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Abstract 

The new trend for low calorie products, triggered the search for natural alternatives to sucrose. The effect 

of replacing sugar by these new generation sweeteners on microbial growth was the purpose of the present 

work. Stevia, Steviol Glycosides and Tagatose were tested. This study was performed on gelatine and 

dextran medium, resulting in a heterogeneous protein-polysaccharide solid mixture, in contrast with a 

homogeneous gellified mixture with only dextran. Using the technique of viable plate counting, the growth 

curves at 20ºC of Salmonella Typhimurium and Listeria monocytogenes, were obtained. The Baranyi and 

Roberts model was fitted to the experimental data for growth parameter estimation. Confocal microscope 

observations on the heterogeneous system was performed to show phase separation of the media and to 

visualize the preferential phase for microbial growth.  For both media types the addition of Stevia resulted 

in both higher growth rates and cell densities, on the contrary, tagatose slowed and reduced the growth of 

the two pathogens. The addition of a second gelling agent had an effect on growth parameters and 

dynamics, confirming the effect of food structure on microbial growth. Introducing this information into 

mathematical models leads to more reliable predictions and enhances food safety.  

Key Words: Food Safety, Predictive Microbiology, Salmonella Typhimurium, Listeria monocytogenes, 

Gelatine-Dextran Systems, Alternative Sweeteners, Baranyi and Roberts model. 
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Resumo 

O propósito do presente trabalho é testar o efeito da adição de adoçantes de nova geração aos alimentos 

no crescimento microbiano, utilizando uma matriz heterogénea. Novos adoçantes naturais como a Stevia, 

Steviol Glycosides e a Tagatose foram testados em comparação com o tradicional açúcar. O estudo foi 

desenvolvido em sistemas de gelatina e dextrano, que resultam numa mistura sólida e heterogénea de 

proteínas e polissacarídeos. Em paralelo, foi estudado um meio com apenas um agente gelificante, dextran, 

recriando um ambiente homogéneo. O crescimento de dois patogénicos, Salmonella Typhimurium e 

Listeria monocytogenes foi acompanhado a 20ºC em todas as condições, recorrendo à técnica de 

contagem de colónias viáveis. Para determinação dos parâmetros de crescimento foi utilizado o modelo 

matemático de Baranyi and Roberts. Para observar a separação de fase e qual a fase preferêncial para o 

crescimento microbiano foi realizada uma microscopia confocal. Em ambos os tipos de meio, a adição de 

Stevia fez com que a taxa especifica de crescimento e a densidade celular aumentasse. Contrariamente, 

a adição de tagatose ao meio retardou e diminuiu o crescimento. A adição de um segundo agente gelificante 

teve influência nos parâmetros e no tipo de crescimento. A introdução desta informação em modelos 

matemáticos levará a previsões de crescimento mais realistas, contribuindo para uma melhor segurança 

alimentar. 

Palávras-Chave: Segurança Alimentar, Microbiologia Preditiva, Salmonella Typhimurium, Listeria 

monocytogenes, Sistemas Gelatina-Dextran, Açúcares Alternativos, Modelo de Baranyi and Roberts. 
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1. Aim of Studies and Motivation 

Sugar has been part of the food requirements of the population for many years, especially on developed 

countries. The over-consumption of this sweetener has aggravated several health problems such as 

diabetes and obesity1,2. The increasing diagnosis of such diseases in younger people has increased during 

the last years1,3. Under this scenario, the search for low calorie and natural alternatives to sucrose has been 

a worldwide concern. Several low calorie sweeteners with a high sweetening power are now available on 

the market as a replacement of sucrose such as Saccharin, Aspartame, Stevia or Tagatose4,5.  

Food poisoning is a reality affecting millions of consumers around the world6. Pathogens like Salmonella, 

Listeria or Escherichia. coli are spreading through the supply chain of several products like raw milk, meat, 

poultry, eggs, cane mixes or salads7. The substitution of sucrose by these new generation sweeteners may 

compromise the safety of the food products in question. Due to their high sweetening power, the 

concentration needed to achieve the same sweetness is very low2. This difference in food composition can 

influence microbial growth and the products may be more susceptible to contamination. Therefore, it is 

important to study the impact of this new sweeteners on microbial growth.  

The field of Predictive Microbiology provides answers to these problems and builds a bridge between 

models and reality8. Using a combination of mathematical, statistical and microbiological principles, the 

behaviour of microbial populations can be predicted9. In connection with food safety issues, these models 

can be helpful predicting microbial growth in food products. However, the complex and heterogeneous 

structure of foods makes it hard to mimic at laboratory scale10. Several studies of microbial behavior in liquid 

systems have been published and most predictive models are based on experimental data in this type of 

media. The application of these food models to predict microbial growth in structured food systems do not 

take into consideration the key role that composition and structure play on microbial growth11. The 

importance of microstructure in microbial growth dynamics has already been acknowledged and studies in 

heterogeneous systems have been performed10. It was also proved that the introduction of stressing factors 

enhance the impact of the media structure on microbial behaviour12. For this reason, the impact of the 

introduction of novel sweeteners on the growth of foodborne pathogens should be studied in heterogeneous 

structured systems. 

The following research work pretends to elucidate about the effect of new alternative sweeteners on the 

behaviour of two well-known foodborne pathogens: Listeria monocytogenes and Salmonella Typhimurium. 

Two different types of media were used: a homogeneous media composed with only one gelling agent, 

dextran, a known component of several food products and a heterogeneous solid media with the introduction 

of a second gelling agent: Gelatine. Table sugar and two alternatives were tested: Commercial Stevia and 

Tagatose. Steviol Glycosides, the agent responsible for the sweetening potential in Stevia, was also tested. 
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Based on the sweetening potential of each one of them as compared to table sugar, different concentrations 

of these sweeteners were used.  

Growth curves of the two microorganisms were achieved using viable plate counting. The Baranyi and 

Roberts’ predictive model was fitted to the obtained growth curves and the specific growth parameters were 

estimated. Additionally, Confocal Laser Scanning Microscopy (CLSM) was performed to assess phase 

separation of the two gelling agents used and which part was preferred for microbial growth. This new 

generation of techniques are gaining interest by allowing the user to monitor cell growth in real time and by 

providing a better understanding of the cell culture and conditions13.  

The results obtained with the present project can elucidate about the safety of replacing sucrose by these 

new generation sweeteners and also assess if this substitution enhances or inhibits microbial growth. Since 

studies of bacterial behaviour have been mainly performed in liquid systems with planktonic cells, it comes 

of outmost importance to study colony growth dynamics in solid systems11. Therefore, the use of a 

heterogeneous structured system in this project is a step forward to the elaboration of more reliable food 

models that allow an effective design of food safety assurance systems. 
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2. State of Art 

2.1. From Sucrose to the new generation of sweeteners 

Sugar has been a part of human life for many years. This natural sweetener comes from sugarcane which 

grows in countries with warm climates, being Brazil the world’s largest sugarcane producer. With an 

increasing domestic sugar consumption, the prediction for Brazilian sugar exports in 2015/16 is 200 000 

tonnes14. However, with the obesity epidemic and the increasing interest in foods with added benefits, 

natural and less caloric sweeteners are of particular interest to food technologists and food industry2,4.  

Since the early 1800s several synthetic and natural sweeteners have been identified. They are generally 

referred to as high potency sweeteners as they present a much higher sweetening power than sucrose, at 

least 30 to 13000 times sweeter in taste, which allows for smaller portions to yield sugar like sweetness in 

food products2,15. A natural low calorie sweetener should be at least as sweet as sucrose, providing the 

same properties: colourless, odourless, noncarcinogenic and with a pleasant taste. It must be compatible 

with a wide range of food ingredients since sweetness is nothing but one element of a complex food flavour 

system4,16.  

The first commercial alternative sweetener was saccharin, synthetized in 1878 (300 times sweeter than 

sucrose) followed by cyclamate (30 times sweeter than sucrose), aspartame, neotame, etc4. Due to 

differences in public health administrations and health concerns, not all of these artificial sweeteners are 

approved for use in various countries. For example Saccharin has been researched extensively to determine 

its carcinogenic potential2. For this reason, the demand for natural derived zero-calorie sweeteners has 

increased significantly155. A wide range of plant-derived alternative sweeteners is currently available on the 

market such as thaumatin, brazzein, tagatose, stevioside and rebaudioside A17.  

Hereupon follow the intrinsic characteristics of sucrose and two natural alternatives, tagatose and stevia. 

2.1.1. SUCROSE 

Sucrose, most commonly known as sugar or table sugar, is a disaccharide combination of the 

monosaccharides glucose and fructose, with the chemical formula C12H22O11.  
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FIGURE 0-1- Chemical structure of sucrose18.  

Sugar comes from two important natural sources: Sugarcane and sugar beets, in which sugar can account 

for 12% to 20% of the plant’s dry weight. Sucrose is obtained from these plants by hot water extraction from 

which results a concentrated syrup that can be dried into crystal sugar19.  

The sugarcane is harvested mechanically or by hand, chopped into lengths and conveyed to the processing 

plant where it is either milled, being the juice extracted with water or by diffusion. Lime treatment is used to 

clarify the juice followed by heating to kill enzymes. The resulting syrup is concentrated in a multi-effect 

evaporator, after which water is removed by vacuum evaporation. After seeding, the resulting sugar crystals 

are separated from the fluid and dried. These crystals of raw sugar have a sticky brown coating, and can 

either be used as they are, or blanched by sulphur dioxide or treated in a carbonation process, resulting in 

a whiter product20.  The process of beet sugar extraction is similar. The crop is washed, sliced and the sugar 

is extracted by diffusion. Lime must be added to the resulting juice and then it is carbonated in a number of 

stages. Water is evaporated in vacuum and the syrup is then cooled and seeded with sugar crystals. After 

centrifugation and drying, the sugar is ready and requires no further refining21.  

Although refined sugar was presented a luxury before the 18th century, it gradually became a necessary 

food ingredient. This evolution of taste and demand resulted in major economic and social changes. 

Eventually, table sugar became cheap and common enough to influence standard cuisine and flavoured 

drinks22. Refined sugar is composed of 99.9% sucrose providing only carbohydrate value as a major nutrient 

and 390 kcal per 100 g of product23.  

Sugar consumption has worldwide tripled over the past 50 years3. Only in the USA, added sugars are found 

in 75% of all the consumer packed foods and beverages24. The impact of this high consumption on health 

continues to be a controversial topic. There are research evidence that suggests that excess sugar 

consumption promotes the development of type 2 diabetes and cardiovascular disease both directly and 

indirectly25. Furthermore, recent studies have also linked sugar consumption to the development of cancer 

and cognitive decline26. For these reasons, the introduction of alternative low calorie natural sweeteners in 

the human diet is a reality that must be considered.  
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2.1.2. TAGATOSE 

Since D-tagatose was first described in 1997, its story has grown exponentially. This naturally occurring, 

simple sugar, has now been successfully formulated in a variety of products. In addition to its original use 

as a sweetener in foods, surprising new beneficial uses in health and medicine have been discovered, with 

no toxic manifestations. It is 92% as sweet as sucrose when tested in 10% aqueous solutions5. In 1998, the 

Food and Drug Administration (FDA) approved a caloric value of 1.5Kcal/g27.  

 

Figure 0-2 - Chemical structure of L-tagatose28.  

Tagatose has been found to have a surprising number of attributes against diseases and poor health. 

According to Levin, G. (2002)5, studies in rats have shown that, although the metabolic steps are the same, 

the rate of metabolism of tagatose is slower than for related sugars as fructose. Most of the ingested 

tagatose in rats is not absorbed through the small intestine but passes to the lower gut where it is fermented 

by the bacteria there. This sweetener was shown to stabilize glucose levels and, was found to be 

antihyperglycemic. Since hyperglycemia is generally the major cause of aging, prescribed doses of tagatose, 

as a part of a dietary restriction programme, will promote healthier, more active and longer lives29. Another 

application discovered for tagatose raised doubts about its safety. The ability of this sweetener to remove 

foreign substances from the blood, will expose the liver to the toxic substances accumulated, which might 

make liver cells more susceptible to such toxins. Luckily, studies showed that tagatose is a powerful 

antioxidant and has cytoprotective effects that protect the liver cells from lethal pro-oxidant poisons30,31. 

Moreover, the excellent taste and low caloric value of tagatose makes it also a good candidate for excipient 

use in drugs. It also may be substituted for sucrose and other sweeteners in toothpaste, mouthwash or 

lipstick. A key requirement for the use in toothpaste is humectancy, and studies have demonstrated this 

physical property to be satisfactory for this usage5.  

The production process of tagatose is more advantageous than common sugar since it uses no organic 

solvents and yields no toxic or no biodegradable wastes5. For this reason, the process is “friendly” from 

environmental and health standards. The patented process of commercial tagatose production starts with 

lactose derived from whey or deproteinized whey. The lactose is solubilized and subjected to enzyme-

catalysed hydrolysis, yielding a mixture of D-galactose and D-glucose. The products are separated via 

chromatography and glucose is isomerized with lime in the presence of calcium tagatate. This compound is 
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then treated to yield tagatose that is purified by chromatography. The tagatose is concentrated and dried 

into crystalline form. The lack of organic solvents in the process makes it fairly easy to clean up the product5.  

2.1.3. STEVIA AND STEVIOL GLYCOSIDES  

Stevia rebaudiana Bertoni, which is a natural source for non-nutritive sweeteners native to Paraguay and 

Brazil, has been increasing in popularity in the last years15. However, this plant has been used for centuries 

in South America and for decades in Japan and other Asian countries32.  

This type of Stevia is one of the 154 genders whose maximum active principle for sweetening is found just 

prior to flowering. In wildly grows in sandy soils, acid infertile sand or muck soils32. The sweet taste of the 

leaves is due to the diterpenoid glycosides, which all contain a steviol aglycone and differ in the number 

and type of sugars attached to the C-13 and C-19 (carbons in the 13th and 19th position). In S. rebaudiana 

there are more than a dozen steviol glycosides (SGs) identified including stevioside and rebaudioside A, 

represented in Figure 0-3.  

Rebaudiose A, the major component of stevia leaf extract was recognized, in 2008, as GRAS (Generally 

Recognized As Safe) by the United States (US) FDA and allowed as a food additive. In the European Union 

(EU), the sale and use of SGs is also permitted since December 201133. The sweetness strength of 

stevioside has been rated to be 300 times the relative sweetness intensity of 0.4% sucrose solution34.  

 

Figure 0-3 – Steviol Glycosides: Stevioside (left) and Rebaudioside A (right) which accumulate to high levels in stevia 

plants15.  

Its structure is not altered by exposure to high temperatures and, therefore does not lose its sweetness, so 

it is suitable for hot or baked food. Also is stable at temperatures used in food processing like pasteurization 

and sterilization. It has high solubility in water and hydroalcoholic solutions. In a wide pH range, from 3 to 9, 

it appears to be stable, even at 100°C. Above pH 9 there is a rapid loss of sweetness, however ordinary 

food show few values of pH> 9. In carbonated beverages that include in their composition citric and 

phosphoric acid, are detected loss of sweetness of 36% and 17%, respectively, when stored at 37°C33.  

The extraction and purification process of stevioside consist in the following steps: extraction of the leaves 

of Stevia rebaudiana with organic solvents, filtration, coagulation and precipitation of impurities by change 

of pH; clean-up on ion exchange resins, crystallization and finally drying. Importantly, if the process is not a 
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product with acceptable taste, other treatments such as chemical or enzymatic modifications could be 

applied, but the resulting product could not be called natural. Besides the known extraction methods, new 

methods from glycoside-based extraction from Stevia were developed, and it was found that water can be 

very effective for extracting glycosides at selected pH and temperature35.  

Studies revealed that Stevia has been used throughout the world since ancient times both as a sweetener 

and as a medicine36. A Stevia leaf powder with no processing is highly safe to use, calorie free, and around 

20-30 times sweeter than sugarcane. Since it has been consumed by human beings for centuries and 

without any negative effects reported, it presents an advantage over artificial sweeteners as an industrial 

ingredient. Apart from the sweet contents, S. rebaudiana also offers therapeutic benefits, having anti-

hyperglycaemic, anti-hypertensive, anti-inflammatory, antitumour, bactericidal, diuretic and 

immunomodulatory effects35,37,38. Furthermore, as it can be grown in different conditions, it is necessary to 

study cultivation practices in various regions of the world, in natural conditions or in greenhouse production32.  

2.2. Food Safety 

The presence of microorganisms in food is a well-known reality and it is essential for both preservation and 

the spoilage of food products. The first person to appreciate and understand the presence and role of 

microorganisms in food was Pasteur, in 1837. He observed that microorganisms were responsible for milk 

souring. Also, around 1860, he used heat to destroy undesirable organisms in wine and beer for the first 

time, which is now known by pasteurization39.  Food spoilage is not the primary role of microorganisms in 

nature. Their primary function is self-perpetuation and during this process they must obtain nutrients from 

organic matter, some of which constitutes our food products39. Bacteria, viruses, fungi, parasites, chemicals 

and toxins naturally present in plants and animals can cause human illness and can be transmitted through 

foods. A microbial foodborne illness may result from ingesting a good containing either pathogenic 

microorganisms or a toxin. If the agent is a pathogen microorganism the illness is called an infection, 

otherwise if a toxin is the causative agent, the illness is called a food intoxication or food poisoning40.  

Infections transmitted through foods are common, presenting with a variety of symptoms and syndromes, 

threatening population worldwide. Pathogens such as Salmonella, Campylobacter, Listeria, Escherichia coli, 

Shigella and others have infected high numbers of people through the years41. In 2011, salmonellosis was 

the most common infection, followed by campylobacteriosis and shigellosis6. The spectrum of infections 

and the food sources that transmit them has changed as new pathogens have emerged. The number of 

high-risk groups have increased as the nature and sources of the foods we eat has changed. The sources 

from which pathogens are transmitted are variable: from water to the soil and animal faeces. Rations and 

animal food supplies remain an important source of Salmonella for birds and other domestic animals. Also, 

animals’ producers of milk and meat continue to be vulnerable to Listeria monocytogenes contaminations41. 

New and unsuspected food vehicles are also being identified. Since 2006, at least 15 foods (bagged spinach, 

carrot juice, peanut butter, etc), which had not been recognized as problems, have been the source of 

outbreaks42. To ensure a safe production of a food product, the producer must assay not only the final 
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product but also ingredients, processing equipment and packing40. Since 1990’s some infections have been 

reduced by intensive and focused control efforts in some parts of the food chain, whereas others remain as 

common or even increasing6.  

The Hazard Analysis Critical Control Points (HACCP) concept was introduced as a proactive, preventative 

system of quality control being now widely accepted by regulatory authorities and industry as the tool by 

which safety is built into food-processing operations9. In 2011, the Centers for Disease Control and 

Prevention (CDC) estimated that each year approximately 48 million illnesses, 320 000 hospitalizations, 

and 3000 deaths were caused by foodborne diseases occur in the US7,43. In order to prevent and control 

these diseases, it is of outmost importance to study foodborne pathogens and food microbiology in general. 

Hereupon follow two examples of foodborne pathogens Salmonella Typhimurium and Listeria 

monocytogenes, their characteristics and vehicles of infection. 

Salmonella enterica Typhimurium 

The gender Salmonella is a pathogenic Gram-negative, non-sporing bacteria predominately found in the 

intestinal lumen of animals especially poultry and swine. This microorganism has been found in 

commercially prepared and packaged foods like cane mixes, cookie doughs, dinner rolls and also in coconut 

meal, salad dressing, mayonnaise, milk and many other foods40. Sources of contamination include water, 

soil, insects, kitchen surfaces, cross contamination, animal faeces, raw meats, raw poultry including eggs 

and raw sea foods44. Over 2500 Salmonella serovars have been identified and are categorized into two 

species: Salmonella enterica and Salmonella bongori. The majority of serovars belong to Salmonella 

enterica and are further sub-categorized into five subtypes based on the similarities and differences of 

specific O-antigens45. According to CDC’s statistics, only in the US Samonella causes one million illnesses, 

salmonellosis with 19000 hospitalizations and 380 deaths, per year. The symptoms include diarrhea, 

abdominal cramps, nausea, vomiting, fever and headache. They begin within 6 to 72 h after the consumption 

of food and can last from 4 to 7 days46.  

These organisms are able to grow on a large number of culture media and produce visible colonies within 

24 hours at 37°C. They are unable to ferment lactose, sucrose or salicin although glucose and other 

monosaccharides are fermented with the production of gas. The optimum pH is around neutrality with values 

above 9 and below 4 being bactericidal. The lowest temperature at which growth has been reported is 6.2°C 

for Salmonella enterica Thyphimurium and the upper limit for growth is around 45°C. Regarding water 

activity (aw) growth inhibition has been reported for values below 0.94 in media with neutral pH39.  

Listeria monocytogenes 

The genus Listeria is Gram-positive non-spore forming bacilli. Members of the genus Listeria are generally 

aerobes or facultative anaerobes, catalase positive and oxidase negative. Generally, Listeria strains grow 

between 1°C and 45°C under aerobic and facultative anaerobic conditions. Their optimal growth 
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temperature is between 30 and 37°C47,48. It is an intracellular pathogen and resides in the cytosol, where it 

replicates, infecting the host47.  

Listeria monocytogenes is a food-borne pathogen that is distributed in a wide variety of environments. 

Human infection may lead to a serious and potentially life threatening illness known as listeriosis. Pregnant 

women, neonates and elderly or immunocompromised adults are particularly susceptible to listeriosis, which 

presents as septicaemia, meningitis or meningoencephalitis. A minimal infective dose has not been 

determined yet but estimates vary from 102 colony forming units (CFU) to 109 CFU, depending on the 

immunological status of the host. The incubation period varies from 11 to 70 days in humans48. Reports 

from the US show that L. monocytogenes infections are responsible for the highest hospitalisation rates 

(91%) amongst known food-borne pathogens47. Per year it is estimated to cause 1600 illnesses and 260 

deaths in the US49. Products such as raw milk, soft cheese produced from raw milk, raw meat products and 

salads are frequently implicated as a source of Listeria strains. It is able to attach to and survive on various 

working contact surfaces due to its ability to form biofilms. From the food safety point of view, understanding 

how Listeria organisms are able to successfully adapt and overcome various forms of stress and current 

control measures is an important step in developing better ways of controlling this pathogen48.  

2.3. Predictive Microbiology 

The concept of Predictive Microbiology gathers the knowledge on microbial behaviour and its translation 

into mathematical models50. This field uses a combination of mathematical, statistical and microbiological 

principles to quantitatively predict the behaviour of microbial populations9. International efforts to improve 

the quality and safety of food products have led to an increased interest in predictive microbial modelling 

among food manufacturers and regulatory agencies51.  

To create microbial growth models and therefore predict microbial growth several aspects must be taken 

into consideration starting by growth dynamics of microorganisms. Furthermore, the growth quantification 

and the understanding of the parameters influencing microbial growth are essential for the construction of 

solid and reliable predictive models.  

2.3.1. GROWTH DYNAMICS 

In his classic review “The growth of bacterial cultures”, Monod (1949)52 stated that the growth of bacterial 

cultures, despite its complexity, obeys to simple laws, which makes it possible to define certain quantitative 

characteristics of the growth cycle: total growth, exponential growth rate and growth lag. A number of growth 

models are found in literature, such as the models of Richards53 and Stannard54. In order to build these 

models, growth has to be measured and modelled.  

When a microorganism is cultivated in laboratory using an adequate culture media and under favourable 

incubation conditions, it is possible to observe an increase of cell population through time. This growth can 

be measured by the number of cells per unit of culture volume41. Taking into account a heterogenic microbial 

population, it is accepted that only a fraction of the population (X) in a certain period of time (dt) completes 
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the cycle, increasing the overall population (dX). According to equation 1, the variation of cell concentration 

per unit of time (dX/dt) is proportional to the population that is dividing (X). The specific growth rate (µ) is 

the proportionality constant41,55.  

𝑑𝑋

𝑑𝑡
𝜇𝑋 ⇔ 𝜇 =

1

𝑋

𝑑𝑋

𝑑𝑡
 (1) 

Initially, bacterial growth shows a phase in which the specific growth rate starts at a value of zero, the lag 

time. During this initial phase, cells are adapting to the new environment and there is no growth.  Afterwards, 

completed the adaptation, growth accelerates to a maximal value (µmax) in a certain period of time which is 

called exponential phase. When the maximum cell population (Nmax) is achieved growth reaches a stationary 

phase. The accumulation of metabolites and the lack of nutrients results in a progressive reduction of cell 

division ending up with a specific growth rate of zero. Finally cells enter a death phase decreasing the cell 

concentration in time55. When the growth curve is defined as the logarithm of the number of organisms 

plotted against time, these growth rate changes result in a sigmoidal curve (Figure 0.4), with a lag phase 

just after t=0 followed by an exponential phase and then by a stationary phase ending then with a death 

phase55.  

 

Figure 0-4 - Generic microbial growth curve.  

The lag phase occurs immediately after inoculation and it is characterized by a constant value of cell 

population with no specific growth rate (µ=0). This phase consists in an adaptation of the microorganisms 

to the new environmental conditions and can be associated to the synthesis of DNA, RNA and proteins. 

Also, some enzymes needed for the synthesis of metabolites which may not be present in the culture 

medium can also be synthetized during this period. Its duration is determined by the inoculum initial 

density11,41.  

During the exponential phase, the variation of the limiting nutrient concentration is an exponential function 

of specific growth rate (µ). This phase is characterized by a significant consumption of nutrients. The growth 

is balanced as all the cells double under the same specific rate. This characteristic allows the monitoring of 

the growth by measuring any cellular constituent (proteins, lipids, nucleic acids). The growth is limited by 
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the ending of one or more essential nutrients as well as by the accumulation of secondary metabolites. 

Following the exponential phase there is a significant decrease on the growth rate until it reaches zero. At 

this point, which is called stationary phase, although there is no cell division, the population remains 

metabolically active, similar to the lag period11,41,55.  

2.3.2. QUANTIFICATION OF MICROBIAL GROWTH 

The quantification of the microbial growth relies on methodologies to determine variations on the number or 

mass of cells in a period of time. That determination can be done using either direct or indirect methods. On 

the one hand, when using a direct method such as microscopic counting, the total number of cells is 

determined. On the other hand, the indirect methods are based on the determination of parameters related 

to cellular concentration, like the optical density determination (OD) 41.  

Quantification of Microbial Growth in foods 

Regarding food products, microbial growth has been assessed with a macroscopic approach by applying 

invasive analytical techniques like viable plate counting (VPC). Lately, more mechanistically inspired non-

invasive techniques are being applied to enable a high throughput data collection, such as microscopy-

based techniques coupled with image analysis and OD-based measurements. The most commonly used 

procedure among the traditional techniques to monitor bacterial growth is viable plate count. This invasive 

technique has been used to determine the overall growth dynamics of bacterial populations and to elucidate 

the potential effect of different environmental factors. In order to monitor growth of bacterial colonies in real 

time and to estimate different parameters related to colony evolution, microscopy-based methods are used. 

These methods are gaining interest in the field of food microbiology, since image analysis programs and 

automation software tools make data processing more feasible. Techniques such as Fluorescent or 

Confocal Laser Scanning Microscopy (FLSM & CLSM) are examples of non-invasive imaging techniques. 

These microscopy-based methods require technological equipment increasing the cost of utilization, in 

comparison with traditional invasive techniques13.  

2.3.3. TYPES OF MICROBIAL GROWTH 

Depending on the type of media, microorganisms show different growth behaviours. The two most common 

ways of growing bacteria in vitro is plancktonically, when considering liquid medium, or as colonies, in solid 

medium56.  

From liquid systems, which are the simplest medium structures, to most complex systems with different 

phases differences can be found on the growth of microorganisms57. Growth of microorganisms in a liquid 

aqueous phase is typically planktonic. Cells grow independently through the medium and their distribution 

is homogeneous. In liquid systems the nutrients and metabolites are transported to and away from the cell 

by convection and difusion11. If the culture is under agitation, the homogenization is more efficient and the 

availability of gases is constant. When the culture is static, cells trend to deposit on the bottom where the 
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availability of gases is reduced. Moreover, the limited distribution of nutrients and the accumulation of 

secondary metabolites can lead to slower growths when compared to agitated systems58,59. On the other 

hand, in solid systems, cells grow as colonies which makes them more subjected to variable conditions as 

the transport of metabolites and nutrients is performed mainly through diffusion600. The fact of growing in a 

structured medium reduces the mobility of the cells causing an additional stress factor. The distribution of 

gases and nutrients is heterogeneous and gradients are formed across the medium58. For studies in 

laboratory, solid systems can be achieved using one or more gelling agents, such as agar10.  

Slower growth rates have been reported as a consequence of this constraint. Koutsoumanis et al. (2004)61 

studied the growth limits, as influenced by temperature, pH and aw of L. monocytogenes while growing 

planktonically or on a solid surface. Slower growth rates were achieved in the solid system compared to the 

liquid. Meldrum et al. (2003)12 also obtained slower growth rates of Listeria in gelatinized broth compared 

to liquid broth, at different sucrose concentrations.  

2.3.4. PARAMETERS THAT AFFECT MICROBIAL GROWTH 

Microbial growth is affected by variations on the environment in which they are inserted. Plenty of 

environmental factors can play an important role on microbial growth such as temperature, pH, water and 

oxygen availability, nature and concentration of nutrients41.  

Temperature 

This parameter can be considered one of the most important factors affecting microbial growth as it can 

have both a positive and a negative impact. When increasing the temperature, enzymatic reactions are 

processed at a higher velocity enhancing the microbial metabolism which results in a higher and faster 

growth. However, when the increase of the temperature is too much, some essential proteins start to 

desaturate and cell membrane loses its integrity. Trying to solve this problem, microorganisms activate 

repair mechanisms spending high amounts of energy needed for the growth, inhibiting cell division. Under 

certain temperatures, cellular transport processes and enzymatic reactions become very slow 

compromising microbial growth. As a result to these temperature reactions, every microorganism has a 

minimal growth temperature under which the growth is inhibited, an optimal temperature for which the 

specific growth rate is maximum and also a maximum temperature above which the growth stops. These 

three temperatures are characteristic of each microorganism and their values can be variable depending on 

the growth medium conditions. Microorganisms can be sorted into three groups based on their temperature 

requirements for growth. Those that grow only between 20 and 45°C are named mesophiles, whereas those 

that grow at and above 45°C are called thermophiles. The ones that are able to grow at or below 7°C having 

their optimum between 20 and 30°C are referred to as psychrotrophs39,41.  

Water availability 

A good part of the microorganisms grow in liquid environments where the water content is very high. Also, 

water is one of the principal constituents of microbial cells, is a metabolic product and an important reagent 
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on hydrolyse reactions. The water availability is usually expressed by the value of water activity (aw) which 

is defined as the fraction between vapour pressure, in equilibrium with a solution, and the vapour pressure 

of pure water. The aw values can fluctuate between 0 and 1 and are inversely proportional to the osmotic 

pressure39,41.  

pH  

Another important parameter of microbial growth is the pH. Each species have an optimum value at which 

the specific growth rate is maximum. Despite their ability to proliferate in a wide range of pH values, there 

are limits for each microorganism. Drastic changes in this parameter can disturb cellular metabolism, 

inhibiting enzymatic activity and of membrane transporting proteins. This can lead to cell membrane 

disintegration and consequent cell death. Usually, microorganisms can change the pH of their habitats 

though acid or basic production from their metabolism. This characteristic can be helpful for the adaptation 

of each microorganism to new environments39,41.  

Oxygen availability 

Microorganisms differ on their oxygen (O2) needs and they can be divided in groups based on their 

behaviour in the presence of this gas. They can be classified as aerobes, if they can proliferate in the 

presence of O2 or anaerobes if they can obtain energy from processes which do not require oxygen. The 

availability of this gas depend on the type of habitat of each microorganism or on the type of growth 

medium39,41 41 .  

Nutrient content 

The nature and concentration of nutrients are other two factors affecting microbial growth. It is known that 

each microorganism present different specific growth rates depending on the nutrient used as a carbon and 

energy source. Sugars, when used as a carbon and energy source, provide higher values of specific growth 

rates, compared to carboxylic acids or alcohols. Nevertheless, taking into account the complexity of 

microbial growth, it is hard to predict if a given nutrient will provide a higher or lower specific growth rate, in 

comparison with others39.  

2.3.5. PARAMETERS THAT AFFECT MICROBIAL GROWTH IN FOOD PRODUCTS 

The growth of microorganisms in foods is affected by both intrinsic and extrinsic factors such as temperature, 

pH, water activity, presence of antibiotics, structure of the growth media, etc. Understanding the parameters 

related to growth and behaviour of microorganisms can be useful in determining their survival and can be 

used as a way to control their proliferation9.  

Extrinsic parameters 

The extrinsic parameters of foods constitute environment or storage properties that affect both the foods 

and their microorganisms. In line to what was mentioned before, these parameters are not substrate 
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dependent. Those of outmost importance are as follows: temperature of storage; relative humidity of the 

environment; presence and concentration of gases; presence and activities of other microorganisms39.  

Temperature 

Individually or as a group microorganisms can grow over a wide range of temperatures. The selection of the 

proper temperature for the storage of different types of foods is an important aspect to take into 

consideration to avoid microbial growth in food products. According to the classification aforementioned 

Psychrotrophs remain the biggest problem concerning food preservation. Due to their ability to grow well at 

refrigerator temperatures they are able to spoil meat, fish, poultry, eggs and other foods stored between 5 

and 7°C. The ones that are most commonly found on foods belong the genera Pseudomonas and 

Enterococcus. The quality of the food product must also be taken into account when selecting a storage 

temperature. Although it would seem desirable to store all food at refrigerator temperatures or below, this is 

not usually the best for the maintenance of the quality in some foods39.  

Relative humidity 

In line to what was said about the influence of water availability in the growth of microorganisms, when 

considering food products it is important both from the standpoint of the aw within foods and the growth of 

microorganisms at the surfaces. Once more, when selecting the proper storage conditions it should be 

considered the relationship between relative humidity and temperature. In general, the higher the 

temperature, the lower the water content39. A decrease in water activity in foods generally reduces microbial 

growth. If other growth factors are not ideal, reduction of water activity increases growth inhibition62. In food 

products, changes in aw can result from drying or introduction of solutes63.  

Presence of gas or other microorganisms 

Apart from the influence of the oxygen content on microbial growth previously explained, carbon dioxide 

(CO2) and ozone (O3) play an important role on food preservation. Both have antimicrobial properties and 

have been used to preserve package foods64.  

Another important factor which affects microbial growth is the presence of other microorganisms. Some 

organisms present in foods produce substances that can be either inhibitory or lethal to others, including 

antibiotics, bacteriocins, hydrogen peroxide and organic acids39.  

Intrinsic parameters  

Apart from the environment or the storage conditions of food products, its intrinsic properties have also a 

huge impact on microbial growth11. The majority of our food products are of plant and/or animal origin, 

therefore it is worthwhile to consider those intrinsic tissue characteristics which are: pH; moisture content; 

oxidation-reduction potential; nutrient content; antimicrobial constituents; macro and microstructure39.  
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Food Composition 

In line to what was mentioned before, pH and the relative humidity of each food product are two important 

factors affecting microbial growth. Another important aspect relies on the nutrient content: composition and 

concentrations. Water, sources of energy and nitrogen, vitamins, growth factors and minerals are essential 

components to allow the proliferation of microorganisms. Foodborne microorganisms may use sugars, 

alcohols and amino acids as sources of energy. Some microorganisms are also able to degrade complex 

carbohydrates, like starches and cellulose, to simple sugars and use it for energy purposes39.  

Some components of the medium can also have inhibitory and preservative effects which are strictly linked 

to changes in the water activity (aw)56. Components like salt, mainly NaCl, and sugar are present in the 

majority of food products and they both show similarity in their modes of action in preserving foods. NaCl 

has been employed as a food preservative since ancient times, the early food uses of salt were for the 

purpose of preserving meats. This use is based on the fact that at high concentrations, salt exerts a drying 

effect on both food and microorganisms. Under high concentrations of salt, water passes out of the cells by 

diffusion at a greater rate than it enters, leading to cell plasmolysis which results in growth inhibition and 

possibly cell death. Sugars, such as sucrose, exert their preserving effect in essentially the same manner 

as salt12. One of the main differences lies in relative concentrations. It generally requires about six times 

more sucrose than NaCl to achieve the same degree of inhibition. The most common uses of sugars as 

preserving agents are in the making of fruit preserves, candies or condensed milk. The shelf stability of 

certain pies, cakes, and other such products is due in large part to the preserving effect of high 

concentrations of sugar, which, like salt, makes water unavailable to microorganisms39,58.  

Food Structure 

Food products have a complex structure whose macroscopic properties arise from a combination of 

microstructural features65,66. Besides from its effect on rheological, textural and sensorial characteristics, 

food microstructure plays an important role in the behaviour of microorganisms67. It is usual to distinguish 

between liquid foods, which present a uniform distribution in terms of nutrients and metabolites and lead to 

planktonic growth, and structured foods such as emulsions, gels and solid foods in which microorganisms 

are immobilized and forced to grow as colonies58. Therefore, food structure can be considered as an 

additional stress factor to microbial growth thus leading to slower growth rates11. However, it has been 

suggested that aspects such as diffusion limitations and cell-to-cell communication can result in more 

favourable growth conditions in structured than with liquid systems12,59,68.  

Until now, several experiments with Salmonella Typhimurium, Listeria monocytogenes, E. coli and other 

microorganisms have been described in homogeneous and heterogeneous systems and even in real food 

products (see annex 1). The process of phase separation, resulting in a heterogeneous microstructure, has 

been discussed in the scientific community, as it can be confirmed in the work of Butler et al. (2001 and 

2003)69,70. Heterogeneous structures can be mimicked using biopolymers with gelling properties10. Recently, 

in Boons et al. (2013b)71 a phase-separating biopolymer mixture of gelatine and dextran was obtained to 
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investigate the effect of a heterogeneous microstructure on Escherichia coli growth behaviour. It was found 

that the presence of the second biopolymer induced phase-separation being the dextran phase the 

preferential one for bacterial growth.   

2.3.6. MICROBIAL GROWTH MODELS 

All the previous factors related to microbial growth can be studied using predictive models. Food industries 

rely on these models to evaluate the risk of pathogen growth or to control and minimize the risk of foodborne 

illness50.  

Ross et al. (2000)72 noted that predictive models based on liquid broth experiments ignore the effects of 

structure on the transport of nutrients and metabolites. To overcome this problem, gelling agents (gelatine 

or agar) can be added to a liquid broth medium to mimic foods like pâté and skimmed milk cheeses and 

existing models can be adapted based on this data11. Like this, predictive models can be validated in real 

food products. 

Predictive models can be divided into two categories: kinetic and probability models or empirical and 

mechanistic models. These last ones follow a three level classification method described as primary, 

secondary and tertiary. Primary models, can be obtained by growth data of microorganisms under a 

constant environment. Secondary models describe the effect of environmental conditions on the parameters 

described by primary models. Integrating the two types of models, dynamic models are obtained. The 

tertiary classification is related with the application of software to calculate changing conditions or graph the 

growth of several microorganisms simultaneously8.  

The variables built in the mathematical models are divided into three classes: (1) Extracellular conditions 

assumed to be unaffected by the growth of the cells, which are called growth-independent environmental 

quantities; (2) Extracellular conditions which are changed by the growing culture, which are called growth-

dependent environmental quantities; (3) Intracellular conditions of certain substances like the concentration 

of nucleic acids, which change during growth and characterize the physiological state of the cells73.  

When fitting a model to a growth curve, growth parameters such as maximum specific growth rate or 

maximum cell concentration are obtained. Given the complexity of biological systems and the variability of 

all the growth conditions involved, the translation of microbial growth dynamics into mathematical 

expressions is not trivial. Therefore, the applied mathematical-statistical methods involve several 

simplifications and empirical elements73.  

Baranyi and Roberts model (1995) 

Biological systems are extremely complex and so, its model must inevitable include simplifications. The 

models used in biotechnology and food microbiology should differ only in the aspect where the mentioned 

simplifications are placed and how extensive they are8. Baranyi and Roberts listed several reasons why 

food microbiology shouldn’t copy the biotechnology mathematical models73. They stated several steps 
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which make a model practically usable in food microbiology. The first basic hypothesis is that the cell kinetics 

is determined by three classes of variables: Intracellular conditions, extracellular conditions that change with 

bacterial metabolism and extracellular conditions independent of the growing culture. Also, several 

simplifications were made. For example, they assumed the bacterial population as an homogeneous mixture 

and the natural biological variance was not considered73.  

According to the model proposed by these authors in 1995, bacterial population is first cultured under more 

or less optimal conditions E1 and then inoculated and grown in the actual environment, E2, where the 

logarithm of the cell concentration changes according to a well-known sigmoid pattern, provided that the 

environment E2 is kept constant74. It is widely accepted that the maximum specific growth rate of a given 

population, µmax, in a constant environment, is an intrinsic parameter of that population. Therefore, this 

parameter is determined by the variables of E2, independently of the pre-inoculation environment, E1. In 

addition, another parameter of the actual growth curves, the lag time, is frequently modelled. However, the 

duration of this phase depends not only on E2 but also upon the previous history of the cells. It is more 

difficult to predict the length of the lag period than the maximum specific growth rate. This happens because 

the cells’ history can be significantly different for the same inoculum concentration. The term “bottleneck 

substance”, introduced by these authors, means a critical substance q(t) that the cells need in order to adjust 

to their new environment and reach the exponential phase. The development of this critical substance, q, 

follows first order kinetics and has a constant specific rate, which is assumed to be equal to µmax of the 

bacterial culture. The process of adjustment of the cells to the new environment can be described by 

𝛼(𝑡) =
𝑞(𝑡)

1+𝑞(𝑡)
 (2) 

This Lag period is characterized by the gradual increase of α(t) from a low value towards 1. Another 

transformation: 

ℎ(𝑡) = ln (1 +
1

𝑞(𝑡)
) =  − ln[𝛼(𝑡)] (3) 

is calculated by the product of the lag period, α(0), and the maximum specific growth rate. Generally, the 

lag period and growth rates are modelled independently despite the high correlation between them. The 

models of Baranyi et al. allow these two parameters to be modelled together and the model is made 

applicable to a time-dependent environment.  

When transiting from the exponential to the stationary phase, a logistic-type limiting function is applied to 

the cell concentration: 

𝑑𝑥

𝑑𝑡
= (

𝑞

1+𝑞
) 𝜇𝑚𝑎𝑥 (1 −

𝑥

𝑥𝑚𝑎𝑥
) 𝑥 (4) 

With initial values of 𝑥 = 𝑥0 and 𝑡 = 0, where x is the cell concentration, and 
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𝑑𝑥

𝑑𝑡
= 𝜇𝑚𝑎𝑥𝑞 (5) 

With initial values of 𝑞 = 𝑞0 and 𝑡 = 0. 

If y(t) is the natural logarithm of the cell concentration and if in a constant environment, with temperature 

constant, the solution of the system above is 

𝑦(𝑡) = 𝑦0 + 𝜇𝑚𝑎𝑥𝐴(𝑡) −
1

𝑚
ln (1 +

𝑒𝑚𝜇𝑚𝑎𝑥𝐴(𝑡)−1

𝑒𝑚(𝑦𝑚𝑎𝑥−𝑦0) ) (6) 

Where y0 is the initial population, ymax the maximum population achieved, m is the curvature parameter and 

A(t) describes the lag phase: 

𝐴(𝑡) = ∫ 𝛼(𝑠)𝑑𝑠
𝑡

0
 (7) 

(s is an integral variable running from 0 to t). 

If the actual environment, E2, is constant then, the concentration of a critical substance grows exponentially 

at the same specific rate as the cells in the exponential phase, v= µmax, and considering the physiological 

state of the inoculum q(0), the integral function of α(t), denoted by A(t) can be expressed by: 

𝐴(𝑡) = 𝑡 +
1

𝑣
ln (

𝑒−𝑣𝑡+𝑞0

1+𝑞0
)  (8) 

The above expression, substituted in the expression Z, gives a sigmoid function, known as the Baranyi and 

Roberts model, with the parameters, y0, ymax, µmax, q(0), v and m. This primary model can be used to predict 

the growth of microorganisms under isothermal conditions.  
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3. Materials and Methods 

The experimental work was entirely developed at BioTeC+ - Chemical and Biochemical Process Technology 

and Control, Department of Chemical Engineering, KU Leuven, Belgium under the supervision of Professor 

Jan Van Impe.  

3.1. Microorganisms and pre-culture conditions 

The growth experiments were performed with Salmonella enterica serovar Typhimurium SL1334, provided 

by The Institute of Food Research (IFR), Norwick, UK and Listeria monocytogenes LMG13305. TSB 

(Tryptone Soya Broth – Oxoid, LTD, Basingstoke, Hampshire, England) medium was used for the pre-

culture experiments, consisting of 17.0 g/L of pancreatic digest of casein, 3.0 g/L of enzymatic digest of 

soya bean, 5.0 g/L of sodium chloride, 2.5 g/L of di-potassium hydrogen phosphate and 2.5 g/L of glucose. 

In the experiments with L. monocytogenes every medium was supplemented with 0.6% (w/v) of granulated 

yeast extract (Merck, Germany). 

From a stock culture, stored at -80°C, bacterial cells were streaked on an agar plate and allowed to grow 

for 2 days at room temperature. The preculture was prepared by transferring a colony from the previous 

plate into a sterile Erlenmeyer containing 20.0 mL of TSB for S. Typhimurium and TSBYE (with yeast extract) 

for L. monocytogenes. After 8.30h in an incubator at 37°C (BINDER) for S. Typhimurium and at 30ºC 

(BINDER) for L. monocytogenes, 20.0 µL of the suspension were transferred into 20.0 mL of fresh TSB and 

incubated for 15h under the same conditions. After this pre-culture, 900.0 µL of the suspension were 

centrifuged (5810R, Eppendorf) for 10 minutes, at 4ºC and at 7500 rpm. The supernatant was discharged 

and the pellet was washed with 900.0 µL of TSB without dextrose and centrifuged again under the same 

conditions. After discharging the supernatant, the suspension was centesimally diluted four times in TSB 

without dextrose to achieve an initial cell density of 103 CFU/mL. The obtained cell suspension is used to 

inoculate as the pre-culture for the growth tests.  

3.2. Medium preparation and experimental setup for growth tests 

Several combinations of media and sweeteners were tested. For studies with S. Typhimurium and L. 

monocytogenes dextran medium and a combination of gelatine and dextran were tested with the four 

different sweeteners under study. These sweeteners and their corresponding concentrations were: table 

sugar (Tiense Suikerraffinaderij®; Belgium) 15.00% (w/v) and commercial Stevia (Pure Vie®) 1.50% (w/v), 

both purchased at the local market;  a mixture of steviol glycosides, obtained from Bioengineering 

Technology TC (Technology Campus Ostend, KU Leuven) 0.05% (w/v), and  tagatose 7.50% (w/v), kindly 

provided by the Department of chemistry-biochemistry, KaHo Sint-Lieven (KU Leuven). The control 

samples have the same composition without the addition of any sweetener. All media were based on 

powdered TSB without dextrose (TSBdf, Blecton, Dicksons and Company, Sparks, MD 21152 USA) 2.75% 

(w/v) for S. Typhimurium and TSBYEdf 2.75% (w/v) for L. monocytogenes. For the homogeneous media, 

TSBdf/TSBYEdf were supplemented with one gelling agent, 5.0% Dextran (from Leuconostoc spp, SIGMA-

https://www.kuleuven.be/wieiswie/en/unit/52469949
https://www.kuleuven.be/wieiswie/en/unit/52469949
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ALDRICH, Denmark) and enriched with the respective sweetener. For the heterogeneous solid structured 

media a mix of Dextran 5.0% (w/v), and a second gelling agent Gelatine, 5.0% (w/v) (from bovine skin, 

SIGMA-ALDRICH, Denmark). 

The mix of media, gelling agents and sweeteners was dissolved in sterile distilled water and was kept 10 

min in a water bath (Grant) at 70 ºC to melt the gelling agents. Then, the medium was filter-sterilized using 

a 0.20 µm pore-size sterile micro-filter (Filtropur S 0.2, Sarstedt, Germany) with the aid of a sterile syringe 

(10 mL). Once the temperature of the media was about 37°C, it was inoculated and homogenised to obtain 

an initial cell density of 103 CFU/mL. Next, sterile glass screw-cap tubes were filled with 1 mL of inoculated 

medium and incubated at 20 °C (Termaks Inc.). At different time intervals, two test tubes are removed from 

the incubator and melted at 37°C. 3 drops of 20.0 µL of each tube are plated in TSA (Tryptone Soya Agar 

– Oxoid, LTD, Basingstoke, Hampshire, England) plates to determine viable plate count. TSA contains 15.0 

g/L of pancreatic digest of casein, 5.0 g/L of enzymatic digest of soya bean, 5.0 g/L of sodium chloride and 

15.0 g/L of Agar. 

3.1. Confocal Microscopy: Sample preparation and image analysis 

Preparation of the mixtures for the confocal microscope samples was performed in the same way as for the 

growth experiments and were based on the procedure performed by Boons et al. (2014)10 For this study 

strains of S. Typhimurium and L. monocytogenes were used, expressing GFP protein, elaborated and kindly 

provided by Burke et al. (2008)75 and by Andersen et al. (2006)76, respectively. Before filtration of the media, 

30 µL of a 0.01% (w/v) Rhodamine B-solution (R953, Aldrich, Germany) was added to stain the gelatine 

phase. The media was supplemented with antibiotics: 100 µg/mL of Kanamycin for S. Typhimurium and for 

L. monocytogenes, Erythromycin and Nalidixic were used at a final concentration of 10 μg/mL and 100 

μg/mL, respectively. After inoculation, well chambers (Open µ-Slide with 8 independent wells, with a polymer 

coverslip, tissue culture treated and sterile, ibidi®) were filled with 300 µL of the mixture and incubated at 

20ºC. After around 40 hours images were taken with a commercial laser scanning microscope (FV 1000, 

Olympus, X60 magnification).  

3.2. Estimation of growth parameters and statistical analysis 

The growth model of Baranyi and Roberts (1994)73 was fitted to the obtained growth curves from S. 

Typhimurium and L. monocytogenes and the model parameters were estimated, from the set of 

experimental data. These parameters were estimated and graphical illustrations were generated using 

Matlab® R2014a (The MathWorks, Inc., Natick, MA). By application of the Isqnonlin outline with the Levenberg-

Marquardt optimization algorithm from the Optimization Toolbox, the sum of squared errors (SSE) were 

minimized. From the Jacobian matrix calculated, standard errors of each parameter were obtained.  
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4. Results & Discussion 

Using the technique of Viable Plate Counting, several experimental data was collected and growth curves 

of S. Typhimurium and L. monocytogenes were obtained. The model of Baranyi and Roberts (1995)74 was 

fitted to the growth curves and the resultant growth parameters with the respective standard error were 

obtained. In the next chapters the influence of novel sweeteners in the growth of these two foodborne 

pathogens in both homogeneous and heterogeneous systems is presented and discussed. Finally, the 

results of a confocal microscopy observation of the heterogeneous system are showed to verify phase-

separation of the medium and which phase, gelatine or dextran, is preferential for microbial growth. 

Optimal Growth Temperature Tests for Listeria monocytogenes 

Preliminary to growth studies, the optimal growth temperature for L. monocytogenes was assessed. For 

that, two pre-culture Erlenmeyer’s were prepared and incubated at 30ºC and 35ºC, respectively. After the 

pre-culture procedure, a sample of each was diluted 8 times and each dilution was plated in a TSA plate. 

After counting the resulting colonies for both experiments, the one in which the growth was higher was the 

one performed at 30ºC, as the first dilution in which colonies could be counted was at dilution 6. On the 

other hand, for the experiments at 35ºC, colonies could be counted already on dilution 5 which indicates 

less growth. For this reason, the further pre-culture experiments with L. monocytogenes were performed at 

30ºC. From previous experiments in the laboratory it was already settled 35ºC as the optimal pre-culture 

temperature for S. Typhimurium. 

4.1. Growth studies of Salmonella Typhimurium  

In a first step, the influence of two types of media microstructure were tested with different complexities. A 

homogeneous gelled medium composed by one gelling agent, 5.0% (w/v) dextran and a heterogeneous 

solid media composed by 5.0% (w/v) dextran and 5.0% (w/v) gelatine. In Figure 4.1-1 the growth curves of 

S. Typhimurium resultant from the fitting of the Baranyi and Roberts’s model are presented. 

Growth parameters were obtained from the fitting of the model, such as the initial cell density (N0), maximum 

cell density (Nmax), maximum specific growth rate (µmax), and lag phase duration (L0). Additionally, the Sum 

of Square Error (SSE) and the Mean Square Error (MSE) were given by the model from which the Root 

Mean Square Error (RMSE) was calculated. This parameter gives information on the quality of the model 

and can be interpreted as the standard deviation of the unexplained variance. Lower values of RMSE 

indicate better fit of the model to the experimental points.77 The values of the growth parameters obtained 

from the model are presented on Table 4.1. 
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Figure 4-1 - Growth curves of S. Typhimurium at 20ºC in a homogeneous medium (Yellow) composed by 5.0% (w/v) 

of Dextran and 2.75% (w/v) of TSB dextrose free and in a heterogeneous medium (Black) composed by 5.0% (w/v) of 

Dextran, 5.0% (w/v) of Gelatine and 2.75% (w/v) of TSB dextrose free. Symbols correspond to experimental data and 

lines to the fit of Baranyi and Roberts model (1994). 

Table 4-1 - Growth Parameters of Baranyi and Roberts’s model (1994) for S. Typhimurium in dextran-based 

homogenous media and in gelatine-dextran heterogeneous media at 20°C: N0, Nmax, µmax, L0, and the respective 

standard error as well as the RMSE obtained for each adjustment.  

 Homogeneous Heterogeneous 

N0 

(ln(CFU/mL)) 
6.73 ± 0.24 7.53 ± 0.30 

Nmax 

(ln(CFU/mL)) 
20.98 ± 0.07 21.66 ± 0.08 

µmax (1/h) 0.475 ± 0.012 0.441 ± 0.014 

L0 (h) 0.00 ± 0.75 0.00 ± 1.01 

RMSE 0.25 0.31 

 

The presence of a single gelling agent transforms the homogeneous system into a gelled, non-liquid 

environment. The heterogeneous medium presents a solid structure, resultant from the mixture of two 

gelling agents. Both media types force the cells to grow as colonies, immobilized in the system. This 

condition limits the flow of nutrients and gases creating gradients through the colonies58. Nevertheless, 

these constraints are softened in the homogeneous case, since it is not completely solid. From Figure 4.1-

1 and in Table 4.1 it can be compared the growth behaviour for both types of media. Differences among the 

population maximum growth rates and final cell concentration in the different mixtures can be considered 

too small for conclusions to be drawn. 
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In general, when increasing the complexity of the media slower bacterial growths are obtained. The 

constraint of colony growth is an additional stressing factor compared to planktonic growth in liquid systems. 

Theys et al. (2008)58 reported the same behaviour for Salmonella however liquid and solid growth were 

compared. Moreover, they performed rheological oscillatory measurements and concluded that gels 

became more firm and rigid when the concentration of gelatine reaches 5% (w/v) slowing down the rate of 

the diffusion of nutrients toward and the diffusion metabolites away from the colony, limiting its growth. In 

Boons et al. (2013a)56 the growth behaviour of Salmonella under different salt concentrations was studied 

with different types of media complexity: liquid, gelled and solid, this last resultant of a combination of 

xanthan gum and gelatine. When no salt was added to the medium, no significant differences in the growth 

rate or lag phase durations were obtained for all types of system, regardless the gelling agent used. In other 

work of this group, homogeneous dextran medium and several ratios of gelatine and dextran were tested 

with E. coli.10 It was concluded that the system’s microstructure had an effect on the resultant growth 

parameters, however, these differences were more pronounced under a stressing factor, i.e. presence of 

salt. For the same ratios of dextran and gelatine-dextran used in the present study with no added salt, this 

group reported a decrease in the pH with the addition of gelatine (from 7.4 for 5% (w/v) dextran to 6.8 for 

5% (w/v) dextran/ 5% (w/v) gelatine). This decay in pH can probably contribute for the lower growths 

achieved with the heterogeneous system.  

Other important aspect to be taken into consideration is the high standard error associated to the lag phase 

durations. Numerous studies have shown that lag phase predictions are not always accurate since this 

parameter is influenced not only by the current growth environment but also by the history of the cells, 

inoculum storage conditions, stresses, and cell physiological states78,79. Nevertheless, the analysis of this 

parameter is of great importance for food microbiology. In a food safety point of view, longer lag phases are 

preferential, meaning longer adaptation of the pathogens to the food products. In Hornbaek et al. (2004)80 

the effect of inoculum age and the impact of a solid versus liquid media on inoculum quality of an industrial 

Bacillus licheniformis strain was studied. Techniques like Flow Cytometry, DNA microarrays and 

Transcriptomics were used to verify the vitality and heterogeneity of the inoculum.  Moreover, the active 

signalling pathways during the adaptation period, can give information about what can be the reason for a 

longer or shorter lag phase. Clearly, this type of analysis is beyond the objective of the present work, 

nevertheless it can be considered an interesting complement to a wider overview of the microorganism 

growth environment. 

Below, it will be studied the influence of novel sweeteners on the growth behaviour of S. Typhimurium in 

both homogeneous and heterogeneous media.  
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4.1.1. INFLUENCE OF NOVEL SWEETENERS ON THE GROWTH OF S. TYPHIMURIUM IN A HOMOGENEOUS 

MEDIUM 

Four sweeteners were tested with different concentrations resultant from their sweetening potential: Steviol 

Glycosides 0.05% (w/v), Stevia 1.50% (w/v), Tagatose 7.50% (w/v) and Table Sugar 15.00% (w/v). Growth 

was carried out in a homogeneous dextran-based medium at 20°C without agitation and samples were 

taken from 0h to 75h. The growth curves and growth parameters of S. Typhimurium resultant from the 

Baranyi and Roberts’s model are presented in Figure 4.1-2 and Table 4.2, respectively. A comparison 

between the maximum specific growth rates and the maximum cell density for all sweeteners and the control 

are showed on Figure 4.1-3. 

 

Figure 4-2 – Growth curves of S. Typhimurium at 20ºC in a homogeneous medium enriched with different sweeteners: 

Steviol Glycosides 0.05% (w/v) - Yellow; Stevia 1.50% (w/v) - Green; Tagatose 7.50% (w/v) – Red; Table Sugar 15.00% 

(w/v) – Blue and the control in black. The growth medium is composed by 5.0% (w/v) of Dextran and 2.75% (w/v) of 

TSB dextrose free. Symbols correspond to experimental data and lines to the fit of Baranyi and Roberts model (1994). 
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Table 4-2 - Growth Parameters of Baranyi and Roberts’s model (1994) for S. Typhimurium in dextran-based 

homogenous medium enriched with different sweeteners (% w/v) at 20°C: N0, Nmax, µmax, L0, and the respective 

standard error as well as the RMSE obtained for each adjustment.  

 Control SG (0.05%) Stevia (1.5%) Tagatose (7.5%) Sugar (15.0%) 

N0 

(ln(CFU/mL)) 
6.73 ± 0.24 6.71 ± 0.76 6.77 ± 0.41 6.70 ± 0.42 7.01 ± 0.29 

Nmax 

(ln(CFU/mL)) 
20.98 ± 0.07 20.44 ± 0.27 21.40 ± 0.13 20.76 ± 0.19 20.80 ± 0.10 

µmax (1/h) 0.475 ± 0.012 0.476 ± 0.039 0.506 ± 0.027 0.367 ± 0.029 0.497 ± 0.023 

L0 (h) 0.00 ± 0.75 0.00 ± 2.46 2.94 ± 1.54 2.82 ± 2.20 3.69 ± 1.20 

RMSE 0.25 0.77 0.49 0.52 0.36 

 

   

Figure 4-3 – Comparison of maximum specific growth rate (µmax (1/h)) and maximum cell density (Nmax (Ln CFU/mL)) 

values of S. Typhimurium in a homogeneous medium with different sweeteners and the control. 

Observing the lag phase durations for each condition on Table 4.2, the addition of table sugar, tagatose and 

stevia results in longer lag phases. For the control and SGs samples no lag phase was reported. It is, 

however, important to consider the high standard error associated with this parameter. As a general 

appreciation, the rise on the sweetener concentration seems to increase the lag phase duration. The 

presence of a sweetener in the medium results in a longer adaptation of the microorganism to the 

environment. The highest value of lag phase is achieved with table sugar.  
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Growth rate was affected by all sweeteners in particular by tagatose. The presence of this sweetener led to 

a significant reduction in the mmax. A slightly increase in the growth rate was resultant from the addition of 

stevia and sugar. 

Tagatose and sugar revealed a possible inhibitory effect on the growth of Salmonella, due to the lower cell 

densities obtained. The Nmax resultant from the presence of SGs was lower than the control, meaning an 

inhibition of the growth by this sweetener. On the contrary the highest max is achieved with stevia, being 

the growth of Salmonella enhanced by this sweetener. The different impact of SGs and stevia was a curious 

result. SGs are the main component of stevia and the responsible sweetening power81. The commercial 

version of stevia used in this experiment (Pure Via™ Stevia)82, includes eritritol or maltodextrin as bulking 

agents, cellulose extract and natural flavour enhancers. Regarding the contradictory effects of SGs and 

stevia in Salmonella’s growth, it is possible that one of this ingredients was the responsible for enhancing 

the growth of this pathogen. 

The effect of sweetener concentration is another important aspect to take into account. For very low 

concentrations, with stevia and SGs, the growth rate is slightly higher than the control. Moreover, higher cell 

densities were obtained in the presence of stevia, indicating its enhancing potential even in low 

concentrations. Sugar, on the other hand, despite the highest concentration, reduced cell growth and 

increased the lag phase. Sucrose, like salt, when added to the growth medium, lowers the aw, inhibiting 

microbial growth11,58. The possible decrease in water activity resultant from the presence of sucrose, can 

be the reason for the lower growths and the longer adaptations.  

In short, the introduction of a sweetener in this homogeneous medium had an effect on microbial growth. 

When increasing the concentration of the sweetener, the adaptation of the microorganism is longer, as it 

can be confirmed by the longer lag phase durations. The same trend is not verified for the mmax values. The 

lowest value of maximum specific growth rate is achieved with the addition of tagatose, its presence slows 

down and reduces the growth of S. Typhimurium. On the other hand, stevia speed up and enhance the 

growth of this pathogen.  

Next, are presented the same experiments now using a heterogeneous medium. 
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4.1.2. INFLUENCE OF NOVEL SWEETENERS ON THE GROWTH OF S. TYPHIMURIUM IN A HETEROGENEOUS 

MEDIUM 

The same sweeteners were tested now in a heterogeneous system. The growth was carried out at 20ºC 

without agitation and samples were taken from 0h to 75h. The growth curves and growth parameters of S. 

Typhimurium resultant from the Baranyi and Roberts’s model are presented in Figure 4.1-4 and Table 4.3, 

respectively. A comparison between the maximum specific growth rates and the maximum cell density for 

all sweeteners and the control are showed on Figure 4.1-5. 

 

Figure 4-4– Growth curves of S. Typhimurium at 20ºC in a heterogeneous medium enriched with different sweeteners: 

Steviol Glycosides 0.05% (w/v) - Yellow; Stevia 1.50% (w/v) - Green; Tagatose 7.50% (w/v) – Red; Table Sugar 15.00% 

(w/v) – Blue and the control in black. The growth medium is composed by 5.0% (w/v) of Dextran, 5.0% (w/v) of Gelatine 

and 2.75% (w/v) of TSB dextrose free. Symbols correspond to experimental data and lines to the fit of Baranyi and 

Roberts model (1994). 
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Table 4-3 - Growth Parameters of Baranyi and Roberts’s model (1994) for S. Typhimurium in dextran-based 

heterogeneous medium enriched with different sweeteners (% w/v) at 20°C: N0, Nmax, µmax, L0, and the respective 

standard error as well as the RMSE obtained for each adjustment.  

 Control SG (0.05%) Stevia (1.5%) Tagatose (7.5%) Sugar (15.0%) 

N0 

(ln(CFU/mL)) 
7.53 ± 0.30 7.35 ± 0.37 7.06 ± 0.23 7.31 ± 0.38 7.02 ± 0.30 

Nmax 

(ln(CFU/mL)) 
21.66 ± 0.08 21.42 ± 0.12 21.65 ± 0.08 21.37 ± 0.27 20.84 ± 0.10 

µmax (1/h) 0.441 ± 0.014 0.490 ± 0.021 0.508 ± 0.014 0.266 ± 0.011 0.483 ± 0.026 

L0 (h) 0.00 ± 1.01 2.79 ± 1.29 2.28 ± 0.79 0.86 ± 2.19 4.35 ± 1.37 

RMSE 0.31 0.38 0.26 0.46 0.40 

 

   

Figure 4-5 – Comparison of maximum specific growth rate (µmax (1/h)) and maximum cell density (Nmax (Ln CFU/mL)) 

values of S. Typhimurium in a heterogeneous medium with different sweeteners and the control. 

According to Table 4.3, Salmonella faces the longest adaptation in the presence of sugar. Similar to the 

homogeneous case, there is no lag phase if no sweetener is added. With exception for tagatose, the higher 

the sweetener concentration, the longer the adaptation.  

The presence of SGs, stevia and sugar resulted in higher mmax according to Figure 4.1-5, indicating a faster 

growth with the presence of these sweeteners. The opposite was obtained with tagatose, similar to the 

dextran-based medium, it showed the lowest value of specific growth rate. In this case, the presence of 

almost all sweeteners resulted in lower cell densities, in particular, sugar. Stevia, however, showed no 

impact on Nmax and, once more, SGs induced lower cell densities than stevia. An anti-microbial effect of 
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SGs towards foodborne pathogens was previously described by Puri et al. (2011)83. S. Typhimurium’s 

growth was significantly inhibited by purified stevioside showing an inhibition zone between 4 and 6 mm.  

Once more, the presence of sugar in the medium leads to lower cell densities. The effect of sucrose on the 

water activity is probably the reason for this inhibition of the growth. Apart from sugar, tagatose seems to 

have the highest impact inhibiting Salmonella’s growth. This inhibitory effect of tagatose was already 

described in previous studies. Bautista et al. (2000)84  tested the growth of some pathogenic bacteria 

including S. Typhimurium in a cooked cured ham product and found out that in the presence of D-tagatose 

the growth rate was slower than in the presence of L- or D-glucose85. More recently was studied the 

inhibitory effect of both L- and D- tagatose on a bacterial strain of Streptococcus mutans. Using a 10% (w/v) 

tagatose solution, a significant (p-value<0.05) decrease in cell growth was verified, in comparison to the 

other sweeteners tested. This inhibition was stronger if the medium was supplemented with 1% (w/v) of 

sucrose86. According to this study, further studies are necessary to elucidate the inhibitory mechanisms of 

tagatose. 

Table 4-4 – Resume table on the effect of the sweeteners on the growth parameters of S. Typhimurium in comparison 

with control. + Increase; - Decrease; 0 No alteration. 

 SGs Stevia Tagatose Sugar 

 Homo. Hete. Homo. Hete. Homo. Hete. Homo. Hete. 

L0 0 + + + + 0 + + 

mmax 0 + + + - - + + 

Nmax - - + 0 - - - - 

 

As an overall conclusion, the growth of S. Typhimurium is affected by the presence of the tested sweeteners, 

in particular by tagatose in both types of media structure. This sweetener shows inhibitory properties by 

slowing down and reducing the growth of this microorganism. On the other hand, the presence of stevia 

have the opposite effect, speeding up the growth of this bacteria. Moreover, it not only results in higher mmax, 

but also in higher Nmax, indicating a potential enhancing effect on Salmonella’s growth. Combining the results 

of all growth parameters, the effect of the sweetener presence has more impact in the most complex medium, 

the gelatine-dextran-based. The inhibition of cell growth resultant from tagatose and sugar showed a higher 

impact in the heterogeneous medium. The presence of a second gelling agent has an effect on the rheology 

of the medium58. As such, the diffusion of nutrients and gases to the colonies and the accumulation of 

metabolites results in slower and less growths. The presence of the sweeteners can be considered as an 

additional stressing factor which, combined with microstructural effect, limits bacterial growth.  

Below, some additional observations are presented regarding the studies with S. Typhimurium, followed by 

the study of L. monocytogenes under the same conditions. 
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Additional Observations 

During experiments with S. Typhimurium in a heterogeneous media, gas bubbles trapped in the solid media 

were noticed at certain time of experiment. This phenomena appeared in the samples supplemented with 

Stevia and Tagatose and the bubbles appeared around 25 hours of incubation at 20ºC, which corresponds 

to the middle of exponential phase. After 45 hours of incubation these bubbles disappeared. In Figure 4.1-

6, it can be seen the picture of the sample where the gas bubbles appeared.  

 

Figure 4-6 – Salmonella Typhimurium at 20°C at 25h of incubation in a heterogeneous medium with Gelatine (5% (w/v)) 

and Dextran (5% (w/v)) supplemented with Stevia (1.5% (w/v)). 

The first possible explanation resides on Salmonella’s metabolism. Some constituent of the growth medium 

could have been consumed by this pathogen, leading to gas production. According to what was discussed 

on chapter 2.2, S. Typhimurium has the capacity to metabolize glucose and other monosaccharides leading 

to fermentative pathways with gas production. However, to enter a fermentative pathway it would have been 

necessary anaerobic conditions, which was not the case. This phenomena was only observed in the 

heterogeneous system but probably, if the gas bubbles are a product of the metabolism it also happened 

on the homogeneous medium. Since it is not a completely solid system, the bubbles were not trapped inside 

the gelled media and could have slipped though the structure. An alteration of the medium structure arising 

from the presence of the sweeteners, could have also been possible, leading to the appearance of the 

bubbles, with no interference of the microorganism.  

In order to try to explain this phenomena, additional experiments were performed with this pathogen using 

different combinations of media components. Since the bubbles first appeared on the samples with 

commercial stevia and not with SGs, it was decided to test maltodextrin which is an additive present in the 

commercial version of this sweetener and it could possibly be metabolized by this microorganism. To 

evaluate the effect of the microorganism it was decided to test stevia and also tagatose without incubation 

of cells. The tested conditions and the results are presented on Table 4.5. 
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Table 4-5 – Experimental conditions and test results.  

Condition 
Appearance of 

Bubbles 

Gelatine + Dextran + Stevia (1.5%(w/v)) - Without cells No 

Gelatine + Dextran + Tagatose (7.5%(w/v)) - Without cells No 

Gelatine + Dextran + Maltodextrin (1.48g/100ml) - Without cells No 

Gelatine + Dextran + Maltodextrin (1.48g/100ml) - With cells Yes 

 

Regarding these results, it is clear that maltodextrin is metabolized by this pathogen resulting on gas 

production explaining the appearance of the bubbles, in the sample with stevia. Moreover, the presence of 

the sweeteners without cells did not induce bubble formation. The appearance of these bubbles in the 

presence of tagatose remains unexplained. It is plausible that tagatose triggers the same metabolism as 

maltodextrin but additional studies should be performed to confirm this theory. The gas in question was not 

determined since these were additional tests, performed in parallel with the rest of the experiments, and 

were not the purpose of the main study.  
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4.2. Growth studies of Listeria monocytogenes  

The same media types were tested for the growth of L. monocytogenes. In Figure 4.2-1 the growth curves 

resultant from the fitting of the Baranyi and Roberts’s model are presented. 

 

Figure 4-7 - Growth curves of L. monocytogenes at 20ºC in a homogeneous medium (Yellow) composed by 5.0% (w/v) 

of Dextran, 2.75% (w/v) of TSB dextrose free and 0.6% (w/v) of yeast extract in a heterogeneous medium (Black) 

composed by 5.0% (w/v) of Dextran, 5.0% (w/v) of Gelatine, 2.75% (w/v) of TSB dextrose free and 0.6% (w/v) of yeast 

extract. Symbols correspond to experimental data and lines to the fit of Baranyi and Roberts model (1994). 

Table 4-6 - Growth Parameters of Baranyi and Roberts’s model (1994) for L. monocytogenes in dextran-based 

homogenous media and in gelatine-dextran heterogeneous media at 20°C: N0, Nmax, µmax, L0, and the respective 

standard error as well as the RMSE obtained for each adjustment.  

 Homogeneous Heterogeneous 

N0 

(ln(CFU/mL)) 
6.47 ± 0.15 6.27 ± 0.28 

Nmax 

(ln(CFU/mL)) 
20.85 ± 0.11 19.11 ± 0.17 

µmax (1/h) 0.515 ± 0.021 0.378 ± 0.018 

L0 (h) 6.31 ± 0.79 1.88 ± 1.37 

RMSE 0.22 0.32 

 

Similar to what was discussed for S. Typhimurium, cells grow as colonies on both types of media. Figure 

4.2-1 compares the growth of Listeria in these two systems. The growth parameters given by the model are 

presented on Table 4.6. When growing in a homogeneous medium, a longer lag phase was obtained. The 
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maximum specific growth rate and the final cell density reached higher values with dextran-based medium. 

The adaptation of bacteria is longer but the growth is faster and an increase in cell density can be verified, 

when comparing with the gelatine-dextran system.  

This behaviour was expected as the nutrient, end-products and gas flow gradients are more pronounced in 

the heterogeneous system. The distribution of these components through the media is not equal resulting 

in slower and less growth. The effect of growth medium microstructure on the growth dynamics of this 

foodborne pathogen has been previously described in literature. Several studies such as Meldrum et al. 

(2003)12 with gelatine and Koutsoumanis et al. (2004)61 with agar gels, also showed slower growth rates for 

L. monocytogenes in more structured media. Later, Aspidou et al. (2014)66 studied the influence of three 

different gelling media and reached the same conclusion. Bacterial cell immobilization, by the addition of a 

gelling agent in the substrate imposes an extra stress factor on microbial growth. Therefore, it can be 

concluded that, when increasing the complexity of the microstructure from one to two gelling agents, the 

growth trends to be slower. This structural factor cannot be neglected when studying bacterial behaviour in 

food products. 

The influence of novel sweeteners on the growth behaviour of L. monocytogenes is presented below. The 

same studies performed with Salmonella are now repeated with this other foodborne pathogen.  
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4.2.1. INFLUENCE OF NOVEL SWEETENERS ON THE GROWTH OF L. MONOCYTOGENES IN A 

HOMOGENEOUS MEDIUM 

The effect of four sweeteners in the growth of Listeria monocytogenes was tested. The applied 

concentrations result from the sweetening potential: Steviol Glycosides 0.05% (w/v), Stevia 1.50% (w/v), 

Tagatose 7.50% (w/v) and Table Sugar 15.00% (w/v). The growth was carried out at 20ºC without agitation 

and samples were taken from 0h to 65h. The growth curves and growth parameters of L. monocytogenes 

resultant from the Baranyi and Roberts’s model are presented in Figure 4.2-2 and Table 4.7, respectively. 

A comparison between the maximum specific growth rates and the maximum cell density for all sweeteners 

and the control are showed on Figure 4.2-3. 

 

Figure 4-8 - Growth curves of L. monocytogenes at 20ºC in a homogeneous medium enriched with different sweeteners: 

Steviol Glycosides 0.05% (w/v) - Yellow; Stevia 1.50% (w/v) - Green; Tagatose 7.50% (w/v) – Red; Table Sugar 15.00% 

(w/v) – Blue and the control in black. The growth medium is composed by 5.0% (w/v) of Dextran 2.75% (w/v) of TSB 

dextrose free and 0.6% (w/v) of yeast extract. Symbols correspond to experimental data and lines to the fit of Baranyi 

and Roberts model (1994). 
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Table 4-7- Growth Parameters of Baranyi and Roberts’s model (1994) for L. monocytogenes in dextran-based 

homogenous media enriched with different sweeteners (% w/v) at 20°C: N0, Nmax, µmax, L0, and the respective standard 

error as well as the RMSE obtained for each adjustment.  

 Control SG (0.05%) Stevia (1.5%) Tagatose (7.5%) Sugar (15.0%) 

N0 

(ln(CFU/mL)) 
6.47 ± 0.15 7.79 ± 0.35 6.67 ± 0.30 6.68 ± 0.94 6.47 ± 0.57 

Nmax 

(ln(CFU/mL)) 
20.85 ± 0.11 20.47 ± 0.25 21.03 ± 0.22 21.01 ± 0.39 21.07 ± 0.27 

µmax (1/h) 0.515 ± 0.021 0.650 ± 0.077 0.467 ± 0.038 0.442 ± 0.047 0.434 ± 0.040 

L0 (h) 6.31 ± 0.79 10.00 ± 1.53 6.51 ± 1.69 1.06 ± 3.36 6.43 ± 2.35 

RMSE 0.22 0.68 0.46 1.03 0.64 

 

   

Figure 4-9 - Comparison of maximum specific growth rate (µmax (1/h)) and maximum cell density (Nmax (Ln CFU/mL)) 

values of L. monocytogenes in a homogeneous medium with different sweeteners and the control.  

Regarding lag phase durations on Table 4.7, with the addition of SGs, Listeria presents a longer lag phase. 

On the contrary, the shortest lag phase was observed with tagatose. Only these two sweeteners induce 

alterations in this growth parameter. The effect of the sweetener concentration had no influence on the lag 

phase.  

Observing the growth curves of Listeria on Figure 4.2-3 and the growth parameters resultant from the fit of 

the model on Table 4.7 and Figure 4.2-4, several differences can be noticed depending on the sweetener 

added. The highest mmax was obtained with SGs, resulting in the fastest growth. As for stevia, sugar and 

tagatose, their addition reduced the mmax in comparison with control conditions. An interesting aspect is that 
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the higher the sweetener concentration applied, the slower the growth. In line to what was discussed for S. 

Typhimurium, this behaviour can be resultant from a possible decrease in aw, when considering sugar. 

Considering stevia and tagatose, their presence can also influence the water activity or the pH of the medium, 

however, additional measures should be performed for further conclusions. The impact of these sweeteners 

on the final cell densities was not so significant as compared to what was observed with Salmonella. A slight 

increase on cell density was resultant from the presence of stevia, tagatose and sugar. Despite the slower 

growths, the Nmax showed to be higher than the control. Once more, SGs had a different effect, reducing the 

growth of Listeria. 

In brief, the presence of SGs in L. monocytogenes’s growth medium resulted in a longer adaptation and in 

a lower final cell density, indicating a possible inhibitory effect of this sweetener. In line to what was obtained 

for Salmonella, SGs has a different impact than stevia, despite being its principal component. Moreover, a 

lower concentration of this sweetener resulted in the lowest final cell concentration.  On the contrary, the 

presence of the three remaining sweeteners slowed down the growth of this pathogen, in particularly table 

sugar. However, their presence resulted in a slight increase in cell densities.  

Following are presented the influence of these sweeteners on the growth of L. monocytogenes in a 

heterogeneous medium. 
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4.2.2. INFLUENCE OF NOVEL SWEETENERS ON THE GROWTH OF L. MONOCYTOGENES IN A 

HETEROGENEOUS MEDIUM 

The effect of the same four sweeteners in the growth of Listeria monocytogenes was tested in a 

heterogeneous gelatine-dextran-based medium. The growth was carried out at 20ºC without agitation and 

samples were taken from 0h to 65h. The control was obtained by incubating the cells without any sweetener, 

under the same conditions. The growth curves and growth parameters of L. monocytogenes resultant from 

the Baranyi and Roberts’s model are presented in Figure 4.2-4 and Table 4.8, respectively. A comparison 

between the maximum specific growth rates and the maximum cell density for all sweeteners and the control 

are showed on Figure 4.2-5. 

 

Figure 4-10– Growth curves of L. monocytogenes at 20ºC in a heterogeneous medium enriched with different 

sweeteners: Steviol Glycosides 0.05% (w/v) - Yellow; Stevia 1.50% (w/v) - Green; Tagatose 7.50% (w/v) – Red; Table 

Sugar 15.00% (w/v) – Blue and the control in black. The growth medium is composed by 5.0% (w/v) of Dextran, 5.0% 

(w/v) of Gelatine, 2.75% (w/v) of TSB dextrose free and 0.6% (w/v) of yeast extract. Symbols correspond to experimental 

data and lines to the fit of Baranyi and Roberts model (1994). 
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Table 4-8 - Growth Parameters of Baranyi and Roberts’s model (1994) for L. monocytogenes in gelatine-dextran-based 

heterogeneous media enriched with different sweeteners (% w/v) at 20°C: N0, Nmax, µmax, L0, and the respective standard 

error as well as the RMSE obtained for each adjustment. 

 Control SG (0.05%) Stevia (1.5%) Tagatose (7.5%) Sugar (15.0%) 

N0 

(ln(CFU/mL)) 
6.27 ± 0.28 6.79 ± 0.88 6.74 ± 0.81 7.12 ± 0.70 6.88 ± 0.59 

Nmax 

(ln(CFU/mL)) 
19.11 ± 0.17 20.47 ± 0.41 20.97 ± 0.39 20.34 ± 0.78 20.59 ± 0.37 

µmax (1/h) 0.378 ± 0.018 0.439 ± 0.052 0.448 ± 0.046 0.333 ± 0.033 0.372 ± 0.031 

L0 (h) 1.88 ± 1.37 0.00 ± 3.55 0.77 ± 3.24 0.00 ± 3.52 0.00 ± 2.75 

RMSE 0.32 0.92 0.87 0.77 0.63 

 

     

Figure 4-11 - Comparison of maximum specific growth rate (µmax (1/h)) and maximum cell density (Nmax (Ln CFU/mL)) 

values of L. monocytogenes in a heterogeneous medium with different sweeteners and the control.  

For every sweetener tested, no lag phase was reported. Therefore, Listeria presents a fast adaptation in 

the presence of all sweeteners despite their concentration. All of them considerably enhanced the growth 

as it can be confirmed by the Nmax values on Figure 4.2-5. These results can also be noticed on the growth 

curves since all are placed above the one in black, the control. The highest cell density was achieved with 

the addition of stevia. Differences in the µmax, between the samples with stevia and SGs and the others, can 

be noticed. The presence of these two sweeteners resulted in greater µmax, speeding up the growth. Similarly 

to the homogeneous case, the presence of tagatose and sugar resulted in lower values of µmax.  
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Table 4-9 - Resume table on the effect of the sweeteners on the growth parameters of L. monocytogenes in comparison 

with control. + Increase; - Decrease; 0 No alteration. 

 SGs Stevia Tagatose Sugar 

 Homo. Hete. Homo. Hete. Homo. Hete. Homo. Hete. 

L0 + - 0 - - - 0 - 

mmax + + - + - - - 0 

Nmax - + + + + + + + 

 

As a general conclusion, when increasing the sweetener concentration the maximum specific growth rate 

was reduced in both types of media. Regardless the medium complexity, the sweetener that had the highest 

impact on Listeria’s growth was SGs. For both tested systems, higher values of µmax were reported, even 

being in the lowest concentration. On the contrary, the presence of tagatose and sugar reduced the µmax 

both in homogeneous and heterogeneous systems. Changes in the water activity and in pH can be the 

reason for these differences in growth behaviour. Wilson et al. (2002)11 and Meldrum et al. (2003)58 tested 

the effect of sucrose and pH on the growth dynamics of L. monocytogenes. The presence of sucrose 

lowered the water activity, resulting in slower growths. The factors of low pH and increasing concentration 

of sucrose inhibited the growth of this pathogen. Moreover, these effects were more pronounced in the 

structured medium than in liquid.  

The introduction of all sweeteners considerably enhanced the growth, particularly stevia. These higher cell 

densities may indicate that, for Listeria, these sweeteners were used as a source of energy. Their 

metabolization is slower but in the end the cell concentration increases.  

Comparing the two studied microorganisms, the effect of the introduction of these sweeteners is different. 

In the case of S. Typhimurium, its growth was reduced with sugar, tagatose and SGs, on the contrary, stevia 

enhanced the growth. The addition of tagatose resulted in the lowest specific growth rate. With Listeria, the 

presence of all sweeteners enhanced its growth. In line to what was concluded for S. Typhimurium, the 

impact of the presence of the sweeteners is more pronounced in the heterogeneous medium.  

The two studied pathogens had different responses to the presence of these sweeteners in their growth 

medium. S. Typhimurium showed more vulnerability towards these alterations than L. monocytogenes. One 

possible reason for this different behaviour may reside on cell wall’s composition. Listeria, being a Gram-

positive bacteria has a thicker LPS wall which makes it more resistant to several stressing conditions47. 

Assuming a possible decrease in water activity with the presence of these sweeteners, the osmotic pressure 

inside the cell increases. Most Gram-negative tolerates a minimum aw of 0.97 and for most Gram-positive 

this value is lower, 0.940. Therefore, changes in water activity have more impact on Gram-negative bacteria. 

In the present study, the influence of the sweetener’s concentration on water activity was not assessed, 

however the effect of sucrose is already known12. To confirm this hypothesis, water activity measurements 

should have been performed.  
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4.3. Confocal Laser Scanning Microscopy 

The first purpose of using this technique was to verify if the introduction of gelatine in the system induced 

media separation to create a heterogeneous system. Another interesting point of using this technique was 

to observe which part of the media, dextran or gelatine, was preferential for the pathogens to grow.  

Results here presented were obtained in a previous experiment performed in this group, following the same 

protocol as described, and where phase separation was observed. The results in Figure 4.3-1 show the 

obtained images from the heterogeneous medium without cells. Gelatine was stained with Rhodamine B 

therefore it can be seen in red and the dextran part appears in black. Image a) shows the control sample 

without any sweetener, b) medium supplemented with 0.05% (w/v) of SGs, c) medium supplemented with 

1.50% (w/v) of stevia, d) medium supplemented with 7.50% (w/v) of Tagatose and e) medium supplemented 

with 15.0% (w/v) of table sugar. 

Observing these images, phase separation is evident and the addition of the sweetener has some effect on 

media structure and organization. When increasing the sweetener concentration, from a) to e), it is notable 

a reduction on the size of gelatine bubbles. These alterations are more evident in the samples d) and e), 

tagatose and table sugar, possibly due to their higher concentrations.  

The procedure followed for this thesis differ from the previous one (Figure 3.13) on the methodology of cell 

inoculation and the well chambers, which were purchased from other supplier. Due to the location of the 

microscope (Laboratories of University of Gent), this experiment could only be done once. The experiment 

was performed with incubation of S. Typhimurium and L. monocytogenes whose strains were genetically 

modified to produce GFP, elaborated and provided by Burke et al. (2008)75 and by Andersen et al. (2006)76. 

The gelatine part of the heterogeneous mix was stained with Rhodamine B to be differentiated from the 

dextran part. Several combinations were prepared including cells incubated on the same day of the 

microscopy observations and other with cells already in exponential phase. From this experiment not clear 

images were obtained, it wasn’t even possible to see phase separation of the media.  

One possible reason for these results could be the size of the bacterial colonies. Especially in the case of 

S. Typhimurium, after 40 hours of incubation, the colonies were big and could been seen at naked eye. 

Nevertheless, some samples were prepared right before the microscopic observation, with no more than 

one hour of incubation, when the problem of colony size was not questionable. Even though, no clear images 

were obtained. 
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Figure 4-12 – Confocal microscopy images of heterogeneous medium with 5.0% (w/v) gelatine (red) and 5.0% (w/v) 

dextran (black) and TSB dextrose free: a) control without sweetener; b) Steviol Glycosides 0.05% (w/v); c) Stevia 1.50% 

(w/v); d) Tagatose 7.50% (w/v); e) Table Sugar 15.00% (w/v). Magnification x40 (oil immersion).  

Similar studies with confocal microscopy were performed by Boons et al. (2014)10 in which a gelatine-

dextran system was tested.  The study was performed with E. coli cells, under similar conditions as this one 

except for the addition of the sweeteners. It was found that the microorganism prefers the dextran phase to 

grow. In the gelatine/dextran mixtures presented by these authors, the Ip (isoelectric point) of gelatine is 

exceeded resulting in a negatively charged protein. It is also mentioned a negative charge on E. coli’s cell 

surface which may cause electrostatic repulsion with the gelatine part and may be the reason for the dextran 

preference. Being both gram-negative bacteria and taking into account only the cell wall composition, it can 

be expected a similar behaviour for S. Typhimurium87,88. Nevertheless, this experiment should be repeated 

to draw actual conclusions.  

100 µm 
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5. Conclusions & Perspectives  

The ultimate goal to be achieved in the present work was to study whether the replacement of sucrose by 

an alternative low calorie sweetener would have an impact on microbial growth, by studying the growth of 

two foodborne pathogens: Listeria monocytogenes and Salmonella Typhimurium. This study was performed 

in two types of structured media, a homogeneous gelled medium with dextran and a two-phase 

heterogeneous solid medium with gelatine and dextran.  

Microbial growth in structured systems forces the cells to grow as colonies, immobilized in the matrix. This 

type of growth subjects the cells to more variable conditions as the transport of metabolites and nutrients 

takes place mainly through diffusion. The presence of two gelling agents increases the complexity and the 

rheological properties of the medium58. This microstructure effect was observed for both microorganisms as 

slower growths were obtained in the gelatine-dextran-based system as compared to the homogeneous 

medium, in which the constraints previously mentioned for colony growth are less pronounced. The two 

microorganisms reacted differently to the sweeteners’ presence. S. Typhimurium showed to be more 

vulnerable towards these alterations than L. monocytogenes. The fact of being a Gram-positive bacteria 

makes Listeria more resistant to these media changes. 

When considering the replacement of sugar by these novel sweeteners in food products, their effect on 

microbial growth should be taken into account. Thereby if the growth is enhanced, this replacement may 

not be ideal. SGs are the components responsible for the sweetening potential of stevia, and therefore a 

combined effect of both on microbial growth is expected in the presence of this last. The introduction of 

stevia resulted in enhanced growth of both studied pathogens, however this enhancing potential was not 

due to the SGs since its presence led to lower cell densities. For both pathogens, the growth is slower in 

the presence of tagatose. With Listeria, however, higher cell densities were reached in the presence of this 

sweetener. Nevertheless, in comparison with the values obtained with sugar, tagatose induced less growth. 

With this in mind, it can be concluded that, for the studied conditions, the safest sweetener to replace 

sucrose is tagatose. 

The different structure of the growth media also influences the growth of these two pathogens. Media 

complexity was shown to increase the influence of the presence of external stress-inducing components 

such as salt10. The results obtained show an enhanced effect of the presence of the sweeteners in the most 

complex media. The constraints resultant from the microstructure allied to the sweetener’s effect constitutes 

an extra stressing factor, conditioning microbial growth. 

The present study emphasizes that the effect of the replacement of sucrose by these novel sweeteners on 

microbial growth cannot be neglected. Additionally, the microstructure environment resultant from the 

introduction of gelling agents also plays an important role in the growth behaviour of these pathogens. This 

study is a step forward to the elaboration of more reliable food models allowing an effective design of food 

safety assurance systems. 
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Future Perspectives 

Further experiments should be performed to provide more information on the present subject. Since the 

effect of sucrose in decreasing the water activity has already been acknowledged, it would have been 

interesting to see the impact of these novel sweeteners in this parameter. Also, the addition of the 

sweeteners could have influence on the pH of the medium. Therefore, pH measures during the growth of 

these microorganisms should be included in future experiments. The impact of these sweeteners on the 

metabolism of the studied pathogens would also be interesting to understand. The final concentrations of 

all sweeteners should be measured to quantify if they were being consumed and, if they were, how much 

was consumed during the experiments. Afterwards, transcriptomics and proteomics analysis would 

elucidate about what types of genes/proteins were being expressed under these conditions and if these 

responses are related to the inhibition or enhancement of bacterial growth.  

Microbial growth at refrigerating temperatures (4ºC) should also be considered, since several sweetened 

food products, such as ice creams or creamy deserts, are stored under these conditions. The viability of 

Listeria at low temperatures remains a problem in food preservation and long transportations47,48.  

Additionally, the studies with confocal laser microscopy need to be repeated to draw precise conclusions. 

The knowledge of whether the microorganism preferentially grow on dextran or gelatine and the influence 

of introducing novel sweeteners on that tendency would be an interesting asset to this work. As a 

complementary study, the influence of these sweeteners should be tested with different ratios of gelatine 

and dextran. The complexity of the studied systems should be increased to obtain more reliable growth 

predictions and trustworthy food models.  
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Annex 1 

This table is from the work of Boons et al. published on Applied and Environmental Microbiology journal in 

2014.10 It is a resume of studies performed with several pathogens grown in homogeneous and 

heterogeneous model systems and in real food products. The references indicated in brackets () belong to 

the referred paper. 

 


