then kept in the Scott bottle in a biosafety cabinet for 3 h without
a lid. After that, the material was dispensed equally into two sterile 50 mL tubes. One tube was stored
at 20 ◦C 20% relative humidity (RH), and the other was stored at 30 ◦C 50% RH. All the samples were
prepared in triplicate.

2.3. Survival of Probiotic Bacteria under Two Different Storage Conditions

Potassium acetate or magnesium nitrate was placed into a 14 L plastic container and
moistened with filtered water to maintain 20% RH at 20 ◦C or 50% RH at 30 ◦C, respectively.
A Thermos-Hygrometer (Tinytag ultra 2 HACH, Corby, UK) was used to monitor humidity during
storage. When humidity in each container equilibrated, the samples were placed into the containers
and this was regarded as zero time.

2.4. Enumeration of Probiotic Bacteria in the Samples

The initial loading population of B. longum ATCC15707T, L. acidophilus ATCC4356T, or L. plantarum
RC30 on each food was determined immediately after coating. Triplicate samples (1 g) were weighed
and placed in a 50 mL tube, to which 10 mL of sterile MRSc broth was added. After vortex mixing for
1 min, a serial dilution for each sample was prepared. An aliquot of 0.1 mL was plated on MRSc agar
plates. Plates inoculated with L. plantarum RC30 and B. longum ATCC15707T were incubated under
anaerobic conditions at 37 ◦C for 48 h and for 72 h for L. acidophilus ATCC4356T.

2.5. Statistical Analysis

For this study, the data was obtained from the enumeration results at each time using the
analysis of variance (ANOVA) processed by a statistical analysis software (GenStat®, VSNi UK, Hemel
Hempstead, UK). Furthermore, Fisher’s least significant difference design at a confidence level of 95%
determined if there was significant difference between each treatment.

3. Results and Discussion

Effects of Food Matrix and Storage Conditions on the Survival of Probiotics during Storage

Food matrix, storage conditions, and storage time significantly affected the survivability of B.
longum ATCC15707T, L. acidophilus ATCC4356T, and L. plantarum RC30 (p < 0.05). The average
populations of the three strains in the samples reduced with increasing storage time (Table 1).
The reduction was significantly (p < 0.05) higher at 30 ◦C 50% RH compared to the storage condition of
20 ◦C 20% RH. Foods used as carriers had a significant effect (p < 0.05) on the survival of the strains on
week 0, week 2, and week 4.

B. longum ATCC15707T was initially coated onto all substrates at about log 7 cfu g−1, except
rice collet, which was significantly lower at approximately log 6.2 cfu g−1 (Table 1). L. acidophilus
ATCC4356T and L. plantarum RC30 were coated onto all substrates with loads ranging from log 4.5 to
log 6.3, and there was no obvious trend.

After two weeks of storage at either 20 ◦C 20% RH or 30 ◦C 50% RH, B. longum ATCC15707T

survival reduced significantly (p < 0.05) when coated onto all substrates except for oat or wheat bran at
20 ◦C and 20% RH. After four weeks of storage at either 20 ◦C 20% RH or 30 ◦C 50% RH, only storage
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at 20 ◦C 20% RH on wheat bran did not show a significant reduction of cfu from time zero. After as
little as two weeks of storage at 30 ◦C 50% RH, B. longum ATCC15707T survival on raisin had reduced
to less than log 1 cfu g−1.

After two weeks of storage at either 20 ◦C 20% RH or 30 ◦C 50% RH, L. acidophilus ATCC4356T

showed a significant (p < 0.05) reduction in survival when coated on all substrates. When L. acidophilus
ATCC4356T was coated onto rice collet or raisin, no viable bacteria were recovered after two weeks of
storage at 30 ◦C 50% RH.

L. plantarum RC30 significantly (p < 0.05) reduced on all substrates after two weeks of storage at
20 ◦C 20% RH, however it appeared to be stabilized with no further reduction for all substrates except
coconut and raisin, which showed further significant (p < 0.05) reduction. However, there were not
significant reductions of L. plantarum RC30 at 30 ◦C 50% RH at either week two or week four (p < 0.05).
Indeed, no bacteria could be recovered after coating on raisin after 2 weeks.

Table 1. Probiotic bacteria log cfu g−1 recovered from samples coated with B. longum ATCC15707T,
L. acidophilus ATCC4356T, and L. plantarum RC30 as affected by food matrix, storage temperature,
and humidity during four weeks.

Food Matrix
B. longum ATCC15707T L. acidophilus ATCC4356T L. plantarum RC30

20 ◦C 20% RH 30 ◦C 50% RH 20 ◦C 20% RH 30 ◦C 50% RH 20 ◦C 20% RH 30 ◦C 50% RH

Rice collet

week 0 6.22 ± 0.10 jkl 6.16 ± 0.11 ijk 4.70 ± 0.07 klmn 4.58 ± 0.12 klm 5.10 ± 0.23 lmn 4.93 ± 0.25 lm

week 2 5.80 ± 0.11 h 3.90 ± 0.30 d 3.63 ± 0.33 gh <1 a 4.01 ± 0.19 hij 1.35 ± 0.20 c

week 4 5.84 ± 0.21 g 2.25 ± 0.20 c 2.97 ± 0.20 de <1 a 3.97 ± 0.02 hi <1 a

Peanut

week 0 7.07 ± 0.05 st 7.15 ± 0.07 t 5.01 ± 0.04 nop 5.20 ± 0.04 op 6.29 ± 0.06 q 6.18 ± 0.21 q

week 2 6.63 ± 0.08 mnopq 5.56 ± 0.07 h 3.96 ± 0.56 hi 2.89 ± 0.43 de 3.64 ± 0.22 gh 2.25 ± 0.48 e

week 4 6.53 ± 0.04 lmnop 4.54 ± 0.22 f 3.15 ± 0.38 ef 2.00 ± 0.59 c 3.57 ± 0.15 gh 1.22 ± 0.43 c

Coconut

week 0 7.04 ± 0.01 rst 7.09 ± 0.08 st 4.88 ± 0.03 lmno 4.90 ± 0.05 mno 5.42 ± 0.22 no 5.28 ± 0.20 lmno

week 2 6.42 ± 0.02 klmn 5.18 ± 0.05 g 3.40 ± 0.18 fg 2.67 ± 0.10 d 2.76 ± 0.28 f 1.46 ± 0.18 cd

week 4 6.29 ± 0.09 klm 3.58 ± 0.14 d 3.20 ± 0.05 ef 1.18 ± 0.33 b 1.57 ± 0.14 cd <1 a

Raisin

week 0 7.07 ± 0.05 st 7.06 ± 0.05 rst 5.34 ± 0.03 p 5.33 ± 0.05 p 5.56 ± 0.26 op 5.48 ± 0.45 no

week 2 6.49 ± 0.03 klmno <1 a 4.56 ± 0.08 kl <1 a 2.17 ± 0.20 e <1 a

week 4 5.07 ± 0.33 g 0.98 ± 0.85 b 2.97 ± 0.28 de <1 a 0.55 ± 0.52 b <1 a

Oat

week 0 6.87 ± 0.10 pqrst 6.98 ± 0.23 qrst 4.67 ± 0.14 klmn 4.49 ± 0.08 jk 6.12 ± 0.33 q 5.95 ± 0.26 pq

week 2 6.77 ± 0.12 opqrs 4.93 ± 0.15 g 4.13 ± 0.09 i 2.05 ± 0.18 c 5.33 ± 0.08 lmno 3.34 ± 0.53 g

week 4 6.51 ± 0.17 lmno 4.26 ± 0.32 ef 3.75 ± 0.15 h 0.09 ± 0.11 a 4.88 ± 0.06 kl 1.24 ± 0.56 c

Wheat bran

week 0 6.88 ± 0.44 pqrst 7.02 ± 0.05 rst 5.22 ± 0.14 op 5.25 ± 0.01 p 5.35 ± 0.39 mno 5.16 ± 0.10 lmno

week 2 6.96 ± 0.10 qrst 5.89 ± 0.21 hij 4.19 ± 0.13 ij 3.97 ± 0.27 hi 4.43 ± 0.40 jk 1.91 ± 0.47 de

week 4 6.71 ± 0.14 nopqr 3.93 ± 0.21 de 3.91 ± 0.04 hi 1.35 ± 0.11 b 4.17 ± 0.01 ij 0.34 ± 0.02 ab

Values are mean (±standard deviation, n = 3). Samples which share the same letter (a–t) for B. longum ATCC15707T,
L. acidophilus ATCC4356T, or L. plantarum RC30 are not significantly different (p < 0.05).

Studying the survival of probiotic bacteria at 20 ◦C 20% RH and 30 ◦C 50% RH can provide
useful information to evaluate the storage conditions and quality of non-refrigerated probiotic foods.
We found that storage temperature and relative humidity have a significant effect on the survival of
probiotic bacteria. The population of bacteria recovered from samples was higher at 20 ◦C 20% RH
than that at 30 ◦C 50% RH, which is accordance with the results from other studies [19–21]. Viability
loss of B. lactis BB12 at 30 ◦C has been shown to be related to water activity, as no viable bacteria
were detected after 8 days of storage at aw 0.54 compared to 0.1% of viability loss with aw 0.33 after
2 weeks of storage [22]. In addition, the viability of L. rhamnosus GG formulated with flaxseed after
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storage for 14 months at 22 ◦C was reported to show a reduction of viability by more than 4 log cfu
with aw 0.43, but a slight reduction of only 0.29 log cfu with aw 0.11 [23]. It has been shown that low
water activity in a food carrier maintains the enzyme activity of bacteria during storage, which may
contribute to improved survival [24]. While the work reported here did not measure water activity of
the samples, it is reasonable to estimate that the samples produced would have equilbriated to water
activities of approximatley 0.2 and 0.5 at 20 ◦C 20% RH or 30 ◦C 50% RH, respectively. Low relative
humidity (and therefore low water activity) has been shown to improve survival of L. rhamnosus
GG at 11% RH. However, this was dependent upon temperature, with less survival at 37 ◦C than at
25 ◦C [25]. It has been suggested that high storage temperature accelerates metabolic and cellular
activities of probiotics, resulting in depletion of nutrients and contributing to loss of viability and the
oxidation of cell contents [26]. Essentially, high temperature and high water activity (humidity) lead to
reduced viability.

Under the storage condition of 20 ◦C 20% RH, the best survival of: B. longum ATCC15707T was
on wheat bran; for L. acidophilus ATCC4356T on oat or wheat bran; and L. plantarum RC30 coated
on oat. At storage of 30 ◦C 50% RH, the best survival of all three bacteria was on peanut (and oat
for L. plantarum RC30). This is supported in the literature; peanut butter has been shown to protect
probiotics such as Streptococcus, Lactococcus, Lactobacillus, and Bifidobacterium species [25]. This may
be due to the buffering capacity of the fat in the peanut butter [27]. Interestingly, we only observed
this under the most adverse storage conditions (30 ◦C 50% RH). In addition, dietary fibers may also
aid the viability of probiotics; for example, oat bran increased the stability of Lactobacillus casei LC-1 at
10 ◦C, 25 ◦C, and 40 ◦C compared with inulin, unripe banana flour, and apple [28]. This may be used
to explain why oat generally provided a good protection for all three bacteria at 20 ◦C and 30 ◦C in
this research. Clearly, the probiotic viability when formulated with foods is linked to species and type
of food matrix [22]. However, another study found that survival of L. rhamnosus E899 and L. rhamnosus
E522 on oat in low pH apple juice at 20 ◦C was better than at 4 ◦C [29]. This is contrary to more
frequently reported results indicating that higher storage temperature results in poorer survival.

Although the initial population in the fresh culture for each bacterium was the same at
~log 8 cfu mL−1, the initial loading of the bacteria on foods was different and covered a range
of ~log 5 to log ~7 cfu g−1. Since the method of sample preparation involved direct mixing of fixed
quantities of materials, it can be assumed that all bacteria were loaded onto the food carriers. Clearly,
something soon after coating contributed to a reduction in cell viability. This is likely related to both
the bacteria species and type of food substrate.

It is interesting to note that B. longum ATCC15707T was the most stable probiotic bacteria during
storage in the present study, which is contrary to a general suggestion that Bifidobacteria are more
sensitive to oxygen than Lactobacilli due to their anaerobic nature [4]. However, a study by Klu et al.
reported that Bifidobacterium had the greater survival at 4 ◦C, 25 ◦C, and 37 ◦C during storage over
12 months compared to Lactobacillus and Streptococcus or Lactococcus [20]. The stability of L. acidophilus
has been reported to be affected by nutritional status, thus affecting its cell morphology—short cells
of L. acidophilus being more stable than long filamentous rods [15]. While subjective, our microscopic
observations (data not shown) suggested more long filamentous rods and less single short rods of
L. acidophilus ATCC4356T after anaerobic incubation for three days at 37 ◦C. It is possible that the
L. acidophilus ATCC4356T samples prepared for this investigation may have contributed to their poorer
stability compared to Bifidobacteria.

4. Conclusions

Storage conditions, food matrix, and species played a key role in maintaining the survival of
probiotic bacteria on the six non-dairy solid foods. Loss of viability of the probiotic bacteria increased
with increasing storage time, temperature, and relative humidity. Overall, wheat bran and oat are
suitable food matrices to best maintain probiotic stability under the mild storage conditions of 20 ◦C
20% RH. Under adverse condition (30 ◦C 50% RH), peanut is the best matrix to maintain probiotic
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survival under all storage conditions. B. longum ATCC 15707T had the greatest survival under both
storage conditions, followed by L. plantarum RC30 and L. acidophilus ATCC4356T.

In general, our research has demonstrated a new class of probiotic non-dairy food products with
good shelf-life suitable for retail. Future research to assess probiotic oxidative and osmotic stress in
non-dairy solid food system and packages should also be investigated to further enhance and maintain
bacterial survival on non-dairy food products during a shelf-life.

Acknowledgments: The authors would like to thank Charles S. Brennan in the department of Wine, Food and
Molecular Biosciences for kindly donating the extruded rice collets and Simon Hodge in the department of
Agricultural Sciences for providing valuable suggestions on statistical analysis.

Author Contributions: Min Min conducted laboratory work and drafted this paper as a Ph.D. candidate.
Craig R. Bunt and Malik A. Hussain supervised this research work, assisted in data interpretation and manuscript
preparation. Grant N. Bennett and Susan L. Mason finalized the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. FAO; WHO. The Guidelines for the Evaluation of Probiotics in Food. 2002. Available online: http://www.
who.int/foodsafety/fs_management/en/probiotic_guidelines.pdf?ua=1 (accessed on 22 June 2017).

2. Gomes, A.M.P.; Malcata, F.X. Bifidobacterium spp. and Lactobacillus acidophilus: Biological, technological and
therapeutical properties relevant for use as probiotics. Trends Food Sci. Technol. 1999, 10, 139–157. [CrossRef]

3. Jose, N.; Bunt, C.; Hussain, M. Comparison of microbiological and probiotic characteristics of Lactobacilli
isolates from dairy food products and animal rumen contents. Microorganisms 2015, 3, 198–212. [CrossRef]
[PubMed]

4. Tripathi, M.K.; Giri, S.K. Probiotic functional foods: Survival of probiotics during processing and storage.
J. Funct. Foods 2014, 9, 225–241. [CrossRef]

5. Granato, D.; Branco, G.F.; Cruz, A.G.; Faria, J.F.; Shah, N.P. Probiotic Dairy Products as Functional Foods.
Compr. Rev. Food Sci. Food Saf. 2010, 9, 455–470. [CrossRef]

6. Rivera-Espinoza, Y.; Gallardo-Navarro, Y. Non-dairy probiotic products. Food Microbiol. 2010, 27, 1–11.
[CrossRef] [PubMed]

7. Chaikham, P.; Apichartsrangkoon, A.; Worametrachanon, S.; Supraditareporn, W.; Chokiatirote, E.;
Van der Wiele, T. Activities of free and encapsulated Lactobacillus acidophilus LA5 or Lactobacillus casei 01 in
processed longan juices on exposure to simulated gastrointestinal tract. J. Sci. Food Agric. 2013, 93, 2229–2238.
[CrossRef] [PubMed]

8. Pereira, A.L.F.; Maciel, T.C.; Rodrigues, S. Probiotic beverage from cashew apple juice fermented with
Lactobacillus casei. Food Res. Int. 2011, 44, 1276–1283. [CrossRef]

9. Sharma, V.; Mishra, H.N. Fermentation of vegetable juice mixture by probiotic lactic acid bacteria. Nutrafoods
2013, 12, 17–22. [CrossRef]

10. De Angelis, M.; Gobbetti, M. Environmental stress responses in Lactobacillus: A review. J. Proteom. 2004,
4, 106–122. [CrossRef] [PubMed]

11. Saarela, M.; Rantala, M.; Hallamaa, K.; Nohynek, L.; Virkajarvi, I.; Matto, J. Stationary-phase acid and heat
treatments for improvement of the viability of probiotic lactobacilli and bifidobacteria. J. Appl. Microbiol.
2004, 96, 1205–1214. [CrossRef] [PubMed]

12. De Prisco, A.; Mauriello, G. Probiotication of foods: A focus on microencapsulation tool. Trends Food Sci.
Technol. 2016, 48, 27–39. [CrossRef]

13. Martín, M.J.; Lara-Villoslada, F.; Ruiz, M.A.; Morales, M.E. Microencapsulation of bacteria: A review of
different technologies and their impact on the probiotic effects. Innov. Food Sci. Emerg. Technol. 2015,
27, 15–25. [CrossRef]

14. Pimentel, T.C.; Madrona, G.S.; Garcia, S.; Prudencio, S.H. Probiotic viability, physicochemical characteristics
and acceptability during refrigerated storage of clarified apple juice supplemented with Lactobacillus paracasei
ssp. paracasei and oligofructose in different package type. LWT-Food Sci. Technol. 2015, 63, 415–422.
[CrossRef]

http://www.who.int/foodsafety/fs_management/en/probiotic_guidelines.pdf?ua=1
http://www.who.int/foodsafety/fs_management/en/probiotic_guidelines.pdf?ua=1
http://dx.doi.org/10.1016/S0924-2244(99)00033-3
http://dx.doi.org/10.3390/microorganisms3020198
http://www.ncbi.nlm.nih.gov/pubmed/27682086
http://dx.doi.org/10.1016/j.jff.2014.04.030
http://dx.doi.org/10.1111/j.1541-4337.2010.00120.x
http://dx.doi.org/10.1016/j.fm.2008.06.008
http://www.ncbi.nlm.nih.gov/pubmed/19913684
http://dx.doi.org/10.1002/jsfa.6030
http://www.ncbi.nlm.nih.gov/pubmed/23401169
http://dx.doi.org/10.1016/j.foodres.2010.11.035
http://dx.doi.org/10.1007/s13749-012-0050-y
http://dx.doi.org/10.1002/pmic.200300497
http://www.ncbi.nlm.nih.gov/pubmed/14730676
http://dx.doi.org/10.1111/j.1365-2672.2004.02286.x
http://www.ncbi.nlm.nih.gov/pubmed/15139911
http://dx.doi.org/10.1016/j.tifs.2015.11.009
http://dx.doi.org/10.1016/j.ifset.2014.09.010
http://dx.doi.org/10.1016/j.lwt.2015.03.009


Microorganisms 2017, 5, 43 7 of 7

15. Senz, M.; van Lengerich, B.; Bader, J.; Stahl, U. Control of cell morphology of probiotic Lactobacillus acidophilus
for enhanced cell stability during industrial processing. Int. J. Food Microbiol. 2015, 192, 34–42. [CrossRef]
[PubMed]

16. Makinen, K.; Berger, B.; Bel-Rhlid, R.; Ananta, E. Science and technology for the mastership of probiotic
applications in food products. J. Biotechnol. 2012, 162, 356–365. [CrossRef] [PubMed]

17. Salmerón, I.; Thomas, K.; Pandiella, S.S. Effect of substrate composition and inoculum on the fermentation
kinetics and flavour compound profiles of potentially non-dairy probiotic formulations. LWT-Food Sci. Technol.
2014, 55, 240–247. [CrossRef]

18. Siragusa, S.; De Angelis, M.; Calasso, M.; Campanella, D.; Minervini, F.; Di Cagno, R.; Gobbetti, M.
Fermentation and proteome profiles of Lactobacillus plantarum strains during growth under food-like
conditions. J. Proteom. 2014, 96, 366–380. [CrossRef] [PubMed]

19. Abe, F.; Miyauchi, H.; Uchijima, A.; Yaeshima, T.; Iwatsuki, K. Effects of storage temperature and water
activity on the survival of bifidobacteria in powder form. Int. J. Dairy Technol. 2009, 62, 234–239. [CrossRef]

20. Klu, Y.A.; Phillips, R.D.; Chen, J. Survival of four commercial probiotic mixtures in full fat and reduced fat
peanut butter. Food Microbiol. 2014, 44, 34–40. [CrossRef] [PubMed]

21. Albadran, H.A.; Chatzifragkou, A.; Khutoryanskiy, V.V.; Charalampopoulos, D. Stability of probiotic
Lactobacillus plantarum in dry microcapsules under accelerated storage conditions. Food Res. Int. 2015,
74, 208–216. [CrossRef] [PubMed]

22. Chávez, B.E.; Ledeboer, A.M. Drying of probiotics: Optimization of formulation and process to enhance
storage survival. DRY Technol. 2007, 25, 1193–1201. [CrossRef]

23. Vesterlund, S.; Salminen, K.; Salminen, S. Water activity in dry foods containing live probiotic bacteria should
be carefully considered: A case study with Lactobacillus rhamnosus GG in flaxseed. Int. J. Food Microbiol. 2012,
157, 319–321. [CrossRef] [PubMed]

24. Dianawati, D.; Shah, N.P. Enzyme stability of microencapsulated Bifidobacterium animalis ssp. lactis Bb12 after
freeze drying and during storage in low water activity at room temperature. J. Food Sci. 2011, 76, M463–M471.
[CrossRef] [PubMed]

25. Ananta, E.; Volkert, M.; Knorr, D. Cellular injuries and storage stability of spray-dried Lactobacillus
rhamnosus GG. Int. Dairy J. 2005, 15, 399–409. [CrossRef]

26. Bruno, F.A.; Shah, N.P. Viability of two freeze-dried strains of Bifidobacterium of commercial preparations at
various temperatures during prolonged storage. J. Food Sci. 2003, 68, 2336–2339. [CrossRef]

27. Klu, Y.A.K.; Chen, J. Effect of peanut butter matrices on the fate of probiotics during simulated gastrointestinal
passage. LWT-Food Sci. Technol. 2015, 62, 983–988. [CrossRef]

28. Guergoletto, K.B.; Magnani, M.; Martin, J.S.; Andrade, C.G.T.d.J.; Garcia, S. Survival of Lactobacillus casei
(LC-1) adhered to prebiotic vegetal fibers. Innov. Food Sci. Emerg. Technol. 2010, 11, 415–421. [CrossRef]

29. Saarela, M.; Virkajarvi, I.; Nohynek, L.; Vaari, A.; Matto, J. Fibres as carriers for Lactobacillus rhamnosus during
freeze-drying and storage in apple juice and chocolate-coated breakfast cereals. Int. J. Food Microbiol. 2006,
112, 171–178. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.ijfoodmicro.2014.09.015
http://www.ncbi.nlm.nih.gov/pubmed/25305442
http://dx.doi.org/10.1016/j.jbiotec.2012.07.006
http://www.ncbi.nlm.nih.gov/pubmed/22828164
http://dx.doi.org/10.1016/j.lwt.2013.07.008
http://dx.doi.org/10.1016/j.jprot.2013.11.003
http://www.ncbi.nlm.nih.gov/pubmed/24231110
http://dx.doi.org/10.1111/j.1471-0307.2009.00464.x
http://dx.doi.org/10.1016/j.fm.2014.04.018
http://www.ncbi.nlm.nih.gov/pubmed/25084642
http://dx.doi.org/10.1016/j.foodres.2015.05.016
http://www.ncbi.nlm.nih.gov/pubmed/28411985
http://dx.doi.org/10.1080/07373930701438576
http://dx.doi.org/10.1016/j.ijfoodmicro.2012.05.016
http://www.ncbi.nlm.nih.gov/pubmed/22663981
http://dx.doi.org/10.1111/j.1750-3841.2011.02246.x
http://www.ncbi.nlm.nih.gov/pubmed/21696390
http://dx.doi.org/10.1016/j.idairyj.2004.08.004
http://dx.doi.org/10.1111/j.1365-2621.2003.tb05769.x
http://dx.doi.org/10.1016/j.lwt.2015.02.018
http://dx.doi.org/10.1016/j.ifset.2009.11.003
http://dx.doi.org/10.1016/j.ijfoodmicro.2006.05.019
http://www.ncbi.nlm.nih.gov/pubmed/16844253
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.





	Abstract
	Introduction
	Probiotic food products of non-dairy origin
	Fruit and vegetable based probiotic food products
	Cereal based probiotic food products
	Meat based probiotic food products
	Soy based probiotic food products

	Technological challenges
	Technological advancements
	Functional advancements and sensory acceptance
	Future directions
	Conclusion
	References
	Introduction 
	Materials and Methods 
	Materials 
	Inoculation of Non-Dairy Food Matrices with Probiotics 
	Survival of Probiotic Bacteria under Two Different Storage Conditions 
	Enumeration of Probiotic Bacteria in the Samples 
	Statistical Analysis 

	Results and Discussion 
	Conclusions 

