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Chapter 1

General Introduction

Himoonga Bernard Moonga



Chapter 1

1.1 Fermented foods

Fermentation is one of the oldest and most effective methods to preserve food raw materials. Fermented
foods are an essential part of the human diet. They have a history of thousands of years of production
and consumption. The fermentation technologies have evolved over millennia and their applications are
widespread on a variety of raw materials: fruit & vegetables, cereals, grains, tubers, legumes, meat and
milk [1]. Food fermentation results in the production of food products with improved organoleptic
properties, improved bioavailability of nutrients and minerals, reduced anti-nutritional factors or toxins,
improved nutritional value and extended shelf-life.

The improvement in the organoleptic properties of fermented food is an important benefit as previously
inedible raw materials can be converted to products that are tasty and flavourful with an extended shelf-
life. A good example is the fermentation of cucumber or cabbage, which are both perishable plant
products with a limited shelf-life that can be fermented into pickles and sauerkraut, respectively. The
resulting products have a natural acidic taste and a prolonged shelf-life of several months. Fruit
fermentation on the other hand, will produce wine or vinegar, which helps with the preservation of
grapes and apples. Further, the fermentation of cocoa beans is crucial for chocolate production [2].

Fermentation can also be used to reduce food associated toxins and anti-nutritional factors. For instance,
the fermentation of raw cassava roots with a high content of cyanogenic glucosides, leads to a reduction
in the level of released cyanide [3, 4]. Raw materials such as soya beans have anti-nutritional factors
such as trypsin inhibitors and lectins, which can be removed by a fermentation process. Soya
fermentation has been found to improve the bioavailability of nutrients and synthesises certain vitamins
e.g. vitamin B12 in tempeh [5, 6].

Fermentation is not only limited to plant based products but is also carried out on animal derived
products to produce meat based fermented sausages or pickled fish as well as dairy based products:
cheese, yoghurt and sour cream. A lot of these fermented products in general derive their recipes from
traditional fermentation recipes, which are based on spontaneous fermentation.

1.2 Traditionally fermented milk

Milk is a white opaque liquid produced by the mammary glands of the female mammals primarily for the
nourishment of their offspring. It is a nutritious product, well balanced in its composition of macro and
micro-nutrients and thus, considered as complete food specifically for the neonate. As a result of its
richness in nutrients, milk is a perishable product and can easily be invaded by spoilage and pathogenic
bacteria. In the human diet, the most important type of milk that is widely consumed comes from
ruminants and in particular cows (Bos taurus). Cow’s milk is the raw material for the production of many
different fermented milk products.

Traditionally fermented milk products are those produced by a natural or spontaneous fermentation
process of raw or pasteurised milk. Most commercial fermented milk products such as cheese and yogurt
derive their recipes and origin from traditional milk fermentation recipes. These products have been
produced for millennia [7, 8] and the production processes have been optimised step-by-step to produce
high quality and safe products all the time [1]. During the last century, this optimisation process also
involved the identification of microbes and development of starter cultures [9, 10]. In addition, optimal
process conditions and other key ingredients necessary to produce high quality products were developed.

In more recent times, other fermented milk products have been commercialised and these include kefir
and koumiss, which are examples of traditionally fermented milk products (TFMPs) from eastern Europe
and Mongolia. Others include filmjolk and langfil from Scandinavia, queso blanco from Latin American,
ayran from the middle east and lassi from India [11].
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In Africa, TFMPs are mostly produced at household level, in many cases for home consumption. During
the periods of excess milk production, some of these TFMPs may be sold to neighbours and nearby
communities. Production of TFMPs in many African countries are mainly associated with pastoral ethnic
groups that own cattle. The rise in population and rapid urbanisation is likely to increase the demand of
TFMPs. In some countries, efforts to commercialise such products are under way. However, a large
proportion of the African population is lactose intolerant, which means that TFMPs are a better option for
their dairy intake as they have a lower lactose content.

Some of the TFMPs produced on the African continent include: nunu from Ghana [12], kivuguto from
Rwanda [13], mursik from Kenya [14], ergo from Ethiopia [15, 16], Iben from North Africa [17],
omashikwa and mabisi from Namibia [18, 19], amasi from Zimbabwe and South Africa [20-23], and
mabisi from Zambia [24]. The production processes for some of these TFMPs are depicted in the flow
diagrams in Fig. 1. Most of them are made from unpasteurized raw milk except for a few that have a
pasteurisation step e.g. mursik. In TFMPs produced in Africa, raw milk is traditionally fermented in the
calabashes (gourds) or earthen pots by spontaneous fermentation at ambient temperature. In some
cases, the process involves the use of a root to induce fermentation for example in omashikwa
production [15, 18]. Some TFMPs involve the transfer of part of a previous batch as starter culture for
the next one in a process referred to as ‘backslopping’ while other products involve the removal of whey
e.g. amasi [21]. Some production processes involve churning (agitation) which produces butter or ghee
in addition to the fermented milk (buttermilk) e.g. argo [15, 16]. This study will focus on mabisi, a TFMP
from Zambia.
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Fig. 1. Production flow diagram of selected African traditionally fermented milk products: a. mabisi, b.
nunu, c. amasi and d. kivuguto. Source: [12, 13, 21, 24]

1.3 Role of TFMPs in food and nutrition security

TFMPs play a key role in food and nutrition security in many rural communities in Africa. The reason is
that they are a good source of protein, fat, Ca, P and other nutrients such as vitamins and essential
amino acids that are important for growth of young children and adolescents as well as maintenance in
adults. Most of these TFMPs are produced in rural areas where the road infrastructure is poor, access to
electricity and potable water are limited, which consequently, limits the amount of raw milk that can be
processed through formal channels into dairy products.

Therefore, the production of TFMPs is an avenue that prevents the loss of raw milk by producing
nutritious products with an extended shelf-life that can be consumed by all age groups in the household
with different accompanying foods. In Southern Africa, TFMP is consumed with maize or sorghum soft or
thick porridge or as a beverage.
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Mabisi is a TFMP mainly produced in the western, southern and central parts of Zambia, where large
numbers of cattle are found and the people have a tradition of producing and consuming this
characteristic dairy product. This nutrient rich mabisi can contribute significantly to reducing under-
nutrition levels, which stand at 40% stunting among children under the age of five years [25]. Moreover,
it is estimated that only 50% of the total milk production in Zambia is processed through the formal
trade channel, the rest is sold informally [26, 27]. Further, during the peak production in the rainy
season, a significant fraction of the milk produced is lost. These losses can be prevented by producing
mabisi, which has a longer shelf life than raw milk at ambient temperature and can be sold in urban
areas where the product has become popular among both the traditional and new consumers.
Furthermore, TFMPs are a source of beneficial microbes that may have probiotic effects, which can
contribute to better gut health [28-30].

Fig 2. Mabisi sold at the market and milk collection centres (MCCs).

1.4 Product quality and consumer perception

Mabisi is produced by spontaneous fermentation of raw milk at ambient temperature, which results in the
conversion of lactose into lactic acid by the fermenting microbes present in the product. This leads to a
sour milk product with a pH range of 4.0 to 4.5 [24] and a thick consistency, which can either be smooth
or lumpy. The pH ranges of other African TFMPs are shown in table 1. The sourness and thickness of
mabisi may vary considerably depending on the producer and consumer preference.

Table 1. The pH of African traditional fermented milk products

Names of product pH range Source
Sethemi 4.1-4.3 [31]
Amasi 3.5-4.3 [21, 22]
Ergo 4.3-4.5 [16, 32]
Kivuguto <4.5 [13]
Lben <4.7 [17]
Nunu 3.55-4.0 [12]

Consumers can be divided into two categories: traditional and new consumers. Traditional consumers are
those associated with consuming mabisi since childhood or for a long time whereas new consumers are
supposed to have a shorter history of consumption (<5yrs). Some traditional consumers in certain
regions of the country prefer a more sour product than others while new consumers mostly prefer a less
sour product and tend to add sugar as a sweetener during consumption.

10
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Consumers often complain about product quality inconsistencies among producers with some producers
being accused of milk adulteration because of the poor consistency of the product and high whey
content, which is considered to be undesirable.

Neither are there established quality standards for mabisi nor are there studies on consumer preferences
and quality attributes of mabisi. Such standards and information are crucial for product development and
optimisation and will lead to products that meet consumer demands.

1.5 Economic potential of mabisi

Sub-Sahara-Africa is divided into three regional economic blocks: Southern Africa Development
Community (SADC), East African Community (EAC) and Economic Community of West African States
(ECOWAS). All respective member states of each regional economic group are involved in trade within
their block as well as with members of other economic blocks for various goods and services, which
include milk products.

The consumption of TFMP and other fermented milk products is common in the SADC and EAC regions
with two of the largest producers of milk in each of these regions are South Africa and Kenya,
respectively. The most common TFMPs in SADC are amasi, omashikwa and mabisi whereas mursik and
kivuguto are common in EAC. Amasi and mabisi have a similar production process, which implies that
amasi consumers may easily consume mabisi.

Zambia produces an estimated 1.2 billion litres of milk per annum [33] and only 50% of it, is processed
by dairy companies into different dairy products [26, 27], which include a commercial product known as
“lacto-mabisi” produced from pasteurized (or sterilised) milk fermentation using a defined starter culture.
The rest of the milk is sold either as raw milk or made into mabisi but some of this milk goes to waste,
especially during the rainy season when the production reaches its peak. The establishment of milk
collection centres (MCCs) around the country has improved data collection on milk production and
provided a formal marketing channel for farmers to sell their milk to dairy processing companies.
However, some of the milk production areas have poor road infrastructure, and inadequate and erratic
power supply, which leads to losses of milk as a result of the breakdown in the cold chain [26].

Mabisi is stable at ambient temperature for several days and its production can be a solution to the
current losses that farmers and their cooperatives experience. However, there is need to optimise and
standardise the product to ensure that the same quality of mabisi can be produced all the time. The
current price of raw bovine milk is ZMW 4 (0.3 Euro) per litre, this means that during peak milk
production season the farmers would make an estimated income of €90m from the sale of mabisi that
would have otherwise been wasted. Higher incomes from the mabisi sales will improve the livelihood of
their households, which will in turn help the farmers to send their children to school and improve their
production capacity.

Once the local market has been satisfied due to increased production, the extra product can be exported
to member states in SADC region as well as other regional blocks.

1.6 Microbial composition and ecology

As mentioned earlier, most TFMPs are produced by spontaneous fermentation. Thus, the microbes
involved in the fermentation mostly come from the immediate production environment: raw milk,
production utensils (buckets and calabashes), air and hands of the milking personnel. This can lead to
variation in the microbial composition of the product as it depends on the microbiological quality of raw
milk, the health of the cow, personal hygiene and the cleaning practices of the utensils and surrounding
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environment. The temperature of the environment may also have a bearing on the microbial
composition.

Since TFMPs are not produced using defined starter cultures, they consist of a group of microbes referred
to as ‘microbial communities’. These microbial communities are responsible for the fermentation process
in the TFMPs with each of them playing a specific role during the process. As a result, the microbial
community composition of these products changes over time. For instance, raw milk is the starting
material and has its own microbiota composed of different bacteria [34]. Other microbes from the
surrounding environment also enter the system and form the initial microbial community. The initial
stages of fermentation are usually dominated by Gram-negative bacteria since the milk is at almost
neutral pH and rich with nutrients that supports their fast growth. Thereafter, the lactic acid bacteria will
join and breakdown the lactose to lactic acid thereby, reducing the pH. When the pH reaches 4.6 (the
isoelectric point of the kappa casein) the milk will coagulate and form a sour milk with a thick coagulum
[35, 36].

The gradual changes in nutrient content and pH of the milk during the fermentation process will lead to
changes in the microbial community composition. This implies that there will be differences in the
microbial composition present at the start, in the middle and at the end of the fermentation process.
However, the changes in the microbial community may not only be linked to the availability of nutrients
and pH, but may also be associated with competition and microbial interactions. If we consider the
fermenting milk as an ecosystem, other external factors may also influence the microbial community
composition such as temperature, the material of the fermentation container, addition of ingredients or
starter cultures (back-slopping), removal of whey/butter, dilution with raw milk and agitation. All of
these factors may exert a certain effect on the microbial community composition, which can be referred
to as ‘selection pressure’. The internal factors can collectively be referred to as ‘biotic factors’ whereas
the external factors can be referred to as ‘abiotic factors’.

The TFMPs in Africa are subjected to different biotic and abiotic factors that exert selection pressure on
their microbial communities, which results in different outcomes in terms of microbial community
structure. In section 1.2, the different production flow processes were highlighted for several African
TFMPs. There limited studies that associate microbial community composition with production practices of
TFMPs and their related production factors. Most studies that have been carried out on TFMPs, have
focussed on the characterisation of the microbes in these products. Furthermore, in respective countries
the focus has usually been on one type of TFMP from a particular region with few samples and the
majority of these studies were conducted using culture-based analytical techniques for microbial analysis
[12, 13, 20, 22, 31].

Microbial analysis using culture-based techniques has limitations in the sense that, the method depends
on the microbes growing on the selected solid media and being enumerated. However, in some cases
certain microbes may not grow, which will lead to conclusions that those microbes are absent.
Fortunately, culture independent methods have been developed over the last several years and the cost
of analysis per sample has steadily been reducing, which makes it an interesting approach to investigate
whole microbial communities in these products. The main advantage of this method is that it is based on
the DNA of the microbes present in the product, which is extracted, purified and sequenced for
identification by comparison with already sequenced data of microbes on established databases such as
the NCBI. For example, studies in raw milk microbial composition have found more bacterial species
using this technique [34].

Few studies have been conducted on African TFMPs using these techniques [24, 37-39] compared to
extensive studies that have been carried out and are still on-going for other fermented milk products
such as cheese [40, 41]. These new DNA based analytical techniques provide the opportunity to carry
out more comprehensive analysis of the microbial community composition and their dynamics during the
course of fermentation. And this can be coupled with the study of volatile compounds produced in TFMPs
products, which can be linked to microbial functionality. The use of both of these analytical techniques
can be instrumental in the development of starter cultures and product optimisation.

12
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The volatile compounds are important because they deliver aroma to the TFMP and can also be called
‘aroma compounds’. These compounds are products of the metabolism of the combined microbial
community during fermentation, which gives each respective product the characteristic aroma. Different
methods can be used to determine these compounds but one of the most commonly used is the
Headspace-Solid Phase Micro-extraction Gas Chromatography-Mass Spectrometry (HS-SPME GC-MS).

1.7 Study approaches and indigenous knowledge

Africa is endowed with a rich heritage of natural resources. The most prominent resources are minerals,
timber and oil that are part of the larger international trade domain. However, there are other riches of
Africa, which are not at the front row of the global discussion and these are related to indigenous
knowledge of food preparation.

The transfer of indigenous knowledge throughout human civilisation has been through storytelling,
writing and drawing. In African society, storytelling and guiding the next generation on a particular skill
were by far the most popular means of knowledge transfer. However, these practices changed after
colonisation and introduction of formal education, which led to certain aspects of the traditional ways
being considered backward and archaic. As a result, a fair amount of knowledge and skills of various
traditional and herbal medicine, weather forecasting, agro-practices as well as food preservation have
been lost.

TFMPs such as mabisi are still produced using indigenous knowledge and skills handed down from one
generation to another. However, with a changing world and advances in science and technology, there is
need to harness these skills and knowledge base in order to meet the demand of the growing world
population projected to increase by 2 billion towards the year 2050. Utilising the indigenous knowledge of
mabisi production and combining it with current analytical techniques will result in the development of
products with added value, consistent quality and safety. Therefore, it is critical to investigate the
traditional ways of mabisi production and identify the key aspects of its production. Thereafter, with the
application of current scientific knowledge, better quality and safe products can be developed and
optimised on the basis of TFMPs.

Collecting this information requires systematic planning and meticulous execution. Researchers need
good local contact persons that are known to the target communities who are able to guide the
researchers on the social norms of the respective societies. The local contact person can either be a
government Agricultural Extension Officer or Environmental Health Technician depending on the need.
These officers are usually supervised by a senior officer at District level, who also reports to someone at
Provincial level. It is important to respect and follow these lines of authority and communication for the
research to be successful. At local community level, the contact person understands the local procedures
of paying a courtesy call on the Chief and Headman depending on the study areas. Only after satisfying
all the relevant stakeholders’ requirements or expectations, can the researchers then proceed with
information gathering either through interviews with questionnaires or focus group discussions. These
processes can take time and are complex, making thoughtful planning of activities a key success factor.

1.8 Rationale and problem description

Mabisi is a popular TFMP in Zambia, made from raw milk through a spontaneous fermentation process. In
Zambia, the legislation does not permit the sale of milk that has not undergone pasteurisation and
mabisi falls into this category (milk). Unpasteurized raw milk is sold and can be used to produce mabisi
at household level. Some traders buy raw milk and make mabisi for sale at local markets or in some
cases, they buy already made mabisi at wholesale scale from farmers for subsequent, re-sale at the
market. Mabisi is also sold at milk collection centres (MCCs).

13
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Most dairy farmers are members of cooperatives and a number of these cooperatives have MCCs where
the farmers deliver their milk and bulk it up for sale to the dairy processing companies. The
establishment of these MCC has improved the income levels of the dairy farmers because they have an
assured market. However, due to erratic power supply, poor road infrastructure and other logistical
challenges, there are disruptions in the cold chain, which leads to milk being rejected by the dairy
processors. Once the milk has been rejected it is either disposed of or fermented into mabisi and sold to
the public. There are no documented cases of food poisoning and food-borne illnesses linked to the
consumption of mabisi. In fact, there are assertions that mabisi cures diarrhoea and improves digestion,
which raises questions about the kinds of microbes present in mabisi.

There are limited studies on the microbial composition of mabisi. Schoustra, Kasase [24] reported that
mabisi is composed of 6-8 species of lactic acid bacteria (LAB) and acetic acid bacteria (AAB). These are
findings from samples collected from Southern (Zimba, Choma and Monze districts) and Central
(Mumbwa district) provinces. However, mabisi is also produced in Western province and with internal
migration of people from one province/region to another as well as the promotion of dairy farming by the
Government and other stakeholders around the country, mabisi production has spread to other parts of
the country that are not traditionally associated with its production. In addition, Zambia has a rich ethnic
diversity of 73 different tribes spread across the country, for which mabisi is an important part of the diet
to many of them. Mabisi consumption has spread among ethnic groups through cultural exchange
fostered by inter-tribal marriages, migration to other regions as well as urbanisation. It has become a
popular product in the cities mainly consumed with the staple maize porridge, dehulled maize or taken as
a beverage.

Because Zambia is a vast country (752,000km?) with different ethnic groups, there may be differences in
the way mabisi is produced from one region to another, which can be referred to as ‘production
methods’. Furthermore, there are different geographical regions that can be distinguished within the
country either by average ambient temperatures or amount of rainfall received, also referred to as ‘agro-
ecological zones’. There may also be different types of containers used for the fermentation. All these
constituent abiotic factors that may exert a certain degree of selection pressure on the microbes found in
mabisi, which may lead to a particular outcome in the microbial community structure. Therefore, there is
need to determine microbial community composition of mabisi and identify the key factors that influence
its composition.

The composition of the microbial community is important because it gives information on presence and
relative abundance of certain types of bacteria that are involved in the fermentation. In addition,
knowledge of the microbial community composition provides suggestions for the selection of key
microbes that can be used to develop starter cultures for mabisi production and finally, this also helps to
assess product safety under existing production practices. These microbial communities can be assessed
for resilience against pathogen invasion in order to allay concerns of microbial hazards in mabisi.
Knowledge of the composition of the microbial community and the production method can be used for
product optimisation, which is expected to lead to the production of standardised products with
established quality, safety and shelf-life.

1.9 Study aim and objectives

Traditionally fermented milk products such as mabisi are a rich source of nutrients and potentially
beneficial microbes because they are produced through a spontaneous fermentation of raw milk at
ambient temperature. The product remains stable at room temperature for several days and is an
important part of the diet in many households in Zambia.

Therefore, the aim of this study was to characterise the microbial community composition of mabisi and
determine the factors that influence their composition. The conceptual framework of the study is
illustrated in Fig. 3 and specific objectives of this study are:

14
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= To determine the existing production practices, identify key process parameters and uses of mabisi
in Zambia

=  To characterise the microbial community composition of mabisi produced across Zambia

= To determine the influence of fermentation temperature on microbial community composition and
physicochemical properties of mabisi.

= To determine the effect of three production methods and producers on the mabisi microbial
community composition

r
Farmenta ontainer

Fermentation time
Boidling/coaling
kafopplng
Whey removal & raw milk addition

i method and

Fig. 3. The conceptual framework of the thesis chapters.

1.10 Outline of the thesis

This thesis has six (6) chapters: chapter 1 gives the general introduction and background on mabisi and
other traditionally fermented milk products. It describes the problem, rationale and states the objectives
of the study. Chapter 2 describes in detail, the indigenous knowledge on different mabisi production
methods practiced throughout Zambia, which was collected through a country-wide survey. In addition,
the critical production process parameters are identified and the uses of mabisi are explained. Chapter 3
elucidates the microbial community composition of mabisi samples collected during the country-wide
survey and highlights the factors that causes variation in microbial composition and diversity. Then
fermentation temperature, which is one of the key production process parameters identified in chapter 2
is investigated in chapter 4. This chapter, shows that temperature has large bearing on the quality
(consistency) of mabisi produced and it influences the microbial composition of certain types of mabisi
(production method). Thereafter, the factors that influence microbial community composition of mabisi
samples identified in the chapter 3 survey, are investigated in chapter 5. It demonstrates that both the
producer and the production method of mabisi over several production cycles exerts sufficient selection
pressure on its microbial communities, which leads to changes in the outcome of the microbial
community structure. And lastly, chapter 6 synthesises the study findings and gives perspectives on
future research and applications of the findings.
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Chapter 2

Abstract

Fermented dairy products can be rich in beneficial microbes and one such product with potential is mabisi.
Mabisi is a traditional fermented milk product from Zambia made through spontaneous fermentation of
raw milk at ambient temperature using a calabash (gourd), clay pot, plastic or metal container. The
fermentation takes about 48 hours after which the product is stirred and ready for consumption. This study
was aimed at determining the types of production methods of mabisi and identifying the critical production
process parameters. A survey was conducted using interviews and observations to determine the existing
production practices/technologies and to capture indigenous knowledge on mabisi production in nine
provinces of Zambia. We found seven different production methods which we coined; tonga, thick-tonga,
illa, barotse, backslopping, cooked and creamy types. Interestingly, the tonga-type mabisi was produced
throughout the country by different ethnic groups. The main process parameters were found to be
fermentation time and temperature, type of containers, presence/absence of backslopping, agitation,
heating and cooling, removal of whey and addition of raw milk. And further found that mabisi is a versatile
product consumed with a wide variety of foods. This basic information is crucial for production process
optimisation and microbial communities dynamics studies.
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The art of mabisi production

1. Introduction
Most fermented food products found on the market originate from traditional recipes that have evolved
and have been optimised over the years. A good example is cheese of which the production can be
traced back to 5,500 BC in present day Poland, where filtering clay pots were found with remnants of
milk fat, [7, 42]. The production of fermented milk products has from that time evolved in different
regions and countries in Europe leading to various specific types of cheeses for example Parmesan
cheese from Parma in Italy, Swiss cheese from Switzerland, Gouda from The Netherlands, Brie from
France and Cheddar from the UK.

Sub-Sahara Africa is not renowned for cheese production and does not have famous indigenous
fermented milk products such as yoghurt or kefir. However, there are definitely traditional popular
fermented milk products in most countries, which are still produced using traditional methods at
household level and for which production processes have not or scarcely been documented. An example
is mabisi, a traditional fermented milk product from Zambia, which according to Schoustra, Kasase [24]
is made by spontaneous fermentation of raw milk at room temperature for 48 hours in a calabash
(gourd) then stirred/sieved before consumption.

Zambia is a vast country with 10 provinces and 73 tribes (ethnic groups). It has a total cattle population
of 4,984,909 out of which 70% are under traditional (small-scale) production system while 30% are
under a commercial (large-scale) production system [33]. The total estimated annual milk production is
1,179,000,000 litres [33] but less than 50% is processed by dairy companies, [26, 27]. The rest is sold
through informal channels either as fresh raw milk or as mabisi which is also referred to as ‘sour milk’
and of which the total annual production is also unknown. The low commercial milk processing levels are
mainly because most dairy companies are situated in urban areas (large cities). In contrast, the highest
cattle and milk production is in the rural areas, where the road infrastructure is poor and access to cold
storage facilities is limited due to erratic or inadequate power supply. Mabisi production is one way of
preserving milk in these areas. Moreover, it is a popular product because of its taste and other
organoleptic properties, and is mainly consumed as a beverage or with the staple maize meal thick
porridge.

Other studies on traditional fermented milk in Africa have revealed products such as amasi in Zimbabwe
and in the Republic of South Africa (RSA) [20], Omashikwa in Namibia [18, 19], Mursik in Kenya [14],
Kivuguto in Rwanda [13], Nunu in Ghana [12] and Aewsso in Ethiopia [15]. Most of these studies were
conducted in specific regions or parts of those countries where the products are mostly produced and
consumed. These studies highlight that for most traditional products, many variations of processing exist
and this processing relies on traditional knowledge, for which in some cases modern standardized
procedures have been developed.

Mabisi is traditionally produced in the western, central and southern parts of Zambia, where a larger
proportion of cattle raised under the traditional production system are located. However, with internal
migration and promotion of dairy production by the Government and non-governmental organisations
(NGOs) in other regions, the likelihood that mabisi production has spread to those regions has not been
ascertained. The drivers of internal migration have largely been the search for fertile agricultural land in
areas with high rainfall (towards the northern regions) as well as employment which lead to mixing of
different ethnic groups and exchange of cultural practices. A previous study by Schoustra, Kasase [24]
reported that only one production method of mabisi making was practiced in 6 sites located in southern
(3 sites), central (2 sites) and central-north (1 site) parts of the country. The study excluded one
traditional mabisi production region which is the western part and also a non-traditional mabisi
production region, the eastern part of the country. Overall, there is currently limited documentation of
the different traditional technologies that are used for producing mabisi.

Therefore, this study aimed at determining and documenting the different mabisi production practices
and technologies throughout the country and to analyse how they are influenced by region and ethnicity.
The study further elucidates the key processing steps and parameters that are critical to product quality
and safety, evaluates the hygiene practices as well as uses of the final product. We envisaged that this
comprehensive approach of gathering indigenous knowledge on traditional fermentation practices of milk
when added to other regional contributions from the different parts of Africa will give an overall picture of
these products for potential improvement and up-scaling of production to the levels of other renowned
fermented milk products in the world.
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2. Material and Methods
2.1 Study area and sampling

A cross-sectional study was conducted country-wide covering 9 out of 10 provinces of Zambia. Since
mabisi is mostly produced in Southern, Western and Central provinces, more districts were sampled in
those provinces as shown in table 1. Out of the rest of the other provinces, Eastern province had more
districts sampled despite not being a renowned region for producing mabisi but because of its high cattle
population. Lusaka and Copperbelt province are more cosmopolitan and urban with the former being the
capital city and the latter being a mining region. The selection of the districts was based on information
on dairy production activities and cattle population provided by the Ministry of Fisheries and Livestock
(MFL) officials as shown in table 1. Luapula province was excluded due to low cattle population (21,564)
compared to rest [27, 33].

Table 1. Study sites, cattle population and dairy cooperatives per province

Province Cattle No. of Dairy Districts sampled
population | Cooperatives
interviewed
Western 890,288 2 Kaoma, Mongu, Kalabo, Senanga, Sioma, Sesheke
Southern 2,105,890 6 Choma, Sinazongwe, Namwala, Kalomo, Zimba,
Monze
Eastern 844,839 1 Lundazi, Chipata, Sinda
Central 576,169 2 Chibombo, Mkushi, (Mumbwa, Itezi-tezi)*
Copperbelt 69,616 2 Luanshya, Chingola
North-western 93,508 1 Solwezi, Kabompo, Zambezi
Muchinga 175,801 2 Mpika, Isoka
Northern 79,044 1 Mbala
Lusaka 128,190 1 (Chongwe)*

Source for cattle population: Ministry of Fisheries & Livestock (MFL), 2017
*For districts in brackets, only focus group discussions were conducted.

2.2 Data collection

The data were collected using structured questionnaires (S1 Questionnaire) which were administered in
one-on-one interviews by the researchers in English and/or local languages that the respondents were
most familiar with. At least 30 questionnaires were administered per district and they had several
sections which included socio-demographic information, mabisi production methods, processing
parameters and hygiene practices. Districts with fewer respondents were combined with proximal
districts within the same province. The respondents were selected randomly from a list of livestock
farmers in each veterinary camp (VC) within the district that was selected based on recommendations
given by the Ministry of Fisheries and Livestock personnel. Districts are divided into VCs for
administration purposes. Focus group discussions (FGDs) were conducted with farmer groups of 8-12
people and 1-2 FGDs per district were carried out depending on the number of respondents available.
Semi-structured interviews with key informants who included chairpersons of dairy cooperatives,
managers of milk collection centres (MCCs) and local Headmen or Chiefs as well as Ministry of Fisheries
and Livestock officers at provincial and district level were also carried out using a set of questions (S2
Checklist) on the detailed production process of mabisi, product safety and uses. Data were also
collected by observation of production practices and equipment used. In all cases, consent for the
interviews was formally requested and granted. In addition, ethical approval from ethical review
committees both at the University of Zambia (UNZA) and Wageningen University was granted for this
study.

2.3 Data analysis
The data from the questionnaires were entered in a datasheet in IBM SSPS statistics version 22 software.

Then, the data were analysed using both IBM SSPS statistics 22 and Microsoft excel software for
descriptive statistics of mean, percentage as well as correspondence analysis (CA).
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3. Results
The main objective of this study was to determine the traditional production practices of mabisi used by
local households (HH) and dairy cooperatives. Out of the 537 respondents, 76% were male and 24%
were female mainly because mabisi is largely produced by the households that own cattle (93%) which
mostly belong to the men. A higher proportion of these HH were headed by men (88%) and the highest
HH size was between 6-10 (43%). Most respondents were married (83%) with the dominant (24%) age
group being between 40-49 years as shown in table 2.

Table 2. Demographic information of the respondents

Parameter | Gender Marital status Households Household
with Cattle head

Descriptor Male Female | Single | Married | Divorced | Widow(er) | Yes No Male | Female

% 76 24 9 83 2 6 93 7 88 12

Parameter | Household size Age (years)

Descriptor 0-6 6-10 >10 <18 18-29 30-39 40-49 | 50-59 | >60

% 33 43 24 1 13 21 24 20 21

3.1 Mabisi production methods
This study revealed seven (7) distinct methods of mabisi processing, each yielding a distinct type (Fig.
1), which are described in this section.

3.1.1 Tonga & thick tonga type

The production of mabisi begins with milking, the raw milk is milked by hand into a bucket which is either
made of plastic or metal. Traditionally, gourds (calabash) with large openings and earthen pots were
used for this purpose, [20, 43]. The raw milk is then sieved mostly using a plastic tea strainer (64%),
stainless steel strainer (21%) or a cloth (7%). The plastic tea strainer is the most popular because it is
cheap and readily available in most local markets. The raw milk is then poured into a plastic bucket
(21%) or plastic container with a smaller opening (56%), metal can or pot (12%), calabash
(gourds)(6%), or an earthen pot (nongo)(2%) covered with a lid and placed in a cool place in the house
in most cases (91%) as shown in Fig 1. To speed up the fermentation, the container can be put in direct
sunlight (3%) during the day or placed in the kitchen (2%) especially in the colder months of June and
July when ambient temperatures (10-22°C) are lower. Sometimes, the milk is incubated outside the
house in the shade but the FGDs revealed that a cold waterbath may be used during the hot months of
September - November (20-30°C).
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Fig 1. Types of fermentation containers used. These include: a. calabash, b. plastic bucket & 2.5 litre
containers , c. metal container and d. earthen pot.

The container is left to ferment spontaneously for mostly 1-3 days (86%) but it can actually go up to 7
days depending on the type of mabisi production method. The most common fermentation time was 1
day (30%) followed by 2 days (26%) and 3 days (20%). But this variation in fermentation time was also
linked to the prevailing ambient temperatures which are influenced by seasons. For instance, during the
cold season (June to July) the fermentation took longer as noted by 93% of the respondents by an
additional 1-2 days. The endpoint of fermentation was mainly noted by the product becoming thick
(55%), tasting sour (10%), formation of whey fraction (13%) and lumpiness (9%) but other
observations included the expansion of container (plastic), formation of gas (bubbles), product turning
yellowish on top or simply counting the number of days of fermentation. The frequencies of the key
processing parameters mentioned above are summarized in Fig 2.

Type of Sieve Type of fermentation container Incubation place
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Fig 2. Proportions of key mabisi production process parameters of the respondents’ responses. The
parameters include the following: a. type of sieve used, b. type of fermentation container, c. incubation
place during fermentation, d. period of fermentation (time), e. increase in fermentation time (period)
during the cold season, and f. the determinants of the end fermentation.

At the end of fermentation, the product is stirred to make it homogeneous and considered ready for
consumption thereafter. This process describes the typical production of “tonga type” mabisi which is
illustrated in a flow diagram in Fig 3 (process I). However, there is a variation to this method in the case
of high whey content in the final product which is usually undesirable. In that case, after fermentation a
portion of the whey is drained off before stirring so that a good thickness and homogeneity is retained in
the product. The resulting product is referred to as “thick tonga type” of which the production process is
illustrated in Fig 3 (process II). It should be stated that until now, the different types of mabisi were all
known as “mabisi” or “sour milk” and it became necessary in this study to differentiate the types by
coining new names as can be found in this and the following sections. The term tonga type has been
derived from the name of the tribe that mostly associated with this method.

The whey fraction has several uses which include: (i) cooking porridge with maize meal, (ii) making
“instant mabisi” by adding it to fresh raw milk which coagulates immediately due to its low pH and then
giving it to children as a drink and finally (iii) feeding it to dogs and pigs. However, in areas with high
milk production during the rainy season from December to April such as Southern and Western
provinces, the whey is simply discarded.
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Fig 3. Flow diagram of 7 mabisi production methods. Each method is denoted by a roman numeral from
I-VII, which are as follows: I-Tonga, II-Thick tonga, III-Backslopping,IV-Illa, V-Barotse, VI-Creamy and
VII- Cooked.

3.1.2 Creamy thick type

The production process to make creamy-thick-type of mabisi is illustrated in Fig 3 (process VI). Its
production follows the typical tonga-type mabisi production process from raw milk up until the end of
fermentation but has a slightly longer fermentation period of usually 2-3 days. Then the cream is
removed from the top layer of the product using a spoon and transferred to a separate container such as
a cup which is stored in a refrigerator or a cool place. Thereafter, the whey is drained off and the mabisi
is allowed to ferment for an additional day after which the cream is added back and mixed with the rest
of the product. The final product is creamy and thick, hence the name of the product.

3.1.3 Cooked type

This type of mabisi is produced the same way as the typical tonga type except that there is a cooking
step after sieving. The milk is heated in a pot until the foam appears on top and boiling begins, then it is
removed from the fire or stove and allowed to cool slowly. Thereafter, it is put in the container for
fermentation and left for 2-3 days. Finally, it is stirred and ready for consumption as shown in Fig 3
(process VII).

3.1.4 Backslopping type

The production process for this type of mabisi is shown in Fig 3 (process III). This follows the steps in the
typical tonga type production process up to stirring without any removal of whey. A proportion of the
product is removed for consumption but a certain amount is left in the fermentation container as starter
culture for the next batch. Since milking is done either once or twice a day, the mabisi for consumption is
usually all removed at once in the morning from the fermentation vessel leaving some for the next
fermentation. Then fresh raw milk is added and allowed to ferment for half to one day. In some cases, by
evening the product is ready and can be consumed for dinner and/or breakfast the following morning.
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The amount removed for consumption depends on the family size and can vary from half of the container
to nearly emptying it (approximately 90-95%). At no time during the production, is whey removed and
the mixing tends to be quite vigorous making the product less viscous. There is also a special stirrer
called mpeso, which is basically a stick with three branches at one end and the stirring is done by putting
it between the hands then rotating it back and forth so that the branched part breaks the lumps in the
product. Traditionally, the cycles of backslopping mabisi production can go on for several months
especially when milk production is high during the rainy season because the container is always filled to
the top. When milk production is low and the container does not get filled leaving a big gap at the top
which may result in an unpleasant smell after approximately 10 days due to proteolytic breakdown of the
product on the walls of the container. Once this happens, the container is emptied and subsequently,
washed after which the production process can start all over again.

3.1.5 Illa type

This type of mabisi is similar to the backslopping type but it has a churning or agitation process which
produces butter granules as illustrated in Fig 3 (process IV). The process starts the same way as the
tonga type, once the raw milk becomes sour after a day, the calabash is shaken back and forth either on
a mat on the ground or on the laps of the producer. This task was traditionally done by the elderly men,
usually a grandfather or the head of the HH. The calabash is shaken for 5-20 minutes each time for
several times in a day. If the shaking starts in the morning the product can be ready at noon and should
have been shaken at least 3-5 times. This shaking leads to the formation of butter granules which float
on top of the mabisi and are removed with a wooden spoon then placed in a small pot or cup. The mabisi
is poured out of the calabash but some of it is left as starter culture for the next batch. The raw milk is
then added to the calabash which it given a gentle stir and left to ferment for a few hours. Shaking starts
again in the late afternoon, into the evening and the following morning. Around mid-morning, the butter
and mabisi are removed and raw milk is added again then the process continues. This process is
continuous for up to a year or longer. This method of production was given the name ‘Illa type’ because
its production was dominated by the Illa speaking people.

The butter is washed with water and stored in a small pot or cup in a cool area of the house. It is mostly
used for cooking porridge, vegetables, fish and meat but it can also be used as lotion after a short
heating and cooling process. Traditionally, the lotion was used by everyone in the HH but nowadays, it is
only used for babies with sensitive skins.

3.1.6 Barotse type

This type of mabisi is mainly produced in the Western province of Zambia (formerly, known as
‘Barotseland’ and hence the name of the product, ‘barotse type’) and illustrated in Fig 3 (process V). It is
made in a calabash or plastic container with a small opening on top. The raw milk is placed in a calabash
after sieving and left to ferment for 2-3 days until there is clear whey separation. The calabash has a
draining hole at the bottom with a plug which is removed to drain the whey and subsequently, plugged
back. Once all the whey has been drained, fresh raw milk is added to the calabash without stirring and
the lid is closed. The product is left to ferment for a day, after which the draining plug is removed to
drain off the newly formed whey. The drain plug is plugged back and fresh raw milk is added again and
allowed to ferment for another day. The whey is drained for a third time and fresh raw milk is added
again and fermented for another day. Usually at the fourth time of whey draining, there tends to be little
or no whey to drain which signifies the end of the process. The resulting product is shaken vigorously
and poured out into a bucket or pot. This product is usually very acidic and very thick like a cottage
cheese and is called “mafi”. The end point of production differs from producer to producer with some
draining the whey only twice whereas others drain several times until there is no more whey being
produced which can be up to 4-5 times. This also leads to a slight variation in the thickness of the
product. The product is generally called “mabisi yatemile” which means sour milk when it is not as thick
as “mafi”. If the product is too thick or too sour, fresh raw milk is added to it and mixed and then it can
be consumed. When using a plastic container for fermentation, there is no drain plug at the bottom of
the container. So the draining is done by making a small hole through the curd using a thin long stick but
usually a fresh grass straw is used and the container is tilted to allow the whey to drain out through the
opening in the curd at the top of the container. These containers have a 2.5, 5 and 20 litre capacity.
Whey that is removed from the barotse-type mabisi is usually feed to the dogs or simply discarded.
During the periods of low milk production, the milk will be added to a container daily and allowed to
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ferment simultaneously until it is full and that is when the whey is drained and the process continues as
described above.

3.1.7 Other practices of coagulating milk

Also other practices were found in Zambia that involve milk coagulation without a fermentation step and
strictly speaking cannot be called mabisi. These include adding lemon juice to fresh raw milk which
causes the milk to coagulate due to the lowering of the pH of milk to less than 4.6 as a result of the citric
acid in the lemon juice. This practice was not only common among herd’s men and boys who coagulated
the milk in the bush as a quick meal/snack while looking after the cattle but also in areas where mabisi
production was not so popular such as parts of Eastern province. Raw milk is also coagulated by addition
of local fruits such as baobab fruit pulp powder to make a product called chivalavati (a product similar to
Mutandabota of Zimbabwe [44]), fruit pulp from tamarind (busiika) and nkula(nchenje), the bark of the
mukololo tree as well as juice extracted from the roots of a tree called ‘kabodo’. These practices were
common in Southern province.

3.2 Distribution of the mabisi production methods throughout Zambia

The overall proportions of the most frequently used production methods among the respondents are
shown in Fig 4 with the tonga type being the most popular followed by barotse type, then backslopping
type, with thick-tonga type being fourth and the rest accounting for less than 5% each. The tonga type
was produced in all provinces of the country by all the different tribes interviewed but the barotse type
was mostly popular in Western province, parts of Southern, Central, Copperbelt, North-western and
Muchinga provinces. In Western province, this was practiced in all the districts visited mostly by the Lozi
and Nkoya people. Backslopping was widely practiced in Southern, Western and Central provinces but
was less popular in Eastern, Muchinga and Copperbelt provinces. The thick-tonga type was found in all
provinces studied except for Northern province. The illa type was mainly practiced in Southern and
Central provinces mostly among the Illa and Tonga people of Namwala, Choma, Monze and Itezi-tezi
districts but it was also practiced to a lesser extent in Western province. The creamy type was
exclusively practised on the Copperbelt province (Luanshya district) by different tribes. And lastly,
cooked type was practiced in Central (Mkushi district) Western (Kalabo, Kaoma and Sioma districts) and
Southern (Monze, Zimba and Sinazongwe districts) provinces by Lala, Lozi/Luvale and Tonga people,
respectively.
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Fig 4. Regional distribution of different mabisi production methods. The large pie chart outside the map
shows the overall proportion of the production methods for the country whereas each of the ones inside
map shows the regional distribution. (Blank map courtesy of d-maps.com)

3.3 Distribution of tribes (ethnic groups) that produced mabisi

There are a total of 73 tribes in Zambia but the respondents (n=532) from this survey were only drawn
from 22 tribes as depicted in Fig 5. The most predominant tribe that was involved in mabisi production
were Tongas followed by Lozis and these are mostly found in the Southern and Western provinces of
Zambia, respectively. The Tongas were found in all the provinces but the Lozis were mainly found in
Western province. The former were found all over the country due to migration in search of grazing land
as well as better agricultural land for crop production in high rainfall regions. The tribes that have a
tradition of making mabisi are generally cattle keepers and these include: Tonga, Lozi, Illa, Lenje, Nkoya,
Namwanga and Mambwe and mainly originate from Southern, Western, Central and Muchinga provinces.
However, despite some tribes from Eastern province also raring cattle, only some Tumbuka and Ngoni
people were associated with mabisi production traditionally. Copperbelt province had the most diversity
in tribes because it is a mining area which attracts peoples from different regions.
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Fig 5. Distribution of proportion of mabisi producing respondents’ tribes (ethnic groups). The overall
proportion is shown in the large pie chart outside the map and regional distribution are shown inside in
the map. (Blank map courtesy of d-maps.com)

3.4 Relationship between production practices and ethnic groups

The association between production practices and ethnic groups was analysed using correspondence
analysis (CA) which shows that about 9 tribes clustering around tonga type mabisi in Fig 6. Tonga type is
different from the barotse type as they are on opposite ends of the first dimension but tonga type with
whey removed (thick tonga type) is closer to backslopping, illa and cooked types. The barotse type is
strongly associated with Lozi, Luvale and Lunda tribes while the cooked type is associated with the Lala
tribe of central province. The tonga type is associated with the Tonga, Bemba, Mambwe, Kaonde, Ngoni
and Nkoya tribes. Illa type is associated with the Illa tribe. The second dimension shows that illa type is
different from the rest and Ndebele tribe is also more separated from the rest.
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Fig 6. Correspondence analysis (CA) of production practices and tribes (ethnic groups). The Fig shows
the tribes that practice a certain production method are grouped around it. The production methods in

this Fig are; tonga, thick tonga (Removal of whey), cooked, illa and barotse types whereas the tribes are
listed in Fig 5.

3.5 Relationship between production practices and geographic location

The association between the production practices and geographic location was also examined using CA
and it shows that tonga type and barotse type are different and with the highest degree of differentiation
on the first dimension as shown in Fig 7. Tonga type is closely associated with whey removed (thick
tonga type), backslopping and illa type as well as several provinces namely: Southern, Copperbelt,
Northern, Muchanga and Eastern provinces. Barotse type was associated with Western provinces. On the
second dimension, the cooked type was furthest away from the rest and so was Central province from
the other provinces but the two were closely associated.
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Fig 7. Correspondence analysis of production practices and geographic location. The Fig shows provinces
grouped around the production methods mostly practiced in their regions.

3.6 Relationship between production practices and fermentation time

Fermentation time is an important process parameter in mabisi production and its association with
production practices was analysed with CA. The results of CA show that barotse and tonga types are
furthest from each other on the first dimension with the former closely associated with fermentation
times of 4 and 5 days whereas the latter is associated with 1 and 1.5 days (Fig 8). Cooked type is
associated with 3 days fermentation time. This can be explained by the fact that this production-type
involves a boiling process which kills the initial microbiota and therefore the fermentation takes longer
incubation times. Dimension 2 shows that illa type is less associated with the rest of the other
production practices but is closely associated with the fermentation time of half a day.
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Fig 8. Correspondence analysis of production practices and fermentation time. The Fig shows the
fermentation time associated with the production methods.

3.7 Relationship between production practices and type of fermentation
container

The type of fermentation container (shown in Fig 1) is another important process parameter and the
association with production practices was also analysed with CA as shown in Fig 9. We found that tonga
type mabisi is associated with plastic bucket and earthen pot while the plastic container with a small
opening at the top is associated with the barotse, cooked and backslopping types. The illa type is closely
associated with the calabash. The metal container is furthest apart from the rest but only closest to the
whey removal (thick tonga type) as shown on dimension 2.
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Fig 9. Correspondence analysis of production practices and fermentation container. The Fig shows the
type of fermentation container linked to a particular mabisi production method.

3.8 Hygiene practices

Mabisi is made using different types of containers which include: calabash, plastic buckets, metal
cans/pots and earthen pots. Since these containers are made from different types of material, the
cleaning method will have different effects on each container. Ninety four percent (94%) of the
respondents reported that they washed their containers at the end of mabisi production depending on
the type of production method used. Out of these, the highest proportion of up to 48% washed their
containers with water only, out of which 26% used hot water, 16% used warm water and 6% used cold
water as shown in Fig 10. The total proportion of the producers that used detergent to wash their
container was 39% with 17% of them using hot water, 15% using warm water and 7% using cold water.
From the remainder, 3% used water with sand, 1% used water with ash, 2% used water with maize
meal to wash their containers. These different ways of cleaning the fermentation container are likely to
have different effects on the surface of the container which might lead to the formation of biofilms in
some cases, [45]. With the fermentation mostly done in the same container and with over half of the
producers only washing their containers with water, there is a high likelihood of biofilm formation in
most of these containers which eventually play a part in subsequent fermentations as well as quality and
safety of the final product. The main reason for some of the respondents not to use detergent to wash
their containers was because of residual odours of the detergent in the product which was regarded as
extremely undesirable.
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3.9 Uses of mabisi

Mabisi is mostly consumed directly by drinking or mixed with a thick or light maize porridge. The thick
maize porridge locally called ‘nshima’ is a staple food and can also be made from other cereal crops as
well such as sorghum and millet or in some cases a blend of maize and cassava meal. This thick porridge
is eaten with mabisi for breakfast and lunch or as a dessert after lunch or dinner. The light porridge with
mabisi is mostly eaten for breakfast especially by the children. Mabisi can also be eaten with boiled
grains of sorghum, millet, whole grain maize (magwaza), dehulled maize (samp) or grits (masembe for
cooking porridge). Other cereals include rice and pasta but the latter is only consumed in a few urban
areas. Root and tuber crops such as cassava, sweet potato and irish potato can be boiled and eaten with
mabisi as a main meal. Mabisi is also consumed with both local and exotic fruits as well as different types
of pumpkins. Furthermore, it is also consumed with baked products, cooked legumes and used during
cooking of dishes such as meat, fish and vegetables. The various types foods that are consumed with
mabisi are shown in table 3.

Table 3. Foods consumed with mabisi

Product category Type

Cereals Maize porridge from meal or grits (chelee, Illya)*
Sorghum/millet porridge (chelee)*

Boiled immature sorghum grains called ‘mututu’ (muselu)*
Boiled whole maize grain (titili, dwobo, chibobole, magwaza)*
Dehulled maize (samp, musohya)*

Boiled fresh maize cob

Roasted maize grains called ‘chiwaya’

Rice

Pasta

Fermented cereal drink called ‘chibwantu’

Opaque beer (sibamu)*

Fruits Pawpaw, boiled unripe mango, avocado, baobab powder (chivalavati,
mulondo)*, tamarind (mpalwe)*, masuku (chimvwe, chilimbu)*, banana, ripe
mango

Pumpkins Yellow & green pumpkins

Green pumpkin with boiled fresh maize (chidyobo)*
Baked confectionery Bread & buns (chikandi)*
Scones
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Tubers Boiled cassava, sweet potatoes, & irish potatoes
Legumes Beans

Beans with rice

Roasted groundnuts called ‘musuka’

Cooked side dishes Beef

Fish (tilapia, tigerfish)

Vegetables

*Noted the local name of the product eaten with mabisi is indicated in brackets

4. Discussion and Conclusion
This study shows that there are at least seven different methods of producing mabisi in Zambia. This
complements the study by Schoustra, Kasase [24], who only reported on one prevailing production
method, which we have now coined as tonga type mabisi. This tonga type is the most popular amongst
all ethnic groups and found throughout the country which suggests that it is acceptable for a broad range
of consumers. The production process of the thick tonga type shows that it only differs from the tonga
type by the step of whey removal which in turn produces thicker product and suggests that the two
products are quite similar in characteristics. The creamy type has a skimming step in addition to whey
removal and generally produces a thick creamy product. The latter production method has some
similarities with amasi of Zimbabwe which is also produced by a method that involves whey removal and
addition of fresh cream to the product producing a thick product, [21].

The cooked type involves a heating and cooling step before fermentation and was the least practiced.
However, it was widely practiced in Mkushi district of Central province among the Lalas who reported
that they learnt the technique of mabisi making from the Tongas that migrated there from the early
1990s though the latter did not heat their raw milk but made the tonga and backslopping types instead.
This practice can be attributed to the public health messages from the Ministry of Health that advocates
boiling raw milk before consumption as a way of preventing foodborne infections from raw milk
consumption. This practice was also observed in Monze and Sinazongwe districts but to a much lesser
extent. A similar product called “mursik” from Kenya has been reported by Nduko, Matofari [14]
although, the other one called “amabere amaruranu” involves both boiling and backslopping. The Illa
type and backslopping type are similar as they both involve backslopping steps and several fermentation
cycles though the former also has an additional agitation step which leads to the production of butter.
This method produces a buttermilk-like product which might be similar to aewsso from Ethiopia [15],
kivuguto of Rwanda [13] and nunu of Ghana, [12]. The barotse type involves the repeated alternate
removal of whey and the addition of raw milk which eventually produces a very thick and sour product
which is sometimes referred to as “mafi”. This name is also used to refer to a type of traditional
fermented milk product from South Africa [20, 46]. Further, the practice of continuously adding daily
batches of raw milk to a container until it is full and removing the whey thereafter is reported for a
product which is also called “mabisi” from Northern Namibia, [18, 47]. This region is close to the Western
province of Zambia where the barotse type is most popular. One explanation could be migration of tribes
during the Mfecani wars in the time of King Shaka of the Zulu people of present day South Africa in the
1820s [48]. Some displaced tribes settled in parts of Zimbabwe, Botswana, Namibia, Zambia, Malawi and
Mozambique. In Zambia for example, the Makololo tribe crossed the Zambezi river and settled in present
day Western province [49] while the Ngoni went east and settled in Eastern province [48] but this
production practice is not common there. A product called “omashikwa” from Namibia is reported [18,
19] to be made by fermenting raw milk with a root which can be similar to the other methods of
coagulating milk reported in this study where roots and tree barks were used.

This study also suggests that migration of ethnic tribes can spread production practices (technology
transfer) and consumption of certain foods to other regions. For example, the Tongas migrated to Central
(Mkushi) and Muchinga (Mpika) provinces and most likely introduced the tonga type mabisi. However,
some production practices can also evolve as a result of this as was observed with cooked type. There
can also be barriers to adopting other production practices such as Illa and backslopping that were also
practiced by the tongas which may be related to strong consumer preferences. This is an area that
requires further investigation. Furthermore, our study also suggests that barotse type mabisi only spread
to parts of Southern and Central province that are proximal to Western province which may suggest that
the Lozis migrated less or adapted quickly to the tonga type when they did. The study also points out
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that the Lalas and Bembas (from the Northern parts) were more receptive to mabisi than the Chewas,
Nsenga, Senga (from Eastern Province). However, a comprehensive study needs to be undertaken to
ascertain these dynamics.

The most important mabisi production parameters observed were the type of containers, fermentation
time and temperature, backslopping, agitation, removal of whey, addition of raw milk, heating and
cooling, and washing method. All these have a bearing on the quality of the final product which need
further investigation. The use of calabashes and earthen pots for fermentation of milk have been
reported in other studies [14, 20, 43, 50] but an increased use of plastic and metal containers has been
observed in this study largely due to their robustness and availability though their effects on the quality
of final product are not known. Fermentation times ranging between 1 and 2 days have been reported in
some traditional fermented dairy products [21, 24]. This study shows that fermentation time is a
function of temperature as clearly shown with increasing fermentation times by 1 to 2 days during the
cold season. The effect of fermentation time and temperature on the quality of mabisi is largely
unknown.

Mabisi is produced through a spontaneous fermentation process which involves microbes from the raw
milk, containers and immediate environment. These microbes repeatedly produce mabisi in different
locations using a variety of production methods whose microbial profiles are essentially unknown. In case
of backslopping, there is a transfer of the microorganisms involved from one batch to another and this
has been reported in different fermented products, [40, 51]. However, the optimal transfer ratio for
backslopping in mabisi production and its effect on product quality is not known. The removal of whey
reduces the liquid fraction in the product and leads to the production of highly viscous product such as
the thick tonga and barotse mabisi types. The whey contains lactose which is the energy source for the
microbes and may influence the microbial composition and quality of the product. This however requires
a comprehensive investigation to determine the type of bacteria present which can later be used to
develop starter cultures for industrial mabisi production. Food safety is of paramount importance
especially for a product that is produced by spontaneous fermentation of raw milk which in some cases is
produced under poor hygiene conditions. Therefore, it is imperative that the safety of mabisi needs to be
assessed.

In conclusion, seven different methods of producing mabisi were found throughout Zambia. The main
process parameters were found to be fermentation time and temperature, type of containers, presence
or absence of backslopping, agitation, heating and cooling, removal of whey and addition of raw milk,
and washing method. Ethnicity, culture and location have a bearing on the type of production method
used, highlighting the effect of regional migration and adopting new foods and food production methods.
Mabisi is quite versatile in terms of usage as it can be consumed with a wide variety of foods. However,
further studies need to be conducted on microbial composition of the different types of mabisi,
production process optimisation, starter culture development, product quality and safety, and consumer
perception and preferences. This study shows diverse traditional technologies for fermented milk, which
are similar with certain products from other parts of Africa and this underpins the importance of carrying
out systematic research in product development and up-scaling production of these products. These
products have the potential to reduce food and nutrition insecurity and improve livelihoods of local
communities. With more research, mabisi has the potential grow in statute on the African continent and
beyond to the level of cheese in the world.
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Abstract

Many traditionally fermented milk products such as mabisi involve spontaneous fermentation, which can
result in bacterial community composition variation due to selection pressure. The aim of this study was
to determine the composition of bacterial communities in the different types of mabisi produced across
Zambia and identify the factors that influence their composition. Samples of mabisi were collected across
the country and analysed for pH and bacterial communities using 16S rRNA amplicon sequencing. We
found that the mean pH of mabisi was 4.08+0.51 with samples from Western province having the lowest
mean pH of 3.66+0.42 and those from Eastern province having the highest (pH=4.66+0.52). The
bacterial community composition was dominated by members of two phyla, Firmicutes and
Proteobacteria, from which the top 10 most abundant genera were Lactococcus, Lactobacillus,
Streptococcus, Enterobacter, Citrobacter, Klebsiella, Kluyvera, Buttiauxella, Aeromonas and
Acinetobacter. The most dominant genus was Lactococcus, which was present in all types of mabisi
produced from all regions. The mabisi products from traditional mabisi production regions (TMPRs) were
dominated by lactic acid bacteria (LAB) whereas products from non-TMPRs were dominated by non-LAB
species with Lactococcus as the main driver of the fermentation process. Tonga mabisi had the most
complex and diverse bacterial community composition and was the most popular type of mabisi produced
in non-TMPRs compared to the other types, which included barotse, backslopping, creamy and thick-
tonga mabisi. Other factors that influenced bacterial community composition were type of fermentation
container, type of producer, fermentation duration and pH. This information provides a basis for starter
culture development and product optimisation.
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1. Introduction

Fermented milk products are popular around the world and are important for delivering nutrients, for
providing beneficial microbes to promote a balanced gut microbiota and for imparting desirable
organoleptic properties on foods [28, 29, 52]. The common fermented dairy products on the world
market include cheese, yoghurt, kefir and many others. Most of these products derive their recipes from
artisanal or traditional processes that involve spontaneous fermentation by complex microbial
communities [1]. In Africa, many traditional fermented (dairy) products made at household level exist,
whose recipes and production techniques are handed down from one generation to another, i.e. from
mother to daughter or father to son. These production techniques vary from one region/country to
another and this may have a bearing on the microbial composition of the respective products. To gain
more insights on such products and to understand, if variation in production method may impose a
selective pressure leading to variations in microbial composition, we took mabisi as a case study.

Mabisi is a Zambian traditionally fermented milk made by spontaneous fermentation of raw milk at
ambient temperature for two days [24, 53]. This product is popular and widely consumed with the staple
maize porridge (nshima) as well as other types of foods such as rice, sweet potatoes, pumpkins and
fruits [53]. Zambia is a large country (752,000km?) with a population consisting of a variety ethnic
groups (73 tribes) [25] and mabisi production is traditionally practiced in regions or provinces with high
cattle population. However, the demand for the product has steadily been rising in the cities. A previous
study by Moonga, Schoustra [53] has shown that there are seven production methods of mabisi: tonga,
illa, backslopping, creamy, cooked, barotse, and thick-tonga spread around the country with tonga type
being the most popular and widely practiced in all regions and by all ethnic groups. This study further
highlights the key production parameters as being temperature, type of fermentation containers types,
season, backslopping and alternate whey removal and addition of raw milk. However, there are limited
studies on the microbes involved in this spontaneous traditional fermentation.

The spontaneous fermentation of mabisi relies on microbes from the surrounding production
environment: the raw milk, production utensils (containers and buckets), hands of producers and the air.
A study by Schoustra, Kasase [24] has shown that mabisi samples collected in the southern and central
parts of Zambia contain 6-8 species of lactic acid bacteria (LAB) and acetic acid bacteria (AAB). However,
that study was limited in the number of samples that were analysed and did not cover all mabisi
production regions representative of all variation in production methods in the country. As in all natural
species communities in nature, the microbial communities in spontaneously fermented food products are
shaped by both abiotic and biotic factors [54, 55]. With the different production practices in the country,
we hypothesise that the microbial community composition varies as a function of production region,
producer, type of fermentation container and type of mabisi. Studies across the African continent have
shown variation in microbial composition of traditional fermented milk products from country to country
[12, 37, 38] but these have not been linked to variations in production practice or sampling location,
which may exert key selection pressures on the microbial ecosystem impacting their species composition
and dynamics. This motivated us to investigate the composition of the microbial communities of mabisi
samples country-wide in Zambia using high throughput DNA sequencing techniques.

In this study, we investigated the bacterial community composition of mabisi across the provinces of
Zambia, and subsequently, identify the key factors that determine the anticipated diversity in bacterial
community composition. We used culture independent methods and focused on the bacterial community
composition as earlier work has shown that yeast was rarely detected in mabisi (Schoustra et al 2013).
We believe that this study will provide insights into the types of microbes that are involved in the
fermentation of mabisi and the factors that shape their community structure. This information is
important for understanding the ecology of these microbial communities and will form a basis for more
fundamental research on how selective forces may affect microbial dynamics and functionality. More
practically, it gives an overview of the potential candidate microbes to be used in starter culture
development, which will be crucial for product optimisation in order to meet the demand of both the rural
and urban consumers.
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2. Materials and methods

38

2.1. Sample collection

A total of 168 mabisi samples (Table 1) were collected across eight provinces of Zambia between
May and August 2016 (Fig. 1).

DEMOCRATIC
REPUBLIC OF THE CONGO

ZIMBABWE

Fig. 1. Map of Zambia showing all provinces and the sampling sites, which are denoted by the
red stars. (Map adapted from https://www.researchgate.net/figure/Map-of-Zambia-showing-its-
provinces-and-neighbouring-countries_figl_332258490)

The samples were collected during the dry and cold season of the year when milk production is
low and as a result certain regions with fewer cattle farmers had fewer samples. The samples
were collected from farmers, traders in the local markets and Milk Collection Centres (MCCs) of
farmer Cooperatives. However, for the purpose of this study the latter two were both treated as
traders. The farmers that provided samples were identified through their Cooperatives with the
assistance of the Ministry of Fisheries and Livestock (MFL) of the Zambian Government
personnel and were part of those interviewed during a survey on mabisi production practices
conducted by Moonga, Schoustra [53]. The following information was recorded for all samples
collected: sampling location (province and district), production method, age of mabisi
(fermentation time in days), type of fermentation containers used (calabash, plastic and metal)
and type of producer. The mabisi samples collected were produced using five production
methods: tonga, backslopping, barotse, creamy and thick-tonga mabisi (see chapter 2 Fig. 3).

Table 1. Number of mabisi samples collected from each sampling location.

Sampling location Number of samples
Traditional mabisi Western province 55
production region (TMPR) Southern province 40
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Central province 11
Non-TMPR Eastern province 25
Copperbelt province 8
North-western province 14
Muchinga province 11
Northern province 4
Total 168

Mabisi samples were collected using 500 ml sterile plastic bottles which were immediately stored
on ice in a cool box to stop the fermentation and transported to the laboratory where
physicochemical analysis and DNA extraction were carried out. The samples were analysed for
pH and titratable acidity (TTA) upon arrival at the Food Chemistry Laboratory, Department of
Food Science & Nutrition of the University of Zambia. The samples for microbial analysis were
separated prior to these analyses. Microbial community analysis was performed by culture
independent techniques which involved DNA extraction and high throughput 16S rRNA amplicon
sequencing. To do this, mabisi samples were pipetted into 1.5 ml eppendorf tubes and
centrifuged (12,000 rpm) for two minutes after which the supernatant was poured out and the
pellet was frozen at -20°C for subsequent DNA extraction.

2.2. Physicochemical properties
The pH for the mabisi samples was analysed using a digital pH meter.

2.3. Amplicon sequencing
The frozen mabisi samples pellets were thawed and the DNA was extracted and purified as
described by [24]. For DNA extraction, the thawed pellet cells were re-suspended in a mix of 64
uL EDTA (0.5 M), 160 pL Nucleic Lysis Solution, 5 yL RNAse, 120 pL lysozyme and 40 pL
pronase E. After an incubation time of 60 minutes at 37°C and agitation of 350 RPM, 400 pL ice-
cold ammonium acetate (5 M) was added and the mixture was cooled on ice for 15 minutes. The
mixture was spun down and 750 pL of supernatant was transferred to a tube containing 750 pL
phenol. This tube was vortexed and its content spun down (2 minutes, 12000 RPM) and 500 pL
of supernatant was transferred to a tube containing 500 pL chloroform. This tube was vortexed
and its content spun down (2 minutes, 12000 RPM) and 400 pL of supernatant was transferred
to a tube containing 1 ml 100% ethanol and 40 pL sodium acetate (3 M). This DNA containing
tube was left to precipitate at -20 °C overnight. The next day, the tube was spun for 20 minutes
at 12 000 RPM at 4 °C. The supernatant was carefully aspirated, and the DNA pellet was washed
by adding 1 mL 70% ethanol. The tube was spun for 10 minutes at 12 000 RPM at 4 °C, after
which the supernatant was aspirated again. The DNA pellet was left to dry at room temperature
and dissolved in 20 pL 10 mM Tris pH 7.5.

The extracted DNA was subsequently, sent for bacterial 16S rRNA gene amplicon paired-end
sequencing of the V4 hypervariable region (341F-785R) on the MiSeq Illumina platform
performed by LGC genomics (Berlin, Germany).

For further data processing and statistics, the QIIME pipeline [56, 57], modified by Bik, Costello
[58] was used. Paired-end reads were joined using join_paired_ends.py (with minimum overlap
10 basepairs) after which sequences were trimmed and filtered using cutadapt (v1.11 -q 20, -m
400, [59]) using the known primer sequences CCTACGGGNGGCWGCAG and
GACTACHVGGGTATCTAAKCC to trim both sides of the sequence. These trimmed sequences were
then checked for chimera’s, using uchime (v4.2.20, gold database, [60]), sequences with a
lower chimera score than 0.28 were retained. The sequences were filtered by Qiime script
(split_libraries_fastq.py, phred offset value: 33) and then clustered into Operational Taxonomic
Units (OTUs) at 97% sequence similarity using the SILVA reference database (version 132) [61]

39



Chapter 3

40

and UCLUST [62] using “pick_open_reference_otus.py” Qiime script. For assigning taxonomic
classification, BLAST analysis (with default e-value) was done against the SILVA database [63]
(version 132). All downstream analysis were performed in R (R Development Core Team 2008).

2.4. Statistical and data analysis
The data was analysed using one way analysis of variance (ANOVA) at 95% significance level
and mean comparisons were performed by Tukey test at 95% significance level using SPSS
version 22. The relationship between bacterial community diversity, location and mabisi
production methods was analysed using non-metric multidimensional scaling (NMDS).

Results

The mabisi samples were analysed for physicochemical properties: pH and titratable acidity (TTA),
and for bacterial community composition using 16S rRNA amplicon sequencing. All the 168 mabisi
samples collected around the country were classified according to different production factors
identified: production method, duration of fermentation (age), type of fermentation containers used
and type of producers (Fig. 2). Most of the samples collected were produced using tonga-type
production method whose final product is referred to as “tonga mabisi” (76%) and the least product
type produced was “creamy mabisi” (2%). The most popular container used for fermentation was the
plastic container (%). A large proportion of the samples were produced by farmers (83%) and the
commonest fermentation duration was 1 day%.

0% 1%
: b

® Backslopping = Barotse ® Creamy Thick-Tonga = Tonga #l =2 =3 =4 u5 =7
2% 2% c ' d
86%
= fiottle = Calabash = Metal Plastic = Farmer = MCC = Trader

Fig. 2. Frequency data of the production parameters: a) production method of mabisi, b)
fermentation time in days (age), c) type of fermentation container and d) type of producer

3.1. Physicochemical properties

Mabisi samples collected from Eastern province had the highest mean pH while those from Western
province had the lowest, but both were significantly different from the rest of the other provinces
(Fig. 3A). In terms of the types of mabisi, barotse mabisi had a significantly lower mean pH than the
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rest. Backslopping mabisi also had a lower pH than tonga, creamy and thick-tonga mabisi but the
difference was not significant (Fig. 3B). The traders produced mabisi with lower mean pH compared
to mabisi produced by the farmers or milk collection centres (MCCs), while mabisi fermented in the
calabashes had the lowest mean pH compared to mabisi fermented in either plastic or metal
containers (Figs. 3 D & E). The mean pH of mabisi samples fermented for one day was the highest
and the lowest pH values were observed in mabisi samples fermented for four days (Fig. 3C).

500

450 b ab
600 ab
: 400 a
5.00
be b ab b 350
y ol v 300
2 =
2 3w 2 150
= &
= 200 = 200 mpH
[ g
- 150
100
el 3 e i s i & & 0.50
g L) 3 & &
o a‘l&&“ & d‘,;" & F sifg &
< oF el N N
- Backslopping  Barotse Creamy  Thick-Tonga Torga
Province A Production method B
500 a 500
450 L 450 e a b
400 b i ¥ 100
50 500 ab ab 350
¢ 300 b 100
400 H
4 2 150
o ¥ s
i z 2 am
150 = m 150
10 1M
050 L os0
1 2 i a Botrle Calabash Meral Plasta Fanmer CC Tracer
Fermenitation time [Days) Type of container Produce:
c D E

Fig. 3. Mean pH of mabisi samples. pH of mabisi from different: A. provinces, B. production
methods, C. fermentation time, D. fermentation container and E. producers. The bars with different
letters for each mean pH value indicate statistically significant differences (p<0.05).

3.2. Bacterial community composition

The bacterial community composition of mabisi was dominated by species belonging to the phyla,
Firmicutes and Proteobacteria (Fig. 4a). The other phyla that made up the top 10 most abundant
bacteria include Acidobacteria, Actinobacteria, Bacteriodetes, Cyanobacteria, Fusobacteria,
Patescibacteria, Deinococcus-thermus and Gemmatimonadetes.
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| central | Non-TMPR | Southern | Western

Fig. 4. Bacterial community composition of the top 10 relative abundant bacteria in mabisi at the level
of: a. phylum, b. genus & c. species. Each bar represents an individual sample. Two main regions are

shown the traditional mabisi production region (TMPR) represented by Western, Southern and Central

provinces, and the non-TMPR.

When the data of all sampled mabisi are combined, Lactococcus is the genus with the highest relative
abundance. The other genera that make up the top 10 of most abundant genera include Lactobacillus,
Streptococcus, Kluyvera, Klebsiella, Enterobacter, Citrobacter, Buttiauxella, Aeromonas, and
Acinetobacter (Fig. 4b). Mabisi is traditionally produced in Western, Southern and parts of Central
province, which in this study can be collectively referred to as ‘Traditional mabisi production regions
(TMPRs)". The bacterial community composition of mabisi from this region, was dominated by lactic acid
bacteria (LAB) of the genera Lactococcus, Lactobacillus and Streptococcus. Within the TMPR, mabisi from
Western province had a larger proportion of Lactobacillus than the rest as was the case with Southern
Province mabisi for Streptococcus. Mabisi samples from the non-TMPR of Eastern, North-western,
Muchinga and Northern provinces had a more complex bacterial community composition collectively
dominated by non-LAB, although Lactococcus was present in all samples and was the main driver of the
fermentation process. From the non-TMPR, only mabisi samples from Copperbelt province were
dominated by Lactococcus but still had a high proportion of Enterobacter.

The top 10 most abundant species found in mabisi included Lactococcus lactis, Streptococcus salivarius,
Lactobacillus helveticus, Lactobacillus delbrueckii, Kluyvera intermedia, Klebsiella sp. Enterobacter
asburiae, Citrobacter sp. and Aeromonas caviae (Fig. 4c). The top 20 and 30 most abundant species (Fig.
S1) include some of LAB species reported by Schoustra, Kasase [24] that are absent in the top 10 most
abundant species.
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3.2 Bacterial diversity
The alpha diversity (i.e. the mean species diversity) of the mabisi bacteria community was analysed by
richness and Shannon index (Fig. 5 & 6). The results show that tonga mabisi was richer and more
diverse in bacterial community composition than the other types of mabisi (Fig. 5a&b). In addition, when
we consider all tonga mabisi samples from all sampling sites (provinces), we observe that samples from
the non-TMPR of Eastern, Muchinga, Northern, Copperbelt provinces were richer and more diverse than
the TMPR of Western and Southern provinces (Figs. 5a&b). Creamy mabisi was richer than backslopping,
barotse and thick-tonga mabisi but backslopping mabisi had a more diverse bacterial community
composition than the other three (Figs. 5a&b).
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Fig. 5. Bacterial alpha diversity of mabisi according to production method (a. shannon index & b. speices
richness) and fermentation period (c. shannon index & d. speicies richness).

Tonga mabisi was richer in terms of diversity (no. of species) for samples that were fermented for 1, 2
and 3 days (Fig. 5d) compared to those fermented for longer periods of time. Those fermented for 1 day
showed more diversity than those fermented for 2 & 3 days (Fig. 5c). Furthermore, tonga mabisi
samples fermented for 1, 2 and 3 days were more diverse than the other types of mabisi.

Bucksiopping Baroese Creamy Trick-Tonga Tenga Backsiopong Btz Creamy Thck-Tongs. Tanga

o of=l e
P n7 - g

43



Chapter 3

= b

ekt Chverat (hassan)
Meial Chveraiy (Fichrans

- "T’“'
f
1]
I
:
AL-
4]
|
1] |

i i P i v 11 & |

| - {c: § -

Fig. 6. Bacteria diversity of mabisi in terms of producer (a. shannon index & b. speices richness) and
type of container (c. shannon index & d. speicies richness).

The tonga mabisi samples were richer in bacterial community diversity than the other types of mabisi but
there were no large differences in bacterial community diversity between samples produced by the
farmers and the traders who sale their products in the local markets (Fig. 6b). Tonga mabisi had more
samples with higher diversity than the other types of mabisi but only thick-tonga mabisi showed
significant differences between the producers: the farmers produced mabisi with a higher diversity
compared to the traders (Fig. 6a). Tonga mabisi samples fermented in a glass bottle were richer in terms
of bacterial community diversity than those fermented in plastic, metal and calabashes containers
(Fig.6d). Both the bottle and the calabash fermented tonga mabisi samples had a slightly higher diversity
as indicated by the shannon index than those fermented in metal and palstic containers (Fig.6c).

3.2 Relationship between bacterial community diversity, location and mabisi
production method

The mabisi samples were analysed by non-metric multidimensional scaling (NMDS) to determine the
association between type of mabisi/location and taxa. Fig. 7a shows two main clusters of the phyla
Firmicutes and Proteobacteria as well as a smaller one of Actinobacteria. The Firmicutes cluster is
dominated by mabisi samples from Western and Southern provinces as well as the barotse and tonga
types of mabisi whereas the Proteobacteria cluster is dominated by samples from the non-TMPRs and
mostly, tonga type mabisi.
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At genus level (Fig. 7b), we were able to discriminate four big clusters dominated by Lactobacillus,
Lactococcus, Enterobacter and Aeromonas, and two smaller clusters dominated by Streptococcus and
Klebsiella. The Lactobacillus cluster was associated with the barotse mabisi and samples mostly from
Western with a few from Southern and Central provinces. Lactococcus had the largest cluster which
included all the types of mabisi and provinces but was most prominent in the TMPR. The smaller
Streptococcus cluster was associated with tonga, backslopping and barotse types of mabisi from the
TMPR. The clusters of the non-LAB genera of Aeromonas, Enterobacter and Klebsiella were mainly
associated with tonga mabisi produced in the non-TMPR, however, other types of mabisi from the TMPR
also had some samples with these bacteria at lower levels of abundance.

A hierarchical cluster analysis of the bacterial communities in all mabisi samples was carried out and this
resulted in three main clusters: A, B and C (Fig. 8). Cluster A was dominated by samples from TMPR
(65%) while clusters B and C were populated mostly by samples from non-TMPR (>75%) and TMPR
(>80%), respectively. In terms of types of mabisi, cluster A had tonga, barotse and creamy mabisi,
cluster B had mostly tonga mabisi and cluster C had all types: tonga, barotse, thick-tonga, creamy and
backslopping mabisi.

Fig. 8. Cluster analysis of bacterial communities of all mabisi samples. The letters, A, B and C indicate
the three main clusters.

4. Discussion
The objective of this study was to determine the bacterial community composition of mabisi, its
species diversity and the factors that influence community composition. The results show that mabisi
is composed of bacteria from mainly two phyla (Firmicutes and Proteobacteria) with the most
dominant LAB genera being Lactococcus, Lactobacillus and Streptococcus and the non-LAB
dominated by Enterobacter, Aeromonas and Klebsiella (Fig. 4). The LAB genera found in this study
have also been reported by Schoustra, Kasase [24] for fewer mabisi samples collected from two
provinces only, Southern and Central provinces, which are both part of TMPR. These LAB species
dominate the entire TMPR, which also includes the Western province. However, our findings also
reveal some non-LAB genera (mostly Gram-negative species), which dominate the non-TMPR and
some of them have been reported in other African traditional fermented milk [38]. The TMPR are the
regions (Table 1) with more cattle and milk production [27, 33, 53], and thus, the production of
mabisi has a longer history and is carried out at a larger scale in these regions. In contrast, the non-
TMPR are those regions with fewer cattle and low milk production, although Eastern province within
this region has high cattle population but low milk production and consequently, low mabisi
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production as well. Moreover, mabisi consumption for some ethnic groups in this province is not
common.

Interestingly, Lactococcus was the most dominant genus present in all mabisi samples and can be
assumed to be driving the fermentation process. Lactobacillus was region and product specific,
mostly found in the TMPR particularly, in barotse and backslopping mabisi, which were mainly
produced by traders. Lactobacillus was more dominant in mabisi samples with low pH (pH<4), which
explains its dominance in mabisi samples from Western province as well as barotse and backslopping
mabisi samples (Fig. 3). This is mainly because Lactobacillus sp. are in general more acid tolerant
than Lactococcus species [64]. Streptococcus sp. were also found in the TMPR but had a high relative
abundance in samples collected from Southern province particularly, from one district.

The top 10 species is made up of four LAB and five non-LAB (Fig. 4). The most abundant species is
Lactococcus lactis which is found in all mabisi samples. This species seems necessary for the
fermentation to take place for all types of mabisi. It is a well-known homofermentative lactic acid
bacterium used in many fermented dairy products like cheese and quark [65, 66]. However, the
different types of mabisi have different bacteria that are responsible for fermentation. For instance,
tonga mabisi always has Lactococcus sp. Especially for tonga mabisi from non-TMPR but the one
from TMPR will in addition to Lactococcus species also have Streptococcus salivarius and in a few
cases Lactobacillus delbrueckii and Lactobacillus helveticus which is also the case for thick-tonga
mabisi. However, barotse and backslopping mabisi have all three genera present with Lactobacillus
having a higher relative abundance than in the other types of mabisi. This suggests that for a well-
designed mabisi starter culture, we should choose the right combination of lactic acid bacteria as well
as take into account the specific production practices that may influence these bacteria in order to
produce a product with desirable organoleptic properties. Microbes are known to have specific effects
on organoleptic properties of dairy products [9, 10, 67]. Therefore, the effect of the different
bacterial community composition on the organoleptic properties of mabisi requires further
investigation.

In terms of bacterial community diversity, the mabisi produced in the TMPR was less diverse and was
mostly dominated by the LAB genera compared to the ones produced in the non-TMPRs, which had a
more complex and diverse composition. There was a relationship between the final pH and microbial
diversity: the lower the pH, the lower the diversity of the bacterial community. This was particularly
observed in samples from Western province, which were dominated by Lactococcus species and
Lactobacillus species. Conversely, samples with a high pH exhibited a higher diversity as evidenced
with samples from Eastern province. The latter province had mabisi with the highest mean pH
probably because most of the farmers that supplied the samples rarely made mabisi due to the low
amounts of milk produced during the dry season which was often consumed fresh. Moreover, it is not
cultural for some ethnic groups in this province to make mabisi.

The bacterial community composition results, also show a clear signature of the type of selection
pressure acting on the fermenting milk. In this case, we consider mabisi as the ecosystem which is
being subjected to selection pressures in the form of production practices, geographical location, use
of specific fermentation containers, influence of handling by producers and fermentation duration.
This study has demonstrated that geographical location has an effect on the bacterial community
composition as shown by the difference in bacterial community structure for the two main regions
that have been identified: TMPR and non-TMPR. Non-TMPR samples exhibited a more complex
community probably due to low scale and frequency of production, mainly limited to one production
method whereas the communities in mabisi samples from TMPRs were less complex and mainly
dominated by LAB. This may be due to more production methods used, more frequent and larger
scale of production of mabisi in this region, may have led to prolonged co-culturing of LAB that has
resulted in this particular outcome.

The production practices may have also contributed to shifts in bacterial communities composition,
tonga type production method is a batch production of one to three days and the product is usually
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consumed within that period. The barotse type method involves the alternate removal of whey and
addition of raw milk, and takes four to seven days to produce [53]. On the other hand, backslopping
type method involves using a portion of a batch of mabisi as starter for the next one and this
backslopping process can go on for several cycles. The results obtained in this study show that there
are differences in the microbial community composition of these products (Fig 7b). Tonga mabisi is
dominated by Lactococcus species and other non-LAB genera while barotse mabisi is dominated by
more LAB genera, particularly, Lactococcus species and Lactobacillus species, and backslopping
mabisi in addition has Streptococcus species. Thick-tonga and creamy mabisi were similar to tonga
mabisi from TMPRs in bacterial community composition. Unfortunately, there were fewer samples for
some types of mabisi and thus, leading to lack of statistical power to formally show significant
differences but it is clear that each production method exerts a certain selection pressure on the
microbial communities of mabisi, which results in different community composition.

The impact of the origin of the mabisi samples, being either directly from producers (farmers) or
from traders, on the bacterial community composition was observed in the slightly higher richness
and diversity of the bacterial community in samples collected from farmers compared to those
collected from traders (Fig. 6a&b). A comparison of the diversity scores of mabisi produced in
different fermentation containers also suggest a certain effect but unfortunately, the sampling did
not give equal numbers of samples for each product type, producer, location, container or
fermentation duration. This means that to be able to interrogate this further, specific experiments
with controls need to be carried out to give more substantive results on each factor. It should also be
noted that the samples that were collected were endpoint samples of mabisi fermentation at
different stages, which were interpreted based on information provided by the producers on their
respective samples.

In conclusion, the mabisi bacterial community is dominated by three LAB and seven non-LAB genera.
The bacterial composition is more diverse for mabisi samples collected in non-TMPR than TMPR with
longer production history and wider variety of the types of mabisi produced. The non-TMPR primarily
produced tonga mabisi dominated with Lactococcus and non-LAB species whereas the TMPR were
dominated by Lactococcus, Lactobacillus and Streptococcus with a much smaller proportion of non-
LAB species. Therefore, the development of any mabisi starter culture would require selection of
strains from these LAB species for specific types of mabisi products.

The geographical location, production method, producer and pH exerted significant selection
pressures on the microbes in mabisi that shaped the outcome of the microbial community structure.

However, it is imperative to carry out experiments to ascertain the effect of each of these factors
and determine the optimal production process conditions since this product is already on the market
and as more MCCs are being established, standardised production protocols will ensure the
production of consistent and good quality mabisi that meet the consumer needs.



Microbial community composition & diversity of mabisi

Supplimentary material

Fig. S1. The top 20 (a) and 30 (b) most abundant bacterial community species
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Fermentation temperature is a crucial factor in the production of fermented dairy products such as
yoghurt and cheese. Not only does fermentation temperature affect organoleptic properties of the
product, which are related to its sensorial quality and acceptability by consumers, it also affects the
microbial community composition that underlies the fermentation process. This study investigated
the influence of fermentation temperature on physiochemical properties and the composition of the
microbial communities of two types of mabisi. Mabisi is a traditionally fermented milk product made
in Zambia by spontaneous fermentation of raw milk at ambient temperature. Two types of mabisi,
namely tonga and barotse mabisi, were produced with tonga mabisi fermented at 20, 22, 25 and
30°C, and barotse mabisi at 25 and 30°C. The pH, titratable acidity, syneresis, consistency,
microbial community composition and composition of aroma compounds were determined for the
products. We found that fermentation at 20 and 22°C was slower than at 25°C. At all temperatures a
product was obtained with medium acidity (pH 4.2) and ‘medium’ consistency within 48 h for tonga
mabisi. Fermentation was most rapid at 30°C but resulted in a product with a ‘thin’ consistency due
to a high degree of syneresis. Fermentation temperature did not affect the microbial community
composition of tonga mabisi, which remained diverse and complex with Lactococcus (25%) as the
dominant fermenting genus for all treatments. Fermentation temperature did affect the
characteristics of barotse mabisi. At 25°C, a product with medium acidity and ‘thick’ consistency was
formed and the microbial community was dominated by Lactococcus (80%). At 30°C a ‘very thick’
consistency product was formed with Lactobacillus (80%) dominating. Fermentation at 30°C also
produced more aroma compounds in barotse mabisi. Follow-up consumer research is needed to
assess the preferred acidity, consistency and aroma of mabisi.
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Introduction

Dairy fermentations require the activity of microbes. Many of the commercially produced fermented
dairy products use specific starter cultures, which have been carefully selected to deliver desirable
organoleptic and quality attributes to the product. The most common microbes used in dairy
fermentations belong to the group of lactic acid bacteria (LAB) but yeast and moulds can also be
used for certain products such as kefir and surface ripened cheese, respectively Gripon [68], [69,
70]. The primary role of LAB is the production of lactic acid which reduces the pH of milk to values
below the iso-electric point of caseins (i.e. pH 4.6) and thereby induces coagulation of the milk [35].
The different species of lactic acid bacteria grow at different temperatures.

To ensure that only the desirable bacteria grow and impart the desired quality attributes on the
specific product, the optimum fermentation conditions should be put in place. Amongst these,
temperature is critical because using wrong temperature may promote the growth of undesirable and
harmful bacteria, which can cause spoilage and foodborne infections. A good example of a
fermentation process that is strictly controlled by temperature is yoghurt production. The starter
culture is inoculated into heat treated milk at the moment when the milk has been cooled to 45°C,
which is the optimum temperature for starter growth. The species used are Streptococcus
thermophilus and Lactobacillus delbrueckii subsp. bulgaricus which are both classified as thermophilic
lactic acid bacteria (LAB) suited to grow at relatively high temperature [36]. These microbes will
coagulate the milk to the desired consistency/texture and deliver the characteristic aroma and
flavour. For cheese production, usually mesophilic LAB such as Lactococcus lactis and Leuconostoc
mesenteroides are used, which thrive at slightly lower temperatures (20-39°C) [71] compared to the
thermophilic LAB. These examples show the importance of establishing the appropriate process
conditions for the production of a fermented dairy product. This type of information is especially
important for the development and optimisation of artisanal or traditional products such as mabisi.

Mabisi is a traditionally fermented milk product from Zambia, which is made by spontaneous
fermentation of raw bovine milk in a calabash or gourd at ambient temperature for up to 48h after
which it is stirred and ready for consumption [24, 53]. No defined starter culture is used in this
traditional fermentation. Previous work has shown that the microbial community is dominated by
around six to up to eight different species of lactic acid bacteria [24] including both mesophilic and
thermophilic bacteria. Mabisi is a popular and versatile product with several uses in the diet as it can
be consumed with the main meal, as a dessert, snack or a beverage by both children and adults. Its
consumption is wide spread throughout the country but the production is not formally regulated due
to lack of information on product characteristics and optimum production process conditions. A
recent study on mabisi identified seven different production methods [53]. Some of the critical
processing parameters include fermentation temperature and duration which have been associated
with increased whey content in the product (watery mabisi) by consumers [53].

The importance of incubation temperature is highlighted by the producers’ choice of fermentation
location. Most mabisi fermentations are carried out in a cool place in the house but production can be
accelerated by placing the container outside directly in the sun especially during the cold months or
slowed down by putting it in a water-bath to buffer the effect of high temperatures during the hotter
months. Producers also reported that fermentation takes longer in a new container than an old one
that was repeatedly used for mabisi production [53]. With the establishment of more milk collection
centres (MCC) and promotion of value addition within value chains of local products in the country,
there is need to establish standard processing conditions and document product characteristics for
mabisi.

The ambient temperatures in Zambia vary from one season to another, leading to the following
division: Hot dry (Sept-Nov.), hot wet (Dec.-April) and cold (May-July). These will have the following
temperature ranges 18-35°C, 16-32°C, & 8-28°C, respectively [72]. This implies that fermentation
temperatures differ throughout the year and given the fact that the microbial community responsible
for fermentation of mabisi consists of both mesophilic and thermophilic bacteria, variations in
temperature could have an impact on their relative abundance. This in turn, may lead to variation in
the quality of the product. Therefore, the aim of this study was three-fold: (i) The first aim was to
investigate the influence of fermentation temperature on quality parameters and microbial
community composition changes in mabisi by examining the production of mabisi in a single batch as
well as multiple batches at different temperatures that mimic the seasonal variations and producer
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practices. (ii) The second aim was to assess the effect of using a new fermentation container as
opposed to one previously used and (iii) also compared two different production methods: tonga and
barotse mabisi. This study provides insights on how the differences in microbial composition as
related to fermentation temperature fluctuations impacts the quality of mabisi.

Material and methods

2.1 Mabisi preparation and experimental layout

Two methods of mabisi production were used in this study to produce tonga and barotse mabisi.
Their respective production flow diagrams are shown in Fig. 1.
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Fig. 1. Production flow diagram of tonga (a) and barotse (b) mabisi

The study was divided into four experiments. Tonga mabisi was used to study the effect of
temperature using four different fermentation temperature regimes i.e. water temperature (20°C
(WT)), room temperature (22°C (RT)), 25°C and 30°C, which cover the range of seasonal
temperature variations. The experimental set-up is shown in Fig. 2. Water temperature means
that the fermentation container was placed in a water bath filled with tap water with a

temperature of approximately 20°C.
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Fig. 2. Experimental layout of single batch (a) and multiple batch (b) production of tonga
mabisi. R1-3 are biological replicates, sampling time (24, 48 & 72h), fermentation temperature
(20, 22, 25 & 30°C) and type of fermentation container (new plastic container and used plastic
container (previously used for mabisi production))

2.1.1

2.1.2

2.1.3

2.1.4

Single batch production of tonga mabisi

The first experiment involved the production of mabisi from a single batch of raw bovine
milk split into triplicate and fermented under four different fermentation conditions with
three sampling time points (Fig 2a). The fresh raw milk was obtained from the
University of Zambia (UNZA), School of Agricultural Sciences Field Station in a new
clean (sterile) 5-litre plastic container. Out of this, 400 ml was then poured into each
clean pre-washed 500 ml plastic bottle, closed with a lid and left to ferment for up to 72
h according to the production flow diagram (Fig 1a). Each given temperature was
allocated nine bottles, three for each time point of sampling indicted as R1, R2 & R3 (Fig
2a) which, were the biological replicates.

Multiple batch production of tonga mabisi

The set up was similar to the single batch production in terms of fermentation
temperature and sampling times but the difference was that three independent batches
of raw milk were used to produce mabisi on 3-day intervals per batch. These repeated
production batches are the biological replicates, which were all fermented in new
containers (Fig 2b).

Fermentation in a used container

The batch to batch production in new containers was simultaneously executed in
previously used containers at the same temperature and same time series of sampling
points. The 500 ml bottles previously used for mabisi fermentation were washed with
hot water prior to filling with raw milk. Three batches of production were made on the
same days as those in section 2.1.2 using the same raw milk for each batch as shown in
the layout (Fig 2b).

Barotse mabisi

The barotse mabisi was fermented at only two temperatures, 25°C and 30°C with four
time points for sampling. The raw milk was also obtained from the UNZA Field Station
from one batch with 400 ml filled in each of the new clean and pre-washed 500 ml
plastic bottles. The layout was similar to the single batch production shown in Fig. 2a
but only at two temperatures and the production flow was as shown in Fig. 1b. Three
(3) bottles were incubated at each temperature (as replicates) for three days after
which the whey was removed and fresh raw milk added up to 400 ml. They were
allowed to ferment for another day (fourth day) at their respective temperature and
again the whey was removed followed by addition of raw milk. This was repeated for
one more day (fifth day) and the final product was obtained on the sixth day. The
samples of whey removed and final product were retained for physiochemical and
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microbial analysis. The volume of whey removed was also measured and used to
determine product yield using the following formula:

Product Yield (%) = (Final volume of end product/Total volume of raw milk used) *100

2.2 Physiochemical analysis
The mabisi samples were analysed for pH, titratable acidity (TTA), syneresis and consistency. pH
was analysed by a digital pH meter and the acidity was analysed according to the AOAC official
methods [73]. Syneresis was analysed by measuring the volume of whey separated from the
curd and calculating its percentage of the initial volume of raw milk. Consistency was analysed
using the Adam’s consistometer, which measures the diameter of spread of a semi-liquid product
after 30s [74, 75].

2.3 Microbial composition
The mabisi samples were analysed by a culture independent method. The DNA was extracted
and purified as described by Schoustra, Kasase [24] as well as in chapter 3. The DNA extracted
were subsequently, sent for bacterial 16S rRNA gene amplicon paired-end sequencing of the V4
hypervariable region (341F-785R) on the MiSeq Illumina platform performed by LGC genomics
(Berlin, Germany).

For further data processing and statistics the QIIME pipeline [57], modified by Bik, Costello [58]
was used. Paired-end reads were joined using join_paired_ends.py (with minimum overlap 10
basepairs) after which sequences were trimmed and filtered using cutadapt (v1.11 -q 20, -m
400, [59]) using the known primer sequences CCTACGGGNGGCWGCAG and
GACTACHVGGGTATCTAAKCC to trim both sides of the sequence. These trimmed sequences were
then checked for chimera’s, using uchime (v4.2.20, gold database, [60]), with sequences with a
lower chimera scored than 0.28 were retained. After trimming, filtering and a quality check using
pick_open_reference_otus.py (-s 0.1, -enable_rev_strand_match TRUE, -align_seqgs_min_length
75, -pick_OTU_similatiry 0.95), the sequences were clustered into operational taxonomic units
(OTUs). Taxonomy of the resulting OTUs was assigned to representative sequences using the
Greengenes (v13.5) rRNA database. This algorithm gives a representative sequence for an OTU,
which is subsequently used to perform a local blast using the gold database from uchime. The
taxonomy from the top ranking BLAST hit was used for further data processing.

2.4 Aroma compounds
Volatile organic compounds (VOC's) in the mabisi samples were measured using Headspace-
Solid Phase Microextraction Gas Chromatography-Mass Spectrometry (HS-SPME GC-MS) with a
Trace 1300 Gas Chromatograph (Thermo Fisher) coupled to a TriPlus RSH autosampler (Thermo
Fisher) and an ISQ QD mass spectrometer (Thermo Fisher). Frozen samples were incubated at
60°C for 20 min. Volatile compounds were extracted for 20 min at 60°C using an SPME fiber
(Car/DVB/PDMS, Supelco). The compounds were desorbed from the fiber for 2 min onto a
Stabilwax®-DA column (30 m length, 0.25 mm ID, 0.5 pym df, Restek). The PTV was heated to
250°C and operated in split mode at a ratio of 1:25. The GC oven temperature was kept at 40°C
for 2 min, raised to 240°C with a slope of 10°C/min and kept at 240°C for 5 min. Helium was
used as carrier gas at a constant flow rate of 1.2 ml/min. Mass spectral data were collected over
a range of m/z 33-250 in full-scan mode with 3.0030 scans/second. Data were analysed using
Chromeleon® 7.2. The ICIS algorithm was used for peak integration and the NIST main library
to match the mass spectral profiles with the profiles of NIST. Peak areas were calculated using
the MS quantification peak (highest m/z peak per compound). The peak area data were
normalised and used construction heat maps using multiple experiment viewer (Mev) version
4.9.0 software. We carried out a hierarchical clustering on all mabisi sample data.

2.5 Statistical analysis

The data was analysed using analysis of variance (ANOVA) at 95% significance level and mean
comparisons were performed by Tukey test at 95% significance level using SPSS version 22.
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3. Results and discussion

The main objective of this study was to determine the influence of fermentation temperature on
microbial communities and quality of mabisi by using single or multiple production, new or used
containers and comparing two production methods. The results are presented in four sections.

3.1 Effect of temperature on single batch mabisi production

3.1.1 Physicochemical properties
We have studied the changes in the physicochemical properties of mabisi fermented at four different
temperatures determined in triplicate from a single batch milk production using new plastic
containers (Fig. 3).

Mabisi is made from raw milk, which has a pH ranging from 6.6 to 6.8. The pH and titratable acidity
(TTA) change during fermentation of tonga mabisi are shown in Fig. 3. Only samples fermented at
30°C coagulated after 24h reaching pH 4.6-4.8 while those incubated at 25°C coagulated after 36h
and those at 20°C (water temperature (WT)) and 22°C (room temperature (RT)) both showed
coagulation after 48h of incubation reaching pH 4.5. After 72h, the lowest pH of 4.1 was attained by
samples incubated at 25°C and the highest (pH 4.4) by samples incubated at 20°C. There were no
significant differences in pH at different temperatures after 48 and 72h (p>0.05).

This range of pH values obtained after 48h confirms what has previously been reported for mabisi by

Schoustra, Kasase [24]. Moreover, similar pH ranges were reported for other traditional fermented
dairy products from across Africa such as nunu [12], amasi [21, 76, 77] and kivuguto [13].
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Fig 3. Effect of temperature on physicochemical properties of tonga mabisi during a single batch
production. The Fig. shows changes of: a. pH, b. TTA, c. degree of syneresis and d. consistency with
fermentation time in hours. The colour blue denotes the temperature 20°C, red for 22°C, green for
25°C and purple for 30°C.

Syneresis is the separation of whey from the curd after coagulation and this can affect the quality of
mabisi especially in terms of consistency and viscosity. Syneresis is desirable in products such as
cheese where whey is a by-product but not in products like yoghurt and mabisi. No syneresis was
observed in the single batch production of tonga mabisi after 24h for each of the different
temperatures (Fig 3c). However, the whey separation started soon after and reached 10% after 48h
for the samples incubated at 30°C. This continued to increase until 15% at 72h. For samples
incubated at 25°C, the whey separation started after 48h and reached a final value of 6% at 72h.
Little or no syneresis was observed for samples incubated at 20°C and 22°C (Fig S1). This shows
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that a higher incubation temperature correlates with a higher degree of syneresis. A similar
correlation has been reported for cheese making during curd processing [78]. Syneresis in the range
between 14 and 19% has been reported in a Namibian fermented buttermilk, Omashikwa [19] but it
should be pointed out that such observations have not been reported often for traditional fermented
milk products found in Africa.

Next, the effect of fermentation temperature on consistency (thickness) of mabisi was determined
using the Adam'’s consistometer. For this a classification system with 4 classes was developed (Table

1) based on the observation of diameter of spread of the product in centimetre (cm).

Table 1: Classification of mabisi consistency

Class 1 2 3 4
Consistency Very thick Thick Medium Thin
Diameter of <6 6-7 7.1-8 8.1-9

spread (cm)

|

Visual

Mabisi production begins with raw milk that has a very thin consistency of over 10.5 cm in diameter
of spread. This diameter reduces over the course of fermentation bringing about “medium” to “thick”
(6-8cm) consistency once the milk has coagulated and this can be observed between 24-48h of
fermentation (Fig. 3d). This reduction in diameter of spread is essentially an increase in consistency
from thin to thick, which can also be expressed in terms of classes 1-4 as indicated in Table 1. The
fermentation temperature, which shows a change in consistency at 24h is 30°C, where a “thin” or
class 4 consistency (9cm) was attained for samples fermented at this temperature. These samples
went on to reach their peak consistency of nearly *medium” or class 3 (8.1cm) at 48h but thereafter,
became thin again as a result of the high degree of syneresis (15%) after 72h (8.3cm). The
consistency of the products fermented at 25°C, 20°C and 22°C all reached class 3 (7.8-7.9cm) at
48h with those fermented at 20°C and 22°C retaining this consistency at 72h but the one at 25°C
became slightly thinner at 72h (8.0cm) due to syneresis (Fig. S1).

Few studies have analysed the consistency of traditional fermented milk products. A study on amasi
from Zimbabwe by Mutukumira [21] only assessed consistency using a sensory panel to score
samples on a 5-point hedonic scale, which was also done by Bille, Buys [19] on omashikwa of
Namibia though they went further to analyse the viscosity of the fermented product. Other studies
analysed the viscosity of commercial sour milk (amasi variants) from South Africa [79] and the
Rwandan kivuguto variants during starter culture development [80] but there is no classification in
place for such products. Hence, this study proposes the use of this classification system for such
products in future studies or for product differentiation as is the case for stirred and set yoghurt
[67].

3.1.2 Microbial composition and aroma compounds
The composition of the microbial community of tonga mabisi fermented at two temperatures (25°C and
30°C) was determined using high throughput amplicon sequencing of DNA encoding 16S rRNA gene
fragments (Fig. 2a). A diverse composition of the microbial community was found in all mabisi samples
regardless of the fermentation temperature applied. The most dominant genus responsible for the
fermentation was found to be Lactococcus, which was present in all the samples analysed with relative
abundances ranging from 13% to 42%. The other major genera present include Acinetobacter,
Aeromonas, Citrobacter, Enterobacter, Escherichia, Klebsiella, and Serratia. The same genera were
reported by Schoustra, Kasase [24] in an earlier study on mabisi except for Aeromonas, Enterobacter,
Escherichia and Serratia. The latter four genera were however found in a South African fermented milk,
amasi [38]. Schoustra, Kasase [24] also reported the presence of Lactobacillus, Streptococcus and

58



Influence of temperature on microbial community composition of mabisi

Leuconostoc but these genera were present in very low relative abundances (<1%) in the tonga mabisi
studied here.
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Fig 4. Microbial composition and aroma compounds of tonga mabisi produced from a single batch
production. The figure shows: a. the relative abundance (%) of the top 20 microbes at genus level (y-
axis) in mabisi fermented at two temperatures, 25° & 30°C (x-axis) with R1-3 as replicates and b. a heat
map of volatile compounds from the same product with the colour green to red showing low to high
levels of volatile compounds.

The volatile compounds detected in tonga mabisi were analysed and the results are shown in a heat map
(Fig. 4b). A complex mixture of 15 esters, 7 ketones, 6 aldehydes, 3 alcohols, 2 terpenes and 6 fatty
acids was found in the collective fermented product compared to mainly fatty acids in raw milk.
Individual compounds are fully listed in Table S1 (Supplementary material 1). Temperature does not
have a clear differentiating effect on the aroma profile of tonga mabisi produced in a single batch
production. In similar products like amasi, 4 alcohols, 4 aldehyde, 4 ketones and 2 esters were reported
[22, 81] while fermented buttermilk from Ethiopia reported 5 alcohols, 4 aldehydes, 5 ketones and 1
ester [32] and kivuguto variants reported fewer compounds [80].

3.2 Effect of temperature on multiple batch mabisi production

3.2.1

Physicochemical properties

To assess the degree of variation from one batch to another, three different batches of milk were used to
produce mabisi on different days as biological replicates of tonga mabisi fermented at four different
temperatures using new plastic containers. The pH values found (Fig. 5a) were similar to those observed
in the single batch production in section 3.1.1 but there was a larger reduction in pH for samples
incubated at 20°C (WT) & 22°C (RT) after 24 h to 6.1. However, this trend slowed down at 48h only
reaching pH 4.9 and 4.7, respectively and finally, ending with pH 4.5 after 72h. This could be the result
of ambient temperature fluctuations since these fermentations were conducted on different days and
could have had a slight bearing on the room and water temperatures under which they were incubated.
On the other hand, the lowest pH attained after 72h of fermentation at 25°C and 30°C was 4.4. This pH
was higher than that observed in section 3.1 but the fermentation trends were similar and reproducible.
The latter temperatures were not affected by ambient temperature fluctuations, since they were kept
constant throughout the fermentation in respective incubators. In general, multiple batch mabisi
production showed larger standard deviation than the single batch, indicating considerable variation from
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one batch to another probably due to differences in raw milk quality and the differences in the
composition of the initial microbial community present at the onset of each fermentation.

pH value
-
TTA (% lactic acid)
%

o 24 as 72 0 24

4 48
Time (hrs) a Time (hrs) b

Percent whey removed (%)
Diameter of spread {cm)

Time [hrs) c Tirme {hrs) d

Fig 5. Effect of temperature on physicochemical properties of tonga mabisi produced from batch
to batch. The figure shows changes in: a. pH, b. TTA, c. degree of syneresis and d. consistency
with fermentation time (hours). The colour blue denotes the temperature 20°C, red for 22°C,
green for 25°C and purple for 30°C.

Early onset of syneresis was observed in samples fermented at 30°C with time point 24h reaching 18%,
which continued to increase to 43% after 48h and ending at 53% after 72h (Fig. 5c). For those batches
of mabisi fermented at 25°C, syneresis started after 24h rising to 45% at 48h then reaching a maximum
of 48% after 72h. Syneresis for the samples fermented at 20°C only started after 48h rising to 19% after
72h whereas for those fermented at 22°C, it was 5% at 48h and then further increased to 23% after
72h. There was generally more syneresis in this experiment at all temperatures than in the single batch
production experiment in section 3.1.

The consistency (thickness) trends for samples fermented at 25°C and 30°C were similar to those
observed in the single batch production but a slightly thicker consistency (class 3; 7.8cm) was attained
at 48h (Fig. 5d). A lower consistency (class 4; 9cm) was observed after 72h due to a higher degree of
syneresis. The consistencies of samples from batches fermented at 20°C and 22°C were also lower than
those in the single batch production both at 48h and 72h (class 3) as they both fell in class 4.

3.2.2 Microbial composition and aroma compounds
The multiple batch variation in the composition of the microbial communities was determined (Fig. 6a).
In this experiment, results for all four temperatures are presented. The mabisi samples were also
dominated by Lactococcus sp. (21-24%) but Lactobacillus sp. were also observed in samples incubated
at 30°C with a higher relative abundance (3%) than the single batch production (<1%). The other
differentiating aspect was the much lower proportion of the genus Serratia and higher presence of
Pseudomonas. Apart from that, the overall microbial compositions found in the two experiments were
similar.
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Fig 6. Microbial composition and aroma compounds of multiple batch mabisi production in new
containers. Panel a. the relative abundance (%) of the top 20 microbes at genus level in mabisi
fermented at four temperatures, 20°, 22°, 25° & 30°C and b. a heat map of volatile compounds from the
same products with the colour green to red showing low to high levels of volatile compounds,
respectively. Hierarchical clustering of the samples is also shown in the heat map. The batch number is
indicated as 1, 2, & 3 on each bars.

The aroma compounds were similar to those found in the single batch production even at lower
temperatures of 20°C and 22°C which were not analysed in that experiment. The only exception is that
there was a lower relative abundance of fatty acids observed in this experiment than in the single batch
production as shown in Fig. 6b. The cluster analysis reveals two main clusters: raw milk on the left with
fewer compounds than mabisi on the right, which also has three sub-clusters for each batch apart one
sample from batch 3 fermented at 20°C. These sub-clusters show slight variation of aroma compounds
from one batch to another, which might be linked to differences in microbial composition at species level.

3.3 Effect of fermentation container type
3.3.1 Physicochemical properties

Three different batches of milk were simultaneously fermented at different temperatures in washed
containers which were previously used for tonga mabisi production with the objective to assess the effect
of container type (used versus new). A much sharper decrease in pH was observed after 24h in all
samples fermented in used containers as compared to mabisi productions in which new containers were
used (see section 3.1 and section 3.2 and Fig. S1 , supplementary material 3). To elaborate this, we
selected the results of samples fermented at two temperatures: a low temperature of 20°C (WT) and a
high one of 25°C (Fig. 7). Figs. 7a and 7d show that the pH of the used container was lower than the
new one throughout the fermentation at both temperatures. However, the differences between the used
and new container were not significant (p>0.05). The rapid decrease in pH for samples fermented in
used containers can be attributed to the formation of biofilms on the walls of the container during the
previous fermentation, since the containers were only washed with hot water as practiced by the
producers. These biofilms potentially act as a starter culture and in turn accelerate the fermentation in
the initial stages.

A lower degree of syneresis was found for the used container as compared to the new one at both
temperatures (Fig. 7c & 7f). The low degree of syneresis produced mabisi with thicker consistencies after
72h of class 2 (7cm) and class 3 at 20°C and 25°C, respectively compared to class 4 for both
temperatures in the new container (Fig. 7c & 7f).
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Fig 7. Effect of temperature on physicochemical properties of tonga mabisi produced in new and
used containers. The figure shows changes in: pH (a & d), degree of syneresis (b & e) and
consistency with fermentation time (c & f) at temperatures of 20°C and 25°C, respectively. The
colour blue is for a new container and red for a used container.

Generally, the results show that syneresis and consistency have a reverse correlation in mabisi, since
a higher degree of syneresis leads to lower consistency. This was observed particularly for products
with high syneresis of 48-52% which resulted in mabisi with class 4 consistency (Table 1) of around
9cm diameter of spread or more mainly for samples fermented at 25°C and 30°C after 72h in the
assessment of batch variation mabisi production using both new and used containers (Fig 3d & S1).
The relationship between syneresis and consistency has also been observed by Bille, Buys [19] in
omasikwa. In addition, to improve the consistency of another traditional product amasi, 40-50% of
whey was removed [21]. The removal of whey is also practiced in the so-called “thick-tonga mabisi”
[53] though the proportion removed is unknown. Therefore, this study has established that syneresis
levels of not more than 30% produce mabisi with a desirable consistency of class 3 (see Fig. 7e and
7f).

3.3.2 Microbial composition and aroma compounds
The composition of microbial communities of tonga mabisi produced in the used containers was also
diverse (Fig. 8a) and dominated by species of the genus Lactococcus (22-44%) as well. Lactobacillus
sp. were only observed in samples fermented at 30°C with a relative abundance of 4%. The only
difference between the mabisi produced in new and used containers was the higher proportions of
members of the genera Escherichia and Pseudomonas in the former and latter containers,
respectively. In general, tonga mabisi can be described as having a diverse microbial community
composition regardless of fermentation temperature, different batches of production and use of new
or used container over a three day fermentation period. Thus, the selected treatments did not affect
the outcome of the fermentation in terms of microbial community composition.
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Fig. 8. Microbial composition and aroma compounds of mabisi production in new and used
containers. The Fig. shows: a. the relative abundance (%) of the top 20 microbes at genus level in
mabisi fermented at four temperatures, 20°, 22°, 25° & 30°C and b. a heat map of volatile
compounds from the same products with the colour green to red showing low to high levels of
volatile compounds, respectively. Hierarchical clustering of the samples is also shown in the heat
map.

The heat map shows that all raw milk samples were grouped in one sub-cluster with different and
fewer aroma compounds than those found in mabisi (Fig. 8b). However, there is no clear distinction
in the profile of aroma compounds found in mabisi produced in the new and used containers at 4
different temperatures.

3.4 Effect of production method

3.4.1 Physicochemical properties
Based on the observations of the effect of temperature on tonga mabisi, barotse mabisi was only
incubated at two temperatures: 25° and 30°C. As compared to the lower temperatures (20°C and
22°C), these temperatures produced a higher degree of syneresis in tonga mabisi (20-50%), which
is important for the barotse mabisi production method as it involves the sequential removal of whey
followed by re-addition of raw milk (Fig.1b). Raw milk had a pH of 6.7, which dropped to pH 4.1 for
samples incubated at 25° and pH 4.3 for those incubated at 30°C after 3 days of fermentation (Fig.
9a). Thereafter, the pH for the samples incubated at 25°C rose slightly (to pH 4.3) and the
fermentation ended with the same pH value after a further three days of fermentation. However, for
samples incubated at 30°C, the pH dropped to 3.3 on the fifth day of fermentation and reached a
final pH of 3.2 on the last day. The difference in the pH values for the final products was significant
(p<0.05) with the barotse mabisi incubated at 30°C producing a more acidic mabisi than the former.
This pH was also much lower than in both the single batch and multiple batch production of tonga
mabisi, which had similar pH to barotse mabisi fermented at 25°C.
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Fig 9. Effect of temperature on physicochemical properties of barotse mabisi fermented at two
temperatures. The fig. shows changes in: a. pH, b. degree of syneresis and c. consistency with
fermentation time (hours). The colour green shows barotse mabisi incubated at 25°C and purple
those at 30°C. The fermentation at each was done in triplicate.

Syneresis was observed after three days of fermentation and samples incubated at 30°C had up to
35% in whey content at this stage, which further increased to a peak of 52% a day later and
declined to 20% on the fifth day (Fig. 9b). On the other hand, samples fermented at 25°C had low
whey separation after three days with only 5% syneresis, which later increased sharply to 35% the
following day and remained the same on the fifth day. Cumulatively, more whey was produced in the
barotse mabisi fermented at 30°C than at 25°C, which implies that the product yield in volume terms
was less for the production at 30°C (48%) compared to 25°C (58%). The degree of syneresis in
barotse mabisi was comparable to the multiple batch production of tonga mabisi both in new and
used containers (Figs. 5¢c & 7e).

Consistency was only measured at the end of fermentation (Fig. 9c). The barotse mabisi fermented
at 25°C had a class 2 consistency (6.3 cm) whereas the one fermented at 30°C was thicker and had
a class 1 consistency (5.6 cm). This is because the latter had a higher degree of syneresis and
consequently, more whey was removed (52%) which was replaced with raw milk leading to an
increase in the total solid content and thus, a “very thick” consistency. It must be stated that not all
the whey could be removed during the production of barotse mabisi because of the design of the
container which retained a certain amount of whey. That generally, resulted in a final product having
a slightly lower consistency than would be expected if a container, equipped with a better draining
mechanism, was used. This shows that barotse mabisi had a thicker consistency than tonga mabisi
(class 3-4).

3.4.2 Microbial composition and aroma compounds
The barotse mabisi (Fig. 10a) showed a different composition of the microbial community as
compared to tonga mabisi (Fig. 4a). At 25°C, Lactococcus sp. dominated barotse mabisi while at
30°C Lactobacillus sp. were dominant. Lactococcus had a relative abundance ranging from 84-91%
when fermented at 25°C and 6-9% at 30°C whereas Lactobacillus had a range of 1-2% and 84-87%,
at each of the two temperatures, respectively. There was a much larger proportion of Lactococcus
(6-9%) in samples fermented at 30°C than Lactobacillus (1%) in samples fermented at 25°C. This
suggests that during fermentation at 30°C, Lactococcus was initially dominant as was the case in
tonga mabisi but as the fermentation progressed, there was a shift towards Lactobacillus domination.
This could be as a result of elevated temperature and low pH favouring the growth or survival of
Lactobacillus. These results clearly show a significant effect of fermentation temperature on microbial
community composition between two production methods and probably fermentation duration. The
relative abundance of other microbes (non-LAB) in barotse mabisi was less than 10% whereas in
tonga mabisi they accounted for 74% on average.
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Fig 10. Microbial composition and aroma compounds of barotse mabisi fermented at two temperatures.
The Fig. shows: a. the relative abundance (%) of the top 20 microbes at genus level in mabisi fermented
at two temperatures, 25° & 30°C and b. a heat map of volatile compounds from the same product with
the colour green to red showing low to high levels of volatile compounds, respectively. Hierarchical
clustering of the samples is also shown in the heat map.

Fermentation temperature was found to have a pronounced effect on the composition of aroma
compounds in barotse mabisi with two clusters clearly separated on basis of fermentation
temperature (see heat map Fig. 10b). The samples fermented at 30°C produced more compounds
than those fermented at 25°C which include 12 esters, 2 alcohols, 2 fatty acids, 1 terpene, 6
ketones, and 5 aldehydes that were in low relative abundance in samples fermented at 25°C. This
difference is most likely is caused by the differences in the composition of the microbial community

occurring at the two incubation temperatures.

4. Conclusion

Fermentation temperature did not show a clear effect on the composition of microbial communities of
tonga mabisi, which retained a diverse and stable microbial community regardless whether the
production was done in replicates from a single batch or multiple batches of raw milk. Also use of
new containers or previously used containers did not lead to clear differences in the complex
composition of the microbial community. In tonga mabisi, Lactococcus was the dominant genus.
Interestingly, temperature had a clear effect on microbial community composition in barotse mabisi
with the mesophilic Lactococcus dominating the fermentation at 25°C and the thermophilic
Lactobacillus dominating at 30°C. Furthermore, more aroma compounds were produced at 30°C in
barotse mabisi than at 25°C whereas tonga mabisi retained a similar aroma profiles regardless of
temperature or treatment and moreover produced more aroma compounds than similar African

traditional fermented products.
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Temperature exerted a profound effect on fermentation time of tonga mabisi. Furthermore, used
containers also accelerated fermentation whereas new containers coupled with low ambient
temperatures slowed down fermentation up to three days. For this study, a classification system for
mabisi consistency was developed. High fermentation temperatures resulted in a higher degree of
syneresis, which led to a mabisi with a ‘thin’ consistency of class 4 after 3 days. On the other hand,
lower temperatures produced a thicker product of class 3 or lower in tonga mabisi. However, barotse
mabisi produced a much thicker mabisi of class 2 at 25°C and class 1 at 30°C.

The shifts between the mesophilic and thermophilic bacteria in the barotse mabisi showed a clear
difference in types of aroma compounds produced at lower and higher temperatures, which may
have an implication on the taste of the product at different times of the year depending the
prevailing temperature or season or production location. There is need to carry out a sensory
evaluation in order to establish the preferred taste and to validate the developed consistency
classification system using a trained tasting panel as well as consumers. In addition, the established
process conditions can be used to scale up mabisi production.
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Supplementary material

Table S1. List of aroma compounds found in tonga & barotse mabisi

Alcohols Ketones Aldehydes Terpenes Esters Carboxylic
acids

Ethanol Acetone Acetaldehyde Styrene Ethyl Acetate Acetic acid
2-methyl-1- 2-Butanone 3-methylbutanal, Aromadendr | Propanoic acid, ethyl ester Butanoic acid
Propanol ene
3-methyl-1- 2,3-Butanedione Heptanal Butanoic acid, ethyl ester Hexanoic acid
Butanol

2-Propanone Nonanal 1-Butanol, 3-methyl-, Phenylethyl

acetate Alcohol

2-Heptanone

Benzaldehyde

2-Butenoic acid, ethyl ester

Octanoic acid

3-hydroxy2- Benzeneacetaldeh Hexanoic acid, ethyl ester n-Decanoic acid
Butanone yde

(Acetoin)

2-Nonanone Butanoic acid, 3-

methylbutyl ester

Hex-5-enoic acid, ethyl
ester

Octanoic acid, ethyl ester

Hexanoic acid, propyl ester

3-Hexenoic acid, ethyl
ester

Heptanoic acid, ethyl ester

Hexanoic acid, 3-
methylbuyl ester

Decanoic acid, ethyl ester

Ethyl 9-decenoate
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48 hours 72 hours

Water temp (20°C) Room temp (22°C) : At 25°C 30°C

Fig. S1. Visual effect of fermentation temperature on syneresis and consistency. Figs. a-c show
syneresis level at 24, 48 and 72 h at four different temperatures: 20, 22, 25 & 30°C. Figs. d-f show the
consistency of mabisi at four different temperatures after 72 h of fermentation.
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Abstract

Spontaneous fermentation can exert selection pressure, which may to lead to changes in microbial
community composition of the fermenting microbes. The effect of production method and producer on
the microbial community composition was determined for three types of mabisi, a traditionally fermented
milk in Zambia made by a spontaneous fermentation process at ambient temperature. A field trial
involving our experienced producers was conducted where each of them made 10 production cycles of
each type of mabisi, namely; the tonga, illa and backslopping mabisi. Samples were analysed for
physicochemical properties including pH, titratable acidity (TTA), consistency and aroma compound
profile and for microbial community composition by 16S rRNA gene amplicon sequencing. The mean pH
for all three types of mabisi was 4.36+0.28 with no significant differences among the processing
methods. However, differences did appear among the producers (p<0.05) with one producer having a
higher pH than the others. Tonga mabisi had the thickest consistency followed by the backslopping type
and lastly, illa mabisi. The most important aroma compounds were aldehydes, alcohols, esters, ketones
and terpenes, which were present at their highest levels in backslopping and illa mabisi from the 10%
cycle due to the type of microbes present. Tonga mabisi had a complex diverse bacterial community
composition throughout the 10 production cycles that did not change during the production cycles.
Backsloppping and illa mabisi started off with a diverse bacterial composition in the 15 cycle, which
changed to be dominated by species of the genera Lactococcus and Lactobacillus after the 10t
production cycle. This study shows that the production method of mabisi exerts a selection pressure that
shapes the microbial community structure, which may impact the sensorial and other physical product

characteristics.
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Introduction

In nature, various eco-systems exist that are dominated by communities of microbes, such as the
soil, human gut as well as fermented foods [52, 82, 83]. In these systems, microbial species co-exist
and the species diversity in these systems can be described in terms of the number of species
present, their relative abundance and the evenness of the species distribution in the community. It
has been observed that similar systems harbour similar species diversity and both biotic and abiotic
factors are hypothesised to stabilise eco-systems. These factors impose selection pressure that may
alter the species diversity in terms of number of species and their relative abundance. This selective

process has also been named ‘species sorting’ [84, 85].

Here, we use traditional fermented foods to study how changes in selective pressure can alter
species diversity over multiple cycles of propagation. Many traditional fermented foods harbour a
characteristic community of microorganisms present naturally in and on the products that are
involved in the spontaneous fermentation that results in a product with a complex microbial

community. In our study, we use Mabisi, a traditional fermented milk product from Zambia.

Mabisi is made by spontaneous fermentation of raw milk at ambient temperature in a calabash,
metal or plastic container. Previous work has shown that the community of fermenting microbes is
comprised of around six to 10 main groups of lactic acid and acetic acid bacteria [24]. Several
different processing methods exist, each starting with fresh milk as the raw material for
fermentation. A countrywide survey revealed that there are seven types of mabisi: tonga, thick-
tonga, illa, barotse, backslopping, creamy and cooked type with the tonga type being the most
popular [53]. Out of these, illa and backslopping mabisi both involve transfer of product from one
batch to another (referred to as backslopping) while illa processing also has an agitation (churning)
step. Both products (illa and backslopping mabisi) can be produced continuously for at least 6
months. Tonga-type processing, on the other hand does not involve transfer of product from batch
to batch.

As a result of repeated cycles of batch production, the different processing methods impose a
different abiotic selection pressure on microbial communities in the products. We hypothesise that
after various rounds of propagation, the species diversity in the microbial communities will be altered
under the influence of these selection pressures such that different methods of processing lead to
distinct microbial communities in terms of their species diversity. To test this idea, we studied the
changes in microbial community composition and community dynamics as a function of three types
of mabisi processing (i.e. tonga, illa and backslopping) and number of production cycles,
respectively. The study involved the production of 10 cycles of batch propagation for each type of
mabisi by four different producers using their own raw milk in their respective home settings in rural
Zambia. The changes in the microbial communities linked to these production cycles gives an
impression of their resilience and stability when subjected to selection pressure over a period of
time. We further explored the physiochemical properties of the corresponding products and linked
the volatile compounds to the microbial communities. The link between the physicochemical
properties and the microbial communities is important for product optimisation and for developing
production standards for such traditional products. This information is not only useful for answering

fundamental questions about microbial interactions but also for starter culture development.
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Material and methods

2.1. Mabisi production

In this study, we used three types of mabisi processing methods: tonga, illa and backslopping (Fig.
1). Tonga mabisi was produced by sieving raw milk into a 2-litre plastic container (Fig S1) and
allowing it to ferment at room temperature for 48h, after which it was stirred (Fig 1a). The process
for backslopping mabisi was similar to tonga mabisi but after the first 48h of fermentation and
stirring, 70% of the product was removed from the container for consumption and fresh raw milk
was added and mixed, then left to ferment for a day. After a day the container was shaken to mix
the product and another 70% of mabisi was removed, which was replaced by fresh raw milk and the
production was repeated till 10 cycles were made (Fig. 1b). Illa mabisi followed a similar production
process as backslopping except that it had an agitation (churning) step of 10-20 minutes at each
time for 3-5 times a day during fermentation (Fig 1c). During the removal of 70% of mabisi for
consumption, butter granules were also removed from the product. For all three types of mabisi

processing, 10 production cycles were performed.
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Fig. 1. Production flow diagrams of three types of mabisi: (a) tonga, (b) backslopping and (c) illa

mabisi.

2.2. Experimental design

The three types of mabisi were all produced by four different producers in their respective houses
with raw milk coming from their own cows. Each of the producers was given three new sterile 2-litre
plastic containers for the production of each type of mabisi. The producers were taken as replicates
for the three mabisi processing methods (Fig. 2). The first fermentation took three days for all types
of mabisi mainly because of the new container and cool temperature (12-22°C) as the study was
carried during the cold season (July 2017). The samples were collected in sterile plastic bottles and
placed in a cool box with ice, then taken for physicochemical analysis. The samples for microbial
composition and aroma compounds analysis were frozen at -20°C. Samples for backslopping and illa
mabisi were collected daily while those for tonga mabisi were collected every two days.
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Tonga mabisi Backslopping mabisi llla mabisi

r y 4

Pl |l P2 || P3 || Pe PL|[ P2 || P3 || P4 PL ([ P2 || P3 || P4

Fig. 2. Experimental layout for three types of mabisi and four producers for each type. Where P1

denotes producer 1, P2 - producer 2, P3 - producer 3 and P4 - producer 4.

2.3. Physicochemical properties

The mabisi samples were analysed for pH, titratable acidity (TTA) and consistency. The pH was
analysed using a digital pH meter and the acidity was analysed according to the AOAC official
methods [73]. Consistency was analysed using the Adam’s consistometer which measures the
diameter of spread of a semi-liquid product after 30s [74, 75].

2.4. Microbial composition

The mabisi samples were analysed by a culture independent method. DNA was extracted from the
mabisi samples and purified as described by Schoustra, Kasase [24] and in chapter 3. Next, the
purified DNA samples were sent for bacterial 16S rRNA gene amplicon paired-end sequencing of the
V4 hypervariable region (341F-785R) on the MiSeq Illumina platform performed by LGC genomics
(Berlin, Germany).

For further data processing and statistics the QIIME pipeline [57], modified by Bik, Costello [58] was
used. Paired-end reads were joined using join_paired_ends.py (with minimum overlap 10 basepairs)
after which sequences were trimmed and filtered using cutadapt (v1.11 -q 20, -m 400, [59]) using
the known primer sequences CCTACGGGNGGCWGCAG and GACTACHVGGGTATCTAAKCC to trim both
sides of the sequence. These trimmed sequences were then checked for chimera’s, using uchime
(v4.2.20, gold database, [60]). Sequences with a chimera score lower than 0.28 were retained. After
trimming, filtering and a quality check using pick_open_reference_otus.py (-s 0.1, -
enable_rev_strand_match TRUE, -align_seqs_min_length 75, -pick_OTU_similatiry 0.95), the
sequences were clustered into operational taxonomic units (OTUs). Taxonomy of the resulting OTUs
was assigned to representative sequences using the Greengenes (v13.5) rRNA database. This
algorithm gives a representative sequence for an OTU, which is subsequently used to perform a local
blast using the gold database from uchime. The taxonomy from the top ranking BLAST hit was used

for further data processing. We carried out a hierarchical clustering on all mabisi sample data.

2.5. Aroma compounds

Volatile organic compounds (VOC's) in the mabisi samples were measured using Headspace-Solid
Phase Microextraction Gas Chromatography-Mass Spectrometry (HS-SPME GC-MS) with a Trace
1300 Gas Chromatograph (Thermo Fisher) coupled to a TriPlus RSH autosampler (Thermo Fisher)
and an ISQ QD mass spectrometer (Thermo Fisher). Frozen samples were incubated at 60°C for 20
min. Volatile compounds were extracted for 20 min at 60°C using an SPME fiber (Car/DVB/PDMS,
Supelco). The compounds were desorbed from the fiber for 2 min onto a Stabilwax®-DA column (30
m length, 0.25 mm ID, 0.5 pm df, Restek). The PTV was heated to 250°C and operated in split mode
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at a ratio of 1:25. The GC oven temperature was kept at 40°C for 2 min, raised to 240°C with a
slope of 10°C/min and kept at 240°C for 5 min. Helium was used as carrier gas at a constant flow
rate of 1.2 ml/min. Mass spectral data were collected over a range of m/z 33-250 in full-scan mode
with 3.0030 scans/second. Data were analysed using Chromeleon® 7.2. The ICIS algorithm was
used for peak integration and the NIST main library to match the mass spectral profiles with the
profiles of NIST. Peak areas were calculated using the MS quantification peak (highest m/z peak per
compound). The peak area data were normalised and used construction heat maps using multiple
experiment viewer (Mev) version 4.9.0 software. We carried out a hierarchical clustering on all
mabisi sample data.

2.6. Statistical analysis

The data was analysed using analysis of variance (ANOVA) at 95% significance level and mean
comparisons were performed by Tukey test at 95% significance level using SPSS version 22. The
PERMANOVA was performed on communities and aroma profiles using the vegan package (R) using
the bray distance measure and 10000 permutations. All main effects and two-way interactions were
tested using producer, method and cycle as categorical explanatory variables. Further, a Kruskal-
Wallis test was performed on the bacterial communities to identify the one that changed the most in

relative abundance with time.

Results
The results of this study are presented in three sections describing (i) the physiochemical properties

of the products, (ii) bacterial composition of the mabisi types and (iii) profiles of aroma compounds.

3.1 Physiochemical properties

We found that the pH dropped from the normal pH of milk ranging from 6.6 to 6.8 to an average
value of 4.36+0.28 for the three types of mabisi (Fig. 1). Illa type had the highest mean pH (4.41)
while tonga type had the lowest (pH 4.33) but there were no significant differences among the types
of mabisi. However, there were significant differences among products from the different producers,
with producer 4 having a higher pH than the rest (p<0.05). This could be attributed to a lower
temperature in the producer’s house particularly, the incubation area, which was on a concrete floor
in a cool room during the cold season (12-20°C). The other producers placed their containers on
wooden tables during incubation, which were warmer than the floor (Fig. S2). For the production
cycles, only two cycles had significantly different mean pH values i.e. the first cycle was higher than
the 10%.

The titratable (TTA) exhibited a similar pattern as the pH (Figs. 1e-g), which when correlated

revealed at strong negative relationship (R= -0.928).
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Fig. 1. Changes in pH, TTA and consistency in three types of mabisi produced over a 10 cycle
fermentation. 1a-c shows changes in pH for tonga (a), backslopping (b) and illa (c); 1d-f shows changes
in TTA; and 1g-i shows changes in consistency for the three types of mabisi. The colours show the

different producers: producer 1-blue, producer 2-orange, producer 3-grey and producer 4-yellow.

The consistency was measured with an Adam’s consistometer which measures the diameter of spread of
a semi-solid fluid in one minute. The smaller the diameter of spread, the thicker the consistency of the
product. The mean consistency was significantly different among the three types of mabisi with tonga
type being the thickest (6.7 cm), followed by backslopping (7.5 cm) and illa type being the least (8.6
cm) (p<0.05) as depicted in Figs. 1g-i. There was also a difference between the producers with
producers 1 & 2 having products with a significantly thicker consistency than products made by the other
two producers (3 & 4, p<0.05). However, the variations observed in consistency of the products from

one cycle to another were not significant (p>0.05), (Table S1).

3.2 Microbial community composition
The three types of mabisi were each produced in 10 cycles of repeated production and the 15t, 6™ and
10 cycles were sampled for microbial community composition analysis by 16S rRNA amplicon
sequencing. The overall bacterial community composition of the fresh milk used as raw material and the
three types of mabisi (Fig. 2a) as well as the changes in community composition for three of the selected
production cycles for each type of mabisi (Fig. 2b) were analysed. Raw milk had a more diverse bacterial
community composition than all three types of mabisi. However, the bacterial communities in tonga
mabisi were more complex and diverse than in illa and backslopping mabisi (Fig 2). Tonga mabisi was
dominated by the genera: Lactococcus (28%), Streptococcus (15%), Klebsiella (15%), Enterobacter
(12%), Aeromonas (7%), Acinetobacter (5%), Citrobacter (4%), Escherichia (3%), Buttiauxella (3%)

and Kluyvera (2%). Other genera were present but at much lower relative abundance. Illa mabisi had a
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larger proportion of Lactobacillus (29%), Enterococcus (9%) and Staphylococcus (7%) than tonga mabisi
whereas backslopping mabisi was clearly dominated by Lactobacillus (42%) and Lactococcus (27%) with
a considerable presence of Leuconostoc (2%).
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Fig. 2. Bacterial community composition of three types of mabisi: tonga, illa and backslopping (Bsp)
mabisi. The figure shows the bacterial community composition of: a) the average composition for each
type of mabisi and raw milk, b) three selected production cycle time points (1%t ,6 & 10™) for each type
of mabisi.

Fig. 2b shows the bacterial composition of the three types of mabisi at three selected production cycle
time points: 1%, 6" and 10™ cycle. Here, we see that tonga mabisi had a fairly stable composition
dominated by Lactococcus whose relative abundance increased slightly by 1% to reach 37% from the 1*t
to the 6™ cycle but ended with a much higher proportion of 53% in the 10% cycle. This composition was
also similar to the first cycles for both illa and backslopping mabisi. However, substantial changes were
observed in the 6" and 10t cycles. The proportion of Lactobacillus and Lactococcus increased to 8% and
60%, respectively in the 6 cycle of illa mabisi production and the former increased further to 65% in the
10t cycle while the latter reduced to 17%. In contrast, backslopping mabisi had a higher relative
abundance of Lactobacillus (33%) and a lower relative abundance of Lactococcus (51%) than illa mabisi
in the 6 cycle of production. By the 10t cycle, Lactobacillus increased further to 61% and Lactococcus
reduced to 31%. During this cycle, Lactobacillus clearly dominated both products reducing the other
microbes overall proportions. In addition, there was a clear reduction of Streptococcus in the 6™ and 10t
cycles of production, although an increase in Leuconostoc was also observed.

All three types of mabisi were produced by four different producers and their effect on bacterial
community composition of mabisi is shown in Fig. 3. The bacterial community composition of the 1t
production cycles for all three types of mabisi were similar since at this stage they were all essentially
tonga mabisi (Fig 3a). However, producers 1 & 2 had products with a similar and consistent bacterial

community composition in all three types of products which were mainly dominated by Lactococcus (75-
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91%). Products from producers 3 & 4 on the other hand, had a slightly different composition in their
products with Lactococcus still the most important LAB genus but present in lower proportion (4-43%).
The products from Producer 3 were dominated by Enterobacter and the ones from Producer 4 by
Klebsiella during this cycle.
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Fig. 3. Bacterial community composition of three types of mabisi: tonga, illa and backslopping mabisi.
The figure shows the bacterial community composition of: a) the mabisi sampled from each producer in
the 15t cycle, b) mabisi sampled from each producer during the 6t cycle and c) mabisi sampled from
each producer during the 10t cycle. Each bar represents a producer and type of mabisi (x-axis): T1-4 -
producer 1-4 for tonga mabisi, I1-4 - producer 1-4 for illa mabisi and B1-4 - producer 1-4 for
backslopping mabisi

We observed a similar pattern of bacterial community composition for tonga mabisi in the 6% production
cycle (Fig. 3b) but for illa mabisi, there were increased proportions of Lactobacillus for products of
producers 1 & 2 (9-12%) but lower for products of producers 3 & 4 (<2%). However, the products of the
latter producers had a marked increase in the proportion of Leuconostoc (4%). This trend was similar for
backslopping mabisi except for products of producer 4 having a much higher proportion of Lactobacillus

(36%) and products of producer 2 also having a higher proportion of Leuconostoc (4%).

In the 10 production cycle, tonga mabisi retained its pattern but there was increased domination by
Lactococcus for producers 3 & 4 to 62% and 36%, respectively (Fig 3c). However, for illa mabisi,
Lactobacillus surpassed Lactococcus dominance in products from producers 1 (55%), 2 (84%) & 4 (78%)
with those from producer 3 having the most Leuconostoc (8%). Backslopping mabisi also showed
increased Lactobacillus proportions but not exceeding Lactococcus for products of producers 1 (19%) & 2
(33%), although for products made by producer 4, there was nearly 100% replacement of Lactococcus.
Products made by producer 3 maintained a high presence of Leuconostoc (7%) with little Lactobacillus
(1%).
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A cluster analysis of the relative abundance of the microbes was carried out on all mabisi types and two
main clusters were obtained (Fig. 4). The large cluster on the left had all tonga mabisi regardless of their
production cycle or producers as well as all illa and backslopping mabisi from the 1%t and 6% cycles with
the exception of backslopping mabisi from producer 4 in the 6™ cycle. This cluster also included illa
mabisi of the 10% cycle from producer 3. On the other hand, the smaller cluster on the right had all illa
and backslopping mabisi from the 10% production cycle with the exception of producer 3 of illa mabisi.

However, producer 4 of backslopping mabisi from the 6" cycle was also part of this cluster.

The cluster analysis confirms the observations in Fig. 3 on the bacterial community changes over time in
the three types of mabisi but also changes as a function of the producer. This was tested by PERMANOVA
carried out to determine the effect of the production method, producer and production cycle (time point)
on the bacterial community OTUs. The results corroborated the observed differences in the communities
as both producer (p<0.0001) and production cycle (p<0.0001) very significantly affected the variation in
OTUs tables (see table S2). Furthermore, the production method was also highly significant (p<0.005).
Since each producer only made one mabisi using a specific method only two-way interactions could be
tested. However, all possible two-way interaction were significant (see table S2), indicating that indeed a
specific method resulted in a different community, when performed by different producers (P[producer x
method] < 0.05). Furthermore, the production cycle and producer interacted significantly, indicating that
how the product changes in time highly depended on producer (P[producer x cycle] < 0.0005). Lastly,
also the production method influenced how the communities changed with time (P[method x cycle]
<0.01).
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Fig. 4. Heat map of the relative abundance of microbes in three types of mabisi: tonga, illa and

backslopping. Each sample is identified by the first, the number of the producer, then production method
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and lastly, number of production cycle. The colour red shows presence and black complete absence.

Hierarchical clustering of the samples is also shown in the heat map.

We further, carried out a Kruskal-Wallis test (Table S3) to identify the most critical changes in the
bacterial composition over the 10 production cycles and found that the most crucial LAB genera that
changed their presence significantly (p<0.05) over time were Lactobacillus and Streptococcus with
Leuconostoc on the borderline. The others were Pseudomonas, Kluyvera and Acinetobacter as shown on
a heat map (Fig. 5). The other heat map (Fig. 4) also shows that Lactococcus has a consistent presence
throughout the production cycles.
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Fig. 5. Heat map on microbes whose relative abundances changed significantly in mabisi over the 10
production cycles. Each sample is identified by the first, the number of the producer, then production
method and lastly, number of production cycle. The colour red shows presence and black complete

absence. Hierarchical clustering of the samples is also shown in the heat map.

The bacterial diversity scores were calculated for each type of mabisi using the Shannon index and
plotted against the production cycle (Fig. 6). The result supports the earlier observation that tonga
mabisi remains more diverse after 10 production cycles compared to illa and backslopping mabisi, which
both showed lower diversity score after 10 cycles. Producers 3 was the outlier with higher diversity
scores in all three products.
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Fig. 6. Shannon index of three type of mabisi: a. tonga, b. illa and c. backslopping mabisi. The colour
shows the different producers with blue for producer 1, orange for producer 2, grey for producer 3 and
yellow for producer 4.
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3.3 Aroma profiles
The aroma profiles are shown in a heat map (Fig. 7), which has two main clusters, each subdivided into
two sub-clusters. On the right main cluster, there is mainly illa and backslopping mabisi mostly produced
during the 6% and 10 production cycles whereas on the left one, there is tonga mabisi and raw milk
samples. The sub-clusters on the right show a clear producer effect where producer 1 & 2 are on one
sub-cluster, producer 3 on another and producer 4 on the last one but there is no clear distinction
between production cycle 6 and 10. The left main cluster shows a separation between raw milk and
tonga mabisi samples, which also include the samples from the first cycles for both illa and backslopping

mabisi.

Similar to the OTU table statistics, a PERMANOVA was performed on the aroma profiles. Again all three
main factors had significant effect on the aroma profiles (Producer, p<0.001, Method, p<0.001, Cycle,
p<0.005, Table S4). While the community of bacteria depended significantly on the interaction between
producer and production method, the aroma profile did not show an significant interaction. Rather, as
indicated by Fig. 7, producer and production cycle interacted significantly (p<0.05) as well as production
method and production cycle (p<0.05). This indicates that the temporal changes of the aroma profiles
differ between producers and production method, but that the aroma profiles per method are more

similar between producers than compared to the communities.
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Fig. 7. Heat map of aroma compounds of raw milk and 3 types of mabisi: Tonga, illa and backslopping
mabisi. Each sample is identified by the first, the number of the producer, then production method and
lastly, number of production cycle. The colour red shows presence and green complete absence.
Hierarchical clustering of the samples is also shown in the heat map.
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The main compounds found in all mabisi samples were 4 alcohols, 6 aldehydes, 6 ketones, 5 carboxylic
acids, 2 terpenes and 16 esters (Table S5). Illa and backslopping mabisi were mostly dominated by
esters, alcohols, terpenes with a few ketones, aldehydes and carboxylic acids whereas tonga mabisi had
more ketones than esters, carboxylic acids and aldehydes (Fig. 7).

4. Discussion & conclusion
The changes in microbial community composition were studied for three types of mabisi each made
with a different processing method (i.e. tonga, illa and backslopping). For each processing method,
the bacterial community profile of mabisi was analysed as function of the number of production
cycles, executed by four different producers using their own raw milk in their respective home
settings in rural Zambia. We hypothesise that after various rounds of propagation, the species
diversity in the bacterial communities will be altered by the selection pressures associated with the
different methods of propagation. In our experiments, we measured physiochemical properties of
these products at each round of production, we determined bacterial community composition and
linked the volatile compounds to these communities. The physiochemical properties are related to
organoleptic properties, which are important for product optimisation and for developing production

standards for such traditional products.

The analysis of physiochemical properties showed no significant differences in mean pH among the
three types of mabisi and the pH range obtained in this study is similar to that reported by
Schoustra, Kasase [24] in mabisi. Similar pH ranges have been reported in other fermented milk
products such as amasi of Zimbabwe and South Africa [20, 21, 23], kivuguto of Rwanda [80], nunu
of Ghana [12], argo of Ethiopia [15, 32] and omashikwa of Namibia [18, 19].

Tonga mabisi had the thickest consistency followed by backslopping and finally, illa. The latter had
the lowest consistency because its processing involves shaking or agitation several times in a day
during the fermentation as compared to the tonga mabisi, which was only shaken once to mix it after
the fermentation was complete, i.e. prior to sampling. The shaking step in illa mabisi results in the
curd being broken into fine particles, which gives it a smooth flowy consistency, whereas tonga
mabisi retains larger curd particles (Fig. S3). The backslopping mabisi consistency was in between
the other two types because of shaking to mix the product before removal for consumption and after
the addition of raw milk for subsequent fermentation. The stirring or mixing intensity probably has a
bearing on the consistency. Each type of mabisi may have its own required level of intensity to
produce the desired final product consistency but this requires further investigation. In the case of
yoghurt production, the stirring step differentiates set yoghurt from stirred yoghurt on the basis of
consistency and viscosity with the former having a thicker consistency [67].

There was also a difference in product consistency among the products of the different producers.
Producers 1 & 2 made products with a significantly thicker consistency than those from the other two
producers (3 & 4). The latters’ products also had a visibly higher degree of syneresis, which can lead
to thin/light consistency as reported in chapter 4 and by Bille, Buys [19]. This might be attributed to
the different breeds of cattle reared by the producers (Fig. S4), the husbandry practices, and in
particular their nutrition, which can affect raw milk composition [86, 87]. The cattle for producer 1 &
2 were local indigenous cattle (zebu) cross-bred with exotic beef breeds of Boran and Brahman,

while the other two producers had cross-bred dairy Holstein-Friesian with local indigenous cattle. The

81



Chapter 5

82

cattle from producers 1 & 2 exclusively grazed grass in the flood plains of the Kafue flats, whereas
the other two producers supplemented theirs with maize bran and dairy concentrate feeds, especially
producer 3, whose operation was semi-commercial. Furthermore, the pH for both illa and
backslopping mabisi produced by producer 4 (pH 5) was higher than the rest (pH<4.6) for the first
five cycles of production, which could have affected the coagulation level of the product as it was
higher than the isoelectric point of the caseins and hence, gave a thin consistency.

Furthermore, variations were observed in the consistency of the products from one cycle to another
but these were not significant (p>0.05). The mean consistency of tonga mabisi was thicker than the
one found in an earlier study performed under laboratory conditions (chapter 4) and fell into class 2
(“the thick consistency”), a classification developed in chapter 4. The consistency of backslopping

and illa mabisi were classified as class 3 and 4, respectively.

The analysis of bacterial community composition showed that the bacterial composition of raw milk
in this study was more diverse than of tonga mabisi, which in turn was more diverse than the other
two types of mabisi: illa and backslopping mabisi. Other studies have also reported raw milk with a
more diverse microbial community composition than the final fermented product such as kefir [88]
and poro cheese [41]. The bacterial community composition of tonga mabisi in this study was
consistent with the one reported in chapter 4 and by Schoustra, Kasase [24], which was also similar
to amasi from South Africa [38] with slight differences in the genera present at lower relative
abundancies such as Serratia, Pseudomonas, Kluyvera and Buttiauxella. The bacterial community
composition of illa and backslopping mabisi was largely dominated by Lactobacillus and Lactococcus.

These LAB genera were also dominant in barotse mabisi reported in chapter 4.

The production cycles had a more distinct effect on the bacterial community composition and species
diversity of illa and backslopping mabisi than tonga mabisi. Tonga mabisi showed an increase in
Lactococcus dominance in the 10t production cycle but still retained a diverse composition with the
proportion of other genera summing up to 48% and a higher Shannon index for ecological diversity
(Fig. 6). In contrast, both illa and backslopping mabisi were mainly dominated by Lactobacillus and
Lactococcus in the 10t cycle, which accounted for a combined proportion of 82% and 92%,
respectively. The producers had different effects on the bacterial community composition of mabisi,
for example products from producers 1 & 2 had similar and consistent composition during the
various production cycles as well as in the same type of mabisi. The variation between the products
from both pairs of producers was apparent in the 1%t production cycle, but the 6t cycle products from
all producers showed the emergence of Lactobacillus with Lactococcus clearly dominant in illa and
backslopping mabisi. By the 10 cycle, products from all the producers were much closer in bacterial
community composition of tonga mabisi than in the first cycle and the same was observed for illa
and backslopping with the exception of products from producer 3, which were extremely low in
abundance of Lactobacillus in backslopping mabisi. These variations between products from specific
producers could be due to a number of factors: temperature fluctuations in the house, raw milk
composition, husbandry and hygiene practices on the farm, pH of the product as well as the starting
microbes. These factors have also been reported for other fermented dairy products [87, 89].
However, despite these factors, it is clear that it is not only the producer and production cycle (time)
that have a bearing on the bacterial community structure but also the production method as all three
types of mabisi have different communities. Moreover, all three factors were highly significant (Table
S2).
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The results further demonstrates that the composition becomes less complex over time for both illa
and backslopping, which are somewhat similar as they both have a ‘backslopping’ step in their
production. However, tonga mabisi retained a more complex composition with a higher species
diversity. Such shifts in microbial populations have also been observed in other artisanal fermented
products that involve backslopping: poro [41], fontina [90], parmeasan and kazah [91] cheeses but
few are reported on African traditionally fermented milk. Furthermore, it confirms our hypothesis

that selection pressure leads to distinct microbial communities in mabisi.

In terms of microbial community functionality, different aroma compounds were produced in tonga
mabisi compared to both illa and backslopping mabisi, which had similar compounds in the 6™ and
10% production cycles. Tonga mabisi was dominated by Lactococcus and Streptococcus, which can be
linked to the volatiles observed in Fig. 7, mainly ketones, aldehydes, carboxylic acids and some
esters. On the other hand, illa and backslopping mabisi were dominated by Lactobacillus,
Lactococcus and Leuconostoc, which produced more esters and alcohols than ketones and aldehydes.
These two types of mabisi also showed some slight differences in aroma compounds produced
between the producers in the 6" and 10% production cycles, which can be linked to their respective,

slight differences in microbial species profiles.

In conclusion, the producer, the processing method and production cycle, all had a significant effect
on bacterial community composition as demonstrated by the shifts in species diversity in both illa
and backslopping mabisi, which changed from a complex diverse community in the 1%t production
cycle to one dominated mostly by two species (Lactococcus and Lactobacillus) in the 10™ production
cycle. However, tonga mabisi maintained a diverse and stable bacterial community composition over
time, which indicates resilience of the bacterial community for this processing method. All three
factors had a significant effect on the aroma profiles but the aroma profiles per method were more

similar between producers than compared to the communities.

The production method had an effect on the consistency of mabisi with tonga being the thickest,
followed by backslopping and finally, illa mabisi. However, in terms of pH there were no effective

changes once the milk had coagulated with all three types retaining a similar pH range over time.

This study shows that selection pressure has an effect on species diversity of an eco-system, in this
case mabisi, which was produced in a natural environment with little or no controls and
demonstrated clear shifts in the bacterial communities after 10 propagation cycles. These results
complement what has been achieved through controlled long-term laboratory experiments of single
species evolution such as Escherichia coli [92] but its natural setup makes it novel. The findings from
this study can be used to design starter cultures for the three types of mabisi based on their

established bacterial community composition.
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Supporting material

Table S1. Physiochemical properties of three type of mabisi

Production Mean pH Mean Consistency (cm)
method (type of

mabisi)

Tonga 4.33 (0.14)a 6.7 (0.78)a
Illa 4.41 (0.34)a 7.5(1.21)b
Backslopping 4.35 (0.31)a 8.6 (0.61)c
Overall mean 4.36 (0.28) 7.60 (1.18)

*Significance is shown by different letter within the columns and brackets show standard deviation

Correlations

TTA pH
TTA Pearson Correlation 1 -,928™
Sig. (2-tailed) ,000
N 40 40
pH Pearson Correlation -,928" 1
Sig. (2-tailed) ,000
N 40 40

**_Correlation is significant at the 0.01 level (2-tailed).

Table S2. PERMANOVA table using OTU table as dependent variable, listing degrees of freedom (Df),

sums of squares, mean squares, F ratio and p value for all main effects and two-way interactions

Df Sums of Mean Squares | F ratio P value
squares

Producer 3 2.08 0.69 7.74 <0.0001
Method 2 0.51 0.25 2.83 0.0041
Cycle 2 0.80 0.40 4.45 <0.0001
Producer x Method | 6 0.96 0.16 1.78 0.0196
Producer x Cycle 6 1.59 0.27 2.96 0.0002
Method x Cycle 4 0.82 0.20 2.28 0.0052
Residuals 12 1.08 0.09
Total 35 7.83

Table. S3. Kruskal Wallis test output for the microbes. The most important ones with significant changes

over the 10 production cycles are listed in bold.
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|Microbe Method df |KW statistic (H) [P-value

Kluyvera (H') Kruskal-Wallis w/ Ties Corr. 2| 6.659176| 0.035808|
Acinetobacter (H') Kruskal-Wallis w/ Ties Corr. 2 9.252049| 0.009794
Lactobacillus (H') Kruskal-Wallis w/ Ties Corr. 2 10.799043| 0.004519
Streptococcus (H') Kruskal-Wallis w/ Ties Corr. 2 6.4851785( 0.039063
Pseudomonas (H') Kruskal-Wallis w/ Ties Corr. 2 9.053544| 0.010816,
Acetobacter (H') Kruskal-Wallis w/ Ties Corr. 2 3.7843328| 0.150745
Aerococcus (H') Kruskal-Wallis w/ Ties Corr. 2 1.0309523| 0.597216
Aeromonas (H') Kruskal-Wallis w/ Ties Corr. 2 4.5012465| 0.105334
Anaerobacter (H') Kruskal-Wallis w/ Ties Corr. 2 1.0309523| 0.597216
Bacillus (H') Kruskal-Wallis w/ Ties Corr. 2| 0.4654088| 0.792388|
Bifidobacterium (H') Kruskal-Wallis w/ Ties Corr. 2| 2.6801903| 0.261821,
Bradyrhizobium (H') Kruskal-Wallis w/ Ties Corr. 2| 0.046310432( 0.977111
Buttiauxella (H'") Kruskal-Wallis w/ Ties Corr. 2 2.0522015( 0.358402
Citrobacter (H') Kruskal-Wallis w/ Ties Corr. 2 4.964052| 0.083574
Clostridium (H') Kruskal-Wallis w/ Ties Corr. 2 0.547957| 0.760348|
Enterobacter (H') Kruskal-Wallis w/ Ties Corr. 2 3.5335512( 0.170883
Enterococcus (H') Kruskal-Wallis w/ Ties Corr. 2| 1.8440319| 0.397716
Escherichia (H') Kruskal-Wallis w/ Ties Corr. 2 0.78607434( 0.675004
Gluconobacter (H') Kruskal-Wallis w/ Ties Corr. 2| 2| 0.367879
Klebsiella (H') Kruskal-Wallis w/ Ties Corr. 2| 2.320005| 0.313485
Lactococcus (H) Kruskal-Wallis 2| 0.5465465| 0.760885|
Leuconostoc (H') Kruskal-Wallis w/ Ties Corr. 2 5.35761| 0.068645
Niastella (H'") Kruskal-Wallis w/ Ties Corr. 2 1.133715| 0.567305
Pelomonas (H') Kruskal-Wallis w/ Ties Corr. 2 1.8717549| 0.392242
Propionibacterium |(H') Kruskal-Wallis w/ Ties Corr. 2 1.7611974| 0.414535,
Proteus (H') Kruskal-Wallis w/ Ties Corr. 2 1.5937691| 0.450731,
Ralstonia (H') Kruskal-Wallis w/ Ties Corr. 2 0.9371755| 0.625886
Serratia (H') Kruskal-Wallis w/ Ties Corr. 2 1.2886769| 0.52501,
Staphylococcus (H') Kruskal-Wallis w/ Ties Corr. 2| 2.0814524| 0.353198|
Vagococcus (H') Kruskal-Wallis w/ Ties Corr. 2| 3.1688914| 0.205061
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Table S4. PERMANOVA table using aroma profiles as dependent variable, listing degrees of freedom

(Df), sums of squares, mean squares, F ratio and p-value for all main effects and two-way interactions

Df Sums of Mean Squares | F ratio P value
squares
Producer 3 1.50 0.50 4.78 0.0007
Method 2 1.81 0.91 8.64 0.0002
Cycle 2 0.91 0.45 4.33 0.0036
Producer x Method 6 0.78 0.13 1.24 0.2644
Producer x Cycle 6 1.36 0.23 2.17 0.0203
Method x Cycle 4 1.07 0.27 2.55 0.0166
Residuals 12 1.26 0.10
Total 35 8.69
Table S5. List of all aroma compounds in the three of types of mabisi.
Alcohols Ketones Aldehydes Terpenes Esters Carboxylic
acids
Ethanol 2,3- Heptanal Styrene Ethyl Acetate Acetic acid
Butanedione
Phenylethyl 2-Butanone Acetaldehyde Aromadendre Propanoic acid, ethyl ester Butanoic
Alcohol ne acid
2-methyl-1- 2-Propanone Nonanal Butanoic acid, ethyl ester Hexanoic
Propanol acid
3-methyl-1- Acetone Benzaldehyde 1-Butanol, 3-methyl-, acetate Octanoic
Butanol acid
2-Heptanone Benzeneacetaldehy 2-Butenoic acid, ethyl ester n-Decanoic
de acid

2-Nonanone

3-methylbutanal

Hexanoic acid, ethyl ester

Butanoic acid, 3-methylbutyl
ester

Hex-5-enoic acid, ethyl ester

2-Butanone, 3-hydroxy

Hexanoic acid, propyl ester

3-Hexenoic acid, ethyl ester

Heptanoic acid, ethyl ester

Octanoic acid, ethyl ester

Decanoic acid, ethyl ester

Hexanoic acid, 3-methylbuyl
ester

Ethyl 9-decenoate
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Fig. S2. Incubation areas: a. on a wooden table (producer 1 & 2), b. wooden table with mat (producer
3) & c. on a concrete floor (producer 4).
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Backslopping

Fig. S4. Breeds of cows: a & b, local breeds cross-bred with Boran & Brahman breeds (producers 1 & 2)

and local breeds cross-bred with Holstein-Friesian breeds (producer 3 & 4). Physicochemical analysis in

the field d & e.

88



Chapter 6

General discussion

Himoonga Bernard Moonga



Chapter 6

Traditionally fermented milk products play an important role in the diet and nutritional security of not
only rural households but also an increasing number of urban households in Africa. Just like other
fermented dairy products, such as cheese, are important in the western diets, so is mabisi in Zambia.
Cheese has been studied extensively and has many varieties, which can be differentiated by place of
origin (Emmentaler cheese, Parmigiano reggiano, Gouda cheese, Cheddar, etc.) or production method
(soft or hard cheese, un-ripened or ripened cheese) [35, 69, 71]. Moreover, a whole cheese classification
system has been developed and is used for various purposes most of which relate to trade and grading of
the cheeses to be able to determine the appropriate prices.

Extensive research has been carried out on development of starter cultures and production process
optimisation, which has resulted in more assorted cheeses that are standardised and meet consumers
expectation [9, 10, 65]. Part of the traditional dairy research has focussed on aroma development,
product texture and other key quality attributes [40, 69]. All-in-all the cheese industry is a global multi-
billion euro business, which supports various supply chains, intermediaries, retail chains and research
institutions.

Traditionally fermented milk products (TFMPs) in Africa have similar potential. There are several types of
TFMPs in Sub-Sahara Africa, which include amasi, argo, omashikwa, mursik, kivuguto, nunu and mabisi
[12-16, 18, 20, 23, 31]. Unlike cheese, most of these are fermented milk products that flow, do not
require brine for fermentation and are more comparable to yoghurt and kefir than to cheese. Despite a
large population of Africans with lactose intolerance, the market penetration of fermented products such
as yoghurt suggests that levels of intolerance vary and a good proportion of the population is able to
tolerate fermented milk products. This situation supports the market possibilities for newly developed or
optimised unique African fermented dairy products.

This thesis describes a systematic and comprehensive study of a TFMP from Zambia known as ‘mabisi’
with the objective to generate enough information to be able to optimise not only mabisi production but
also other similar African fermented dairy products. Mabisi is made through a spontaneous fermentation
process of raw milk at ambient temperature, which takes about two days [24, 53]. The product has a
shelf-life of several days at room temperature. It is a popular product consumed by all age groups in
both rural and urban households in Zambia. Therefore, the objectives of this thesis were (i) to determine
the existing production practices of mabisi and its current uses, (ii) to characterise the microbes found in
the product around the country, (iii) to investigate the effect of fermentation temperature on the
microbial community composition and physicochemical properties of mabisi and lastly (iv) to determine
the effect of production method and producers on the microbial community composition on three types of
mabisi. This chapter aims at consolidating the findings of the research chapters (2-5), highlight and
discuss the key issues, and give conclusions and future perspectives.

1.1 Types of mabisi and its uses

In chapter 2, the indigenous knowledge of mabisi production practices and the uses of the product were
investigated in a country-wide survey, in which it was discovered that there were seven different
methods of production as opposed to the suggestion that one unique method exists as earlier reported
by Schoustra, Kasase [24]. These methods were coined as tonga, barotse, backslopping, creamy,
cooked, illa and thick-tonga types with tonga type identified as the most popular and the one previously
reported by Schoustra, Kasase [24]. The names: tonga, barotse and illa relate to either the tribe or
location most associated with the type mabisi. The terms backslopping and cooked are terminologies
associated with a brief description of how the mabisi type is produced, while the terms creamy and thick-
tonga are associated with a key sensory property of that mabisi type. This study further identified the
key production parameters as type of fermentation container, backslopping, alternate removal of whey
and addition of raw milk, agitation (churning), boiling and cooling, and fermentation temperature. Mabisi
was found to be a versatile product with a wide range of uses, that is, mostly consumed with maize
porridge, boiled grain or tubers, fruits, as a beverage or used for cooking.

1.2 Product quality and consumer preferences and perceptions
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During the country-wide survey the questionnaire and checklist used to collect data on production
practices also included a section with questions on consumer preferences and perceptions. These
questions were mainly focussed on product quality attributes, preferred containers and season of
production associated with the best quality mabisi.

The quality attribute that was ranked highest by consumers in determining the best quality of mabisi was
taste, followed by thickness (consistency) and then appearance (Fig. 1a). Others were aroma, whey
presence (syneresis), lumpiness and creaminess. The taste was evaluated on the basis of the degree of
sourness, which was divided into three categories: mild, medium and strong. The most preferred taste
was medium followed by mild and then strong (Fig. 1b). Consistency (thickness) was also divided into
three categories: low, medium and thick consistency. The most preferred was medium followed by thick
and lastly, low consistency. From these results, it can be concluded that most consumers preferred
mabisi with medium sour taste and medium consistency but this might be quite subjective since there
are no numbers to show what medium taste is in terms of pH and the same is true for consistency.
However, it does give a first impression of the characteristics of the most preferred type of mabisi.
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Fig. 1. Consumer ranking scores of the most important quality attributes (a) and consumer preference
for mabisi sour taste and consistency (thickness)(b).

The findings from chapter 3 on the pH of mabisi samples collected around the country show that the pH
ranged from 3-5 with mabisi from Western province having the lowest mean pH and that from Eastern
province the highest. Using these data, the three levels of sourness can be divided into three pH ranges
(Table 1), which when combined, gives more information about the consumer preferences of the product
and can be used as target for a production protocol or standard. For consistency, the classification
developed in chapter 4 can be used to grade mabisi into four different classes of thickness so that when
describing a type of mabisi that has a medium sour taste and consistency, it implies a product with pH 4-
4.4 and consistency 7-8 cm diameter of spread (class 3). This kind of information is crucial for the
development of standards for mabisi as well as for product and price differentiation, which will in the long
term improve the regulation of mabisi production and trade. However, these proposed pH ranges and
consistency classes still need to be validated by sensory evaluation to ensure that they are realistic.
Consistency could also be validated with viscosity measurements, so that more precise and accurate
information can be used.

Table 1. Classification of mabisi acidity/sourness

Acidity class Mild Medium Strong
pH 4.5-4.7 4-4.4 <4

The other aspects considered by the consumers in the survey were the preferred fermentation container
and production season. The container that was considered to produce the best mabisi was the calabash,
followed by the plastic and metal containers (Fig. 2a). The season they considered produced the best

quality mabisi was the cold season while the hot season was associated with high levels of syneresis (i.e.
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higher whey content), which was undesirable (Fig. 2b). These observations about seasonal variation of
mabisi quality can be linked to the effect of temperature during fermentation while the use of different
containers may also influence fermentation temperature to a smaller extent but probably have a larger
effect on the microbial and aroma profile of the product due to the differences in the surfaces and their
ability to form biofilms. However, this thesis did not investigate the biofilm formation nor compare

microbial profiles from different containers but the effect of temperature was investigated in chapter 4.

= Plastic bucket

= Plastic 2-20lites = Cold
= Matal = Hat
Calabagh = Rainy

® Earthen pot

Fig. 3. Consumers’ preferred type of mabisi fermentation containers (a) and season perceived to
produce the best mabisi (b)

Fermentation temperature was also highlighted in chapter 2 in relation with the speed of fermentation by
either placing the fermentation container directly in the sun to accelerate fermentation during the cold
season or placing it in a water bath to slow down the fermentation rate during the hot season. Thus, the
effect of fermentation temperature was investigated in chapter 4 by fermenting mabisi under four
different temperature regimes: at tap water temperature (20°C) to mimic water bath conditions, at room
temperature (22°C), at hot season room temperature (25°C) and at high temperature (30°C). The
results confirm that higher temperatures reduce total fermentation time to 24 h at 30°C. Higher
temperatures also lead to higher whey separation also known as ‘syneresis’, which is undesirable. High
levels of syneresis lead to low and poor consistency of the final product with a maximum of 30%
syneresis established as a limit for producing mabisi with a medium consistency that is desired by the
consumers as demonstrated in chapter 4. The tap water and room temperature conditions produced
mabisi that was classified in the "medium” to “thick” category and 25°C was mostly in the “medium”
consistency (class 3) (Chapter 4 - Table 4.1). This implies that producers should use temperatures
between 20-25°C to produce mabisi over a 2-3 day period when using new containers. However, the
period may shorten when fermenting in used containers. As a recommendation for household level
producers, mabisi should always be fermented in a cool place in the house without disturbance or
agitation.

Fermentation temperature was also found to have an effect on pH, which affects the taste of the product.
Barotse mabisi fermented at 30°C produced a product with a strong sour taste (pH 3.2) while the one
fermented at 25°C yielded a product with a medium sour taste (pH 4.2) after six days of fermentation.
The consistency for a product fermented at 30°C was thicker and fell in the “very thick” category (class
1) than for the one fermented at 25°C, which was in the “thick” category (class 2). This was due to more
syneresis at the higher temperature, which resulted in a lower overall yield of the product at 48% as
opposed to 58% at 25°C. This information cannot only be used to design a type of mabisi that targets a
particular market for a strong sour and thick barotse mabisi such as Western province, but can also be
used for price differentiation since barotse mabisi requires more milk to produce the same quantity of
product as tonga mabisi. This is because of whey removal and additional of raw milk during the
production of barotse mabisi and hence, a higher price should be paid for it.

In chapter 5, three types of mabisi were investigated: tonga, illa and backslopping. These were all
produced by four different producers for up to 10 production cycles for each product type. Illa and
backslopping mabisi involve transfer of a portion of mabisi from one batch to the next referred to as
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‘backslopping’ but illa mabisi also has an agitation (churning) step, which leads to the production of
butter. Tonga mabisi on the other hand is a batch wise process of 1-2 days while the other two can be
continuous for several months. The mean pH for all three products was 4.36+0.28, which implies that
they had a medium sour taste although one of the producers produced illa mabisi with a mild sour taste.
The pH for backslopping and illa mabisi can easily be manipulated by reducing the proportion of mabisi
removed for consumption or prolonging the fermentation period by skipping a day or a few hours in
order to lower the pH and produce a strong sour product. The opposite can be done to obtain a mild sour
product. In this study, 30% of the product was retained as starter culture for the next batch.

Consistency was also analysed. Tonga mabisi had the highest consistency, followed by backslopping and
lastly, illa mabisi. Tonga mabisi in this study had a thick consistency class (class 2) compared to the
mostly medium class found in chapter 4 during the laboratory experiment. The backslopping mabisi had
a medium consistency (class 3) while illa had a thin consistency (class 4). Differences in consistency
among the products from the different producers were observed with those using milk from dairy breeds
Holstein-Friesian cross-bred with local cattle producing lower consistencies while milk from beef breeds,
Boran/Brahman crossed with local cattle produced mabisi with thicker consistencies. These differences
may be due to variation in raw milk composition [89, 93] but further investigation is required.

1.3 Nutritional composition of mabisi and food security

Mabisi is a versatile product, which can be consumed either as a beverage or with other food products.
Chapter 2 lists the different types of foods that can be consumed with mabisi which include both local
and exotic fruits (mango, pawpaw, tamarind), boiled grains (sorghum, millet, rice and maize), porridges,
legumes (beans, cowpeas, groundnuts), pumpkins, tubers and root crops (sweet potatoes, potatoes,
cassava), confectionary products (bread, cakes) and for cooking (vegetables, fish and meat) (chapter 2
Table 3). The nutritional composition of most of these foods has been established and can be found in
literature [94] . However, there is limited information on the nutritional composition of mabisi. In view of
the different types of mabisi that exist, there is a need to ascertain the nutritional composition for each
type in order to be able to estimate their respective nutritional contribution in the diet.

Although the nutritional composition of mabisi was not analysed in any of the chapters in this thesis,
some of the mabisi samples from the country-wide survey were analysed for proximate composition. The
nutritional composition of mabisi showed considerable variation depending on the type of product and
producer. Generally, mabisi was found to be rich in protein, fat, and minerals, which collectively
accounted for 8-14% of the total solids in the product (Fig. 3). Barotse and creamy mabisi had the
highest total solids mainly because of whey removal during production and were probably more
nutritious than tonga and backslopping mabisi, which both had lower levels of total solids. These results
are based on endpoint samples collected from the farmer (producers) but there is need to validate them
through controlled laboratory scale production and analysis for each type.

16.00
14.00 ‘}
12.00

10.00

8.00

TOTAL SOLIDS (%)

6.00

4.00

2.00

Barotse Backslopping Creamy Tonga
PRODUCTION METHOD

Fig. 3. Total solids of four different types of mabisi: barotse, backslopping, creamy and tonga mabisi.
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The nutritional composition of mabisi shows that the product can make a valuable contribution to the
nutritional quality of the human diet by combining its consumption with other foods and given the wide
number of uses that were found in the survey. Mabisi intake by children under the age of five has shown
positive effects on their gut microbiota [95]. In Africa, postharvest losses of crops are estimated at 50%
of the annual production and these figures include Zambia. Furthermore, it is estimated that 50% of the
milk produced during the peak production period of the rainy season is lost in Zambia. Together with the
losses of other crops, this would contribute a substantial amount of nutrients to the diet and help to
reduce the under nutrition burden that stands at 40% stunting of under five children in Zambia [25].
Therefore, mabisi is a potential vehicle that can contribute towards the alleviation of these levels of
under nutrition because it is a nutritious product produced at room temperature and remains stable for
several days under those conditions.

This thesis has described the different production methods of mabisi and its uses in chapter 2. The
physicochemical properties of some of the mabisi types have also been described in chapters 4 & 5 while
the nutritional composition has been discussed in this chapter. This information can collectively be used
to develop standardised mabisi with established shelf life and nutritional value to improve the nutrition of
young children and adults. Furthermore, mabisi-based products in combination with other nutrient rich
foods can be formulated for specific age groups especially, the young children under the age of five
years. Training and awareness campaigns are also required in the communities about the nutritional
benefits of mabisi and about the health benefits of its microbes, as well as ways of mabisi production and
uses, and the use of nutrient rich by-products such as whey, which in the current practice is discarded
during the production of barotse mabisi especially, in Western province.

1.4 Microbial community composition of mabisi

Chapter 3 describes the collection of 168 samples of mabisi around the country and their analysis using
16S rRNA amplicon sequencing to determine the microbial community composition. The samples were
mostly composed of microbes from two phyla, Firmicutes and Proteobacteria. At genus level, the top 10
most abundant genera were Lactococcus, Lactobacillus, Streptococcus, Kluyvera, Klebsiella,
Enterobacter, Citrobacter, Buttiauxella, Aeromonas, and Acinetobacter. At species level, the top 10 was
Lactococcus lactis, Streptococcus salivarius subsp. salivarius, Lactobacillus helveticus, Lactobacillus
delbrueckii , Kluyvera intermedia, Klebsiella sp. Enterobacter asburiae, Citrobacter sp. and Aeromonas
caviae. The most dominant genus and species were Lactococcus and Lactococcus lactis, respectively. The
mabisi samples showed differences in the microbial community composition and microbial diversity as a
function of the geographical location, production methods, producer, container and pH of the product.

The geographical locations that were sampled around the country were divided into two main regions:
the traditional mabisi production region (TMPR) with more cattle, milk and mabisi production (Western,
Southern and Central provinces) and the non-TMPR (Eastern, North-western, Northern, Muchinga and
Copperbelt provinces). Products from the TMPR, were found to be dominated by lactic acid bacteria
(LAB), Lactococcus, Lactobacillus and Streptococcus while products from the non-TMPR had a more
complex and diverse microbial composition with Lactococcus as the main LAB genus driving the
fermentation process and a high relative abundance of non-LAB. Furthermore, the main type of mabisi
produced in the non-TMPR was mostly, tonga mabisi whereas more variety in the types of mabisi
produced (tonga, barotse, backslopping and thick-tonga) was found in the TMPR.

The influence of the production method (type) of mabisi on microbial community composition was tested
in chapters 4 & 5 where tonga mabisi was found to have a complex and diverse microbial community
composition with Lactococcus as the main LAB genus with a high relative abundance of non-LAB genera.
In chapter 4, the microbial community composition of tonga and barotse mabisi fermented at the same
temperatures (25°C & 30°C) resulted in different outcomes with tonga mabisi having a more complex
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and diverse composition regardless of fermentation temperature. The microbial community composition
of barotse mabisi, however, was less diverse and dominated by the LAB genera of Lactococcus and
Lactobacillus thus, showing a strong effect of production method on microbial community composition.

This effect was also shown in chapter 5 where three types of mabisi were produced by four different
producers. They executed 10 cycles of production of tonga, illa and backslopping mabisi. The microbial
community composition of tonga mabisi remained diverse throughout the 10 cycles with minor shifts in
Lactococcus and the non-LAB genera. However, large shifts were observed for both illa and backslopping
mabisi, which started out with a more complex and diverse composition of tonga mabisi in their first
cycle to less diverse composition dominated by Lactococcus and Lactobacillus in the 10t cycle. This
shows that the production method applies a significant selection pressure on the microbes in mabisi,
which results in different outcomes. The duration of the fermentation may also have a bearing since
microbial community composition shifts were observed after 5 days of fermentation in both experiments
in chapters 4 & 5 from a diverse composition to a less diverse community dominated by species of 2-3
genera.

Another factor influencing microbial community composition of mabisi was related to the producers. The
mabisi from traders in local markets was dominated by Lactobacillus whereas the mabisi from the
farmers and MCCs was dominated by Lactococcus and Streptococcus in chapter 3. This was tested in
chapter 5 where four different producers made three types of mabisi. Differences were observed among
producers’ products with two producers who had similar cattle breeds and husbandry practices, and who
produced their mabisi in a similar environment, having products with similar microbial composition
compared to the other two. The study also showed that fermentation temperature for one of the
producers influenced the pH of the product. This in turn affected the microbial community composition.
The selection pressure induced by the producers on the microbial community composition of their
products was statistically stronger than production method and seems to be influenced by other factors
such as temperature and pH.

The effect of fermentation temperature on the microbial community composition of mabisi was
investigated in chapter 4. Fermentation temperature does not have an effect on the composition of tonga
mabisi microbial communities, which remain complex and diverse. However, it influenced the microbial
community composition of barotse mabisi, which was found to be dominated by Lactococcus at 25°C at
pH 4.2 and Lactobacillus at 30°C with pH 3.2. This study demonstrates that selection pressure applied by
the temperature and pH allowed the growth of species that were more suited to grow at those respective
conditions. In this case, the mesophiles dominated at lower temperature while thermophiles dominated
at higher temperature. These conditions can thus, be manipulated to produce the desired product in
terms of taste and other organoleptic properties.

1.5 Microbial functionality and aroma compounds

Fermented dairy products have characteristic aroma and flavour. Cheeses for example, are ripened for
several months in order to develop characteristic aroma compounds that are desirable to the consumers.
These aroma compounds are volatile compounds that are produced through the enzymatic breakdown of
proteins and lipids present in the cheese. The proteolytic and lipolytic enzymes involved during ripening
are produced mostly by lactic acid bacteria [65]. For example, Lactococcus lactis biovar. diacetylactis
and Leuconostoc mesenteroides produces aroma in cheese while Lactobacillus delbrueckii bulgaricus
produces acetylaldehyde in yoghurt from the breakdown of threonine in milk [40, 69, 96]. This
demonstrates the functionality of the starter microbes used during the fermentation of these dairy
products.

In mabisi production, the fermentation process is predominantly spontaneous with a different microbial
community composition for different types of mabisi as described in chapter 3, 4 & 5. These microbial
communities produce different aroma profiles for the different types of mabisi but overall when compared
to other African TFMP, mabisi has more esters than amasi and kivuguto [22, 80]. Tonga mabisi has the
least number of aroma compounds especially the esters compared to the other types of mabisi (chapter
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5). Its aroma compound profile is not affected by differences in fermentation temperature but there can
be slight variations between batches of production (chapter 4). Further, it has a complex and diverse
microbial composition with the fermenting LAB genera being Lactococcus and Streptococcus over a 1-3
days fermentation period as explained in chapter 3, 4 & 5.

The barotse, illa and backslopping mabisi all had more aroma compounds than tonga mabisi especially
when looking at the esters (chapter 4 & 5) ). Fermentation temperature was found to have an effect on
the microbial community composition of barotse mabisi with Lactococcus dominating at 25°C and
Lactobacillus dominating at 30°C after 6 days of fermentation (chapter 4). This in turn produced different
aroma compound profiles for the two products. The product fermented at 30°C had higher levels of
aroma compounds than the one fermented at 25°C. Furthermore, during the 10 production cycles of
backslopping and illa mabisi in chapter 5, the microbial community composition changed from a complex
and diverse composition of the first cycle to less diverse composition dominated by Lactococcus and
Lactobacillus during the 6 cycle and ended with more Lactobacillus than Lactococcus in the 10t cycle.
Leuconostoc also increased its relative abundance in the 6t and 10t production cycles of these products.
These changes in microbial composition resulted in more aroma compounds being produced in the 6
and 10% cycles than the 1%t cycle of production, which was essentially tonga mabisi and thus,
underscores the differences in aroma profile between tonga mabisi, and backslopping and illa mabisi.
This shows a strong link between microbial community composition and the production of aroma
compounds with Lactobacillus and Leuconostoc dominated mabisi producing more aroma compounds.
However, to distinguish the differences in these products further, a sensory evaluation should be
conducted. This will also show the most preferred products whose aroma profiles and microbial are
known. Collectively, all this information can be used to design starter cultures for several types of mabisi.

1.6 Proposed mabisi characteristics and starter culture composition

This thesis has established that there are seven different types of mabisi produced throughout Zambia
and the top three most produced types are tonga, barotse and backslopping mabisi. Details on the
processing method of each type are described in chapter 2. Based on the consumer data discussed in
this chapter as well as the physicochemical data from chapters 3, 4 & 5, six products can be proposed for
possible product development: tonga, thick-tonga, backslopping, illa and two types of barotse mabisi (a
regular and a strong sour). The suggested product characteristics can be further validated and used to
evaluate some of the products being produced by MCC or other producers.

Table 3. Proposed starter culture composition and product characteristics of six types of mabisi

Type of mabisi Product characteristics Starter culture

pH: 4.2-4.5 Lactococcus, Streptococcus
Acidic taste: medium
Consistency: medium
Syneresis: <30%

Tonga mabisi

Thick-tonga mabisi pH: 4-4.5 Lactococcus, Streptococcus &
Acidic taste: medium Lactobacillus
Consistency: thick

Syneresis: <5%

e o o o

pH: 3.2-4 Lactococcus, Streptococcus,
Acidic taste: strong Lactobacillus & Leuconostoc
Consistency: very thick
Syneresis: <5%

Strong barotse mabisi

e o o o

Regular barotse mabisi pH: 4-4.5 Lactococcus, Streptococcus
Acidic taste: medium
Consistency: very thick

Syneresis: <5%

e o o o
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Illa mabisi e pH:4-4.5 Lactococcus, Streptococcus,
e Acidic taste: medium Lactobacillus & Leuconostoc
e Consistency: thin
e Syneresis: <35%

Backslopping mabisi e pH: 4-4.5 Lactococcus, Streptococcus,
e Acidic taste: medium Lactobacillus & Leuconostoc
e Consistency: medium
e Syneresis: <30%

The proposed starter cultures are based on the microbial composition, aroma profiles and
physicochemical data from this thesis, which suggests three starter cultures for six products. Process
conditions and production method would differentiate the products and their characteristics.

The development of starter cultures and maintenance can be expensive and the starters may be beyond
the reach of some of the small-scale producers. This thesis has also demonstrated that spontaneous
fermentation under specific conditions can still be used to produce these products. And this might be a
more affordable option that can be easily be implemented by MCCs and other producers. Control of the
quality for the raw milk to ensure that only fresh milk is used and the end point pH would be crucial for
product quality and safety. These controls can easily be achieved by the use of the alcohol test for raw
milk quality, which is already being carried out in most MCCs and checking the product endpoint pH to
ensure that it is <4.5 can also be easily be carried out using pH meter or pH colour strips. These
processes can be formalised and be used to regulate mabisi production. Moreover, there certain cheeses
that are also produced through spontaneous fermentation and/or use of undefined starter cultures [35,
40].

1.7 Economic potential of mabisi

This thesis has demonstrated that it is possible to develop several mabisi products. For example, in the
previous section, six products have been proposed for product development and optimisation. This would
result in product differentiation, which if followed up by the associated price differentiation would ensure
profitability for each product. However, a lot of advocacy, marketing and consumer education is required
because most consumers think there is only one type of mabisi, which varies considerably in quality.
They need to be sensitized that there are different types of mabisi, with different quality attributes and
uses. For example, illa mabisi should be a drinking mabisi because of its low consistency. In addition,
health benefits and food safety assurances should also be included in the consumers’ education package.

One commercial variant of mabisi, ‘lacto’ is already on the market but consumers prefer the traditional
mabisi [97], which is not sold in large retail outlets like supermarkets for legal reasons. Some consumers
have doubts about the safety of the traditional mabisi because certain producers do not exhibit high
levels of hygiene. However, in terms of taste, the traditional mabisi is preferred and if the production and
sales volumes of the commercial variant are anything to go by, then the economic potential of mabisi is
huge. Moreover, mabisi production would provide an avenue for reducing the milk losses that are
currently prevailing in some of high milk production regions of the country.

1.8 General conclusions

This thesis has established that there seven production methods for mabisi spread throughout Zambia
which include tonga, thick-tonga, barotse, backslopping, illa, creamy and cooked mabisi (in chapter 2).
Tonga mabisi was found to be the most popular and widely produced mabisi variant throughout the
country by all ethnic groups. The key production parameters were type of fermentation container,
fermentation temperature, backslopping, alternate removal of whey and addition of raw milk, boiling and
cooling, fermentation time and agitation (churning). This chapter also describes the hygiene practices
and demonstrates that mabisi is a versatile product with various uses as it can be consumed with maize
porridge, boiled grains (maize, sorghum, millet, rice) and legumes, boiled tubers and roots, fruits, bread,
pasta and can be used for cooking vegetables, fish and meat.
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The microbial community composition of mabisi from across the country was unravelled in chapter 3. It
was found that the top 10 most abundant genera were Lactococcus, Lactobacillus, Streptococcus,
Enterobacter, Klebsiella, Kluyvera, Aeromonas, Acinetobacter, Buttiauxella and Citrobacter, which belong
to two phyla, Firmicutes and Proteobacteria. The microbial community composition was affected by
geographical location, production method, type of producer, fermentation container, pH and fermentation
time. Furthermore, the production of mabisi in the country was divided into two main regions, (i) the
traditional mabisi production region (TMPR) and (ii) the non-TMPR. The TMPR was dominated by LAB
while the non-TMPR was characterised by a diverse community of non-LAB but with Lactococcus driving
the fermentation process in these products. Tonga mabisi had a more complex and diverse microbial
composition than the rest.

The fermentation temperature had no effect on the microbial community composition of tonga mabisi
which remained complex and diverse with Lactococcus as the main LAB driving the fermentation (chapter
4). However, there was a significant difference in microbial community composition of barotse mabisi
fermented at 25°C (dominated by Lactococcus) and the one fermented at 30°C (dominated by
Lactobacillus). Higher incubation temperature (30°C) led to faster fermentation with the raw milk
coagulating into mabisi already after 24h, however, this temperature produced a product with high
syneresis and a low consistency, which was not desirable. The best fermentation temperature range for
mabisi with medium to thick consistency was between 20-25°C.

Three types of mabisi were produced by four different producers over 10 production cycles to determine
the effect of production method on microbial community composition in chapter 5. It was found that the
production method had an effect on the microbial community composition with tonga mabisi retaining a
more complex and diverse composition than illa and backslopping mabisi after 10 production cycles. The
6t and 10t cycles of illa and backslopping mabisi were dominated by Lactococcus and Lactobacillus. The
producers, production method and production cycle, all had an effect on the microbial community
composition. Tonga mabisi had the thickest consistency followed by backslopping and illa mabisi had the
lowest because of agitation during fermentation.

This thesis has provided new knowledge on the different production methods of mabisi and their
associated microbial communities composition and dynamics. And has established process conditions that
can be used to produce good quality products that meet consumer expectation. This information is
crucial for the development of production protocols and standards that can be used to regulate mabisi
production in order to improve its trade and production, which will reduce milk losses, increase income
and improve livelihoods of local farmers and producers.

1.9 Future perspectives

The studies described in this thesis have identified and characterised the different types of mabisi that
are produced in Zambia. Their production processes were described in detail and key process parameters
were identified (chapter 4 & 5). The microbial community composition of mabisi has been elucidated
(chapter 3) with several factors identified as the key selection pressure agents that shape the
communities’ composition.

The top 10 most abundant genera and species have been identified (chapter 3) and a nhumber of
microbes have been proposed as candidates for starter culture development (see table 3). However,
there is need to isolate these microbes from mabisi and test them as single cultures for functionality:
acid, aroma compounds and exopolysaccharide production. They can thereafter be assembled into a
community or starter culture, which can be tested as a whole culture and also by single omission of a
strain. Furthermore, each of the isolated strains can be investigated for functionality using metabolomics
and transcriptomics.

The microbial community composition for mabisi is dominated by LAB but also has substantial relative
abundances of non-LAB microbes with varying proportions. In products like tonga mabisi, the non-LAB
fractions can be higher than the other types of mabisi dominated by LAB but some of these species are
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also present in much lower proportions. There is need to investigate their role in the community and
establish whether there is any horizontal gene transfer among the LAB species themselves and also
between them and non-LAB species, which can affect the functionality or resilience of the community.

One of the reasons why mabisi production is not regulated and has no standards developed is the
question of its safety. This thesis shows the extensive usage of the product and confidence that its
consumers have in the product. However, in order to grow the market and update the provisions for its
production in the law and regulations, there is need to ascertain it safety. Several challenge tests have
been conducted within the framework of this project [98, 99], which have shown that the mabisi
microbial community is able to resist invasion by certain pathogens. This work needs to be completed by
including more pathogens (including zoonotic species) as well as test the use of raw milk as opposed to
pasteurized milk. In addition, the microbiological quality of raw milk that is usually used to make mabisi
should be determined in order to realistically ascertain the spiking levels of the pathogens that should be
used during challenge tests.

The mabisi production experiments performed in this thesis were limited to small quantities of 0.5-2
litres. However, most producers and MCCs deal with larger volumes of milk starting from 20-litres to
several hundreds or thousands of litres. To be able to scale-up production, there is need to carry out
production trials using some of the process conditions developed from this thesis that will ensure the
production of a standardised product. Therefore, raw milk quality and total solids content should be
determined and their effect on product quality ascertained. Furthermore, the shelf life of mabisi should
be established and the product should be evaluated for microscopic structure, texture, sensory and
consumer acceptability.

Mabisi is produced through a spontaneous fermentation process using different types of containers:
calabash, metal and plastic. These containers are made of different materials and this thesis has
established that most producers only use water (warm or hot) to clean their containers. This means that
there is high likelihood of biofilm formation on the surfaces of these containers. Thus, these can be
investigated on the different types of containers by characterising the microbes on the surface and how
they influence the microbial communities of the product and whether they can be used in mabisi
production as a new application.

The economic potential of mabisi has been discussed in this chapter but there is limited information on
quantities of mabisi produced, consumed as well as losses. Market research should be conducted to
determine what kind of mabisi the consumer wants, the type of mabisi products desired, pricing and
product differentiation.
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Summary

Summary

Fermented dairy products are an important part of the human diet because they provide nutrients and
extend the shelf life of raw milk, which is perishable. The most important commercially produced
fermented dairy products include: cheese and yoghurt, which derive their origin from artisanal or
traditional recipes. These products have a prolonged shelf life of several days under refrigerated
conditions for yogurt and several months or years for cheese. The two products account for a multi-
billion euro business world-wide. In Africa, there are several traditionally fermented milk products
(TFMPs) mostly, produced at household level for domestic consumption. These products have potential
for product development and commercialisation, and can contribute to food and nutritional security. One
of these products is mabisi from Zambia.

Mabisi is made by spontaneous fermentation of raw milk at ambient temperature in a calabash, plastic or
metal container for two days. It is widely produced and consumed in Zambia. Mabisi production is
traditionally practiced in western, southern and centrals parts of Zambia. Limited research has been
conducted on mabisi production with only one study reporting the type of microbes in mabisi from parts
of southern and central Zambia, and one production method. However, with population growth and
internal migration as well as efforts by both government and stakeholders to increase dairy production,
there is need for more research on mabisi to understand the production practices and their effects on the
microbes involved in the spontaneous fermentation. Moreover, the Zambian law prohibits the sale of
unpasteurised milk but mabisi is made from raw milk and is stable at room temperature for several days.
In addition, there are milk losses during the peak production period due to the limited cold chain system
and poor road infrastructure.

This thesis describes the seven production methods of mabisi discovered through a country-wide survey,
which include tonga, barotse, backslopping, illa, creamy, cooked and thick-tonga mabisi (chapter 1).
Tonga mabisi was found to be the most popular and widely produced mabisi variant throughout the
country by all ethnic groups. The key production parameters were type of fermentation container,
fermentation temperature, backslopping, alternate removal of whey in combination with addition of raw
milk, heating and cooling, fermentation time and finally, agitation (churning). This chapter also describes
the hygiene practices and demonstrates that mabisi is a versatile product with various uses as it can be
consumed with maize porridge, boiled grains (maize, sorghum, millet, rice) and legumes, boiled tubers
and roots, fruits, bread, pasta and can be used for cooking vegetables, fish and meat.

Next, the microbial community composition of mabisi from across the country was unravelled (see
chapter 3). It was found that the top 10 most abundant genera are Lactococcus, Lactobacillus,
Streptococcus, Enterobacter, Klebsiella, Kluyvera, Aeromonas, Acinetobacter, Buttiauxella and
Citrobacter, which belong to two phyla, Firmicutes and Proteobacteria. The microbial community
composition was affected by geographical location, production method, type of producer, fermentation
container, pH and fermentation time. Furthermore, the production of mabisi in the country was divided
into two main regions, (i) the traditional mabisi production region (TMPR) and (ii) the non-TMPR. The
products found in TMPR were dominated by LAB while the products from non-TMPR were characterised
by a diverse community of non-LAB but with Lactococcus lactis driving the fermentation process in these
products. Tonga mabisi had a more complex and diverse microbial community composition than the rest
and was widely produced in non-TMPRs. Other types of mabisi produced in the TMPRs include barotse,
backslopping, creamy and thick-tonga, all of which were dominated by LAB. The mabisi produced by
farmers had more diverse microbial communities composition than that of traders. Low pH (pH<4)
mabisi was dominated by LAB especially, Lactobacillus sp. while the high pH (pH>4.5) mabisi was
dominated by non-LAB with Lactococcus driving the fermentation.

The fermentation temperature, which was one of the key production parameters identified in chapter 2
was investigated in chapter 4 by setting up an experiment with four different fermentation temperatures
to mimic seasonal temperature variation and producer practices. Tonga mabisi was fermented at tap
water temperature (20°C), room temperature (22°C), constant temperatures of 25° and 30°C. There
was no large effect observed on the microbial community composition of tonga mabisi, which remained
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complex and diverse with Lactococcus as the main LAB driving the fermentation. In addition, the use of
single or multiple batches of raw milk for mabisi production as well as the use of a new or previously
used container, also did not have an effect on the microbial community composition of tonga mabisi.
However, there was a significant difference in microbial community composition of tonga and barotse
mabisi. Barotse mabisi incubated at 25°C was dominated by Lactococcus and retained moderate pH of
4.2 whereas the one incubated at 30°C was dominated by Lactobacillus and had a much lower pH of 3.2.
This confirmed the observation of Lactobacillus dominance in mabisi samples with low pH in chapter 3. In
addition, the barotse mabisi dominated by Lactobacillus (30°C) produced more aroma compounds than
the one dominated by Lactococcus at 25°C. Higher incubation temperature (30°C) led to faster
fermentation with the raw milk coagulating into mabisi already after 24h, however, this temperature
produced a product with high syneresis and a low consistency which is not desirable. The best
fermentation temperature range for mabisi with medium to thick consistency was between 20-25°C.

The effect of the mabisi producer and production method on microbial community composition of mabisi
that was observed in chapter 3, was further investigated in chapter 5. Three types of mabisi were
produced by four different producers over ten production cycles and these included tonga, illa and
backslopping mabisi. It was found that the production method had an effect on the microbial community
composition with tonga mabisi retaining a more complex and diverse composition than illa and
backslopping mabisi after ten production cycles. The 6t and 10% cycles of illa and backslopping mabisi on
the other hand were dominated by Lactococcus and Lactobacillus. The producer also had an effect on the
microbial community composition as there were differences among the communities from products per
producer within a production method. However, this was not the case for the aroma compounds as the
compounds for products from different producers within a production method were similar but different
among the production methods. This was also the case for the appearance of the products, which could
be distinguish based on production method. For instance, all tonga mabisi looked similar regardless of
the producer but were different from illa or backslopping mabisi in appearance. Moreover, tonga mabisi
had the thickest consistency followed by backslopping and illa mabisi had the lowest consistency because
of agitation during fermentation.

In conclusion, this study has established the different production methods of mabisi and its uses. The
microbial community composition and the factors that affect them have been elucidated. Finally, the
process conditions required to produce good quality mabisi have been established. This knowledge can
be used to develop starter cultures for mabisi in order to standardise production. Alternatively,
spontaneous fermentation with standardised process conditions can be employed to produce
standardised products. Therefore, production protocols and standards can be developed for milk
collection centres (MCCs) where local farmers and other producers can process their milk so that their
products can reach a wider market, which will in turn reduce milk losses, increase their income and
improve their livelihoods.
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