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Chapter 1



General Introduction

Justin Chileshe



Introduction

Scope

The widespread societal, development and health problem of undernutrition in many developing
countries motivated my research. Despite past interventions and economic developments, many
developing countries still faces high undernutrition levels especially stunting (linear growth failure),
deficiencies in zinc, vitamins A and B12, and folate, mainly in children under the age of five years [1,
2]. Some of the current and proposed interventions include dietary diversification, sugar fortification
with vitamin A, high dose vitamin A capsule distribution to under five children twice every year, maize
meal fortification, and others. Dietary diversification and improvement in the food preparation
methods such as fermentation are areas with potential to improve availability of nutrients especially
for vulnerable populations. For this thesis, the focus is on Zambia, which is one of the most
undernourished countries in the world, with 48% of the population considered undernourished [3]. As
Zambia is dependent on mainly maize as a staple food with lower consumption of animal food sources,
diversification of diets presents an opportunity to combat undernutrition in this population. Within
this, the traditional use of fermented foods presents an opportunity for improvement in nutrient
intake in the population especially of children below the age of five years [4, 5]. My thesis explores this

potential.

Undernutrition

Undernutrition is a global problem that results from inadequate food intake and the consequences of
repeated infections leading to especially stunting and micronutrient deficiencies. Stunting in childhood
is the most prevalent form of undernutrition globally affecting an estimated 165 million children under
five years old that experience life-long consequences of low height for weight and other health related
effects [6]. Zambia is among the five most affected countries worldwide. Micronutrient deficiencies
are also prevalent affecting around two billion people globally with the most common deficiencies in
vitamin A, folate, iron, iodine, and zinc [7]. Undernutrition is responsible for 45% of deaths of children
younger than five years, amounting to more than 3 million deaths each year worldwide [8]. Childhood
stunting is also an outcome of maternal under nutrition and inadequate infant and young child feeding
(IYCF; [9]). The intrauterine period and first six months of life are critical for the development of
stunting whereas the subsequent year is more critical mainly for the development of underweight and

wasting (i.e. low weight for height; [9, 10]).

According to the United Nations Children’s Fund (UNICEF) conceptual framework (Figure 1; [11]),

undernutrition results from a number of factors at defined as basis, underlying and immediate causes



that affect both mother and child and that result in short and long term consequences. Some of the
short-term consequences of undernutrition in children include greater susceptibility to infections,
higher risk of mortality and disability, while long-term consequences include reduced growth, cognitive
development impairment, reduced economic opportunity, effect on reproductive health, overweight,
obesity, and non-communicable diseases [7, 12, 13]. The cross-cutting importance of nutrition has
been reaffirmed in recent years by various global agencies, notably, the World Bank, the World Health
Organization (WHO), the Food and Agriculture Organization (FAO), and the United Nations Children's
Fund (UNICEF) [14, 15]. UNICEF and WHO empbhasizes the importance of adequate nutrition in the
1000-day window (from conception to 24 months of age) when the foundation is laid for an individual’s

physical size as well as their physiological and intellectual capacities in later life [11].
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Figure 1: The UNICEF conceptual framework of causes and consequences of undernutrition. The black arrows show that the
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consequences of undernutrition can feed back to the underlying and basic causes of undernutrition, perpetuating the cycle

of undernutrition, poverty and inequities [11].

In sub-Saharan Africa, chronic undernutrition has been a persistent problem especially in young
children. This region has the one of the world's highest rates of stunting in children at 39% accounting

for one third of all undernourished children globally. Africa is the only region that has recorded an



increase in stunting levels from 50.3 million in the year 2000 to 58.8 million children under the age of
five years in 2018 [16]. The figures for wasted children in the African region have also been high with

28% of the children under five years old wasted [16].

Undernutrition in Zambia

Zambia, located in Southern Africa (GPS coordinates: 13.1339° S, 27.8493° E), has made great strides
in economic development in recent years to the point that the World Bank reclassified the country in
2012 as lower middle-income. Despite this, Zambia is still among the group of countries suffering high
levels of macro- and micronutrient deficiencies, particularly among young children and
pregnant/lactating women [17, 18]. Undernutrition is endemic in many parts of the country and poses
a serious threat to the well-being of many, especially in the rural areas. It is responsible for 52% of all
deaths occurring in children below the age of five years [17, 19]. The most recent Zambia Demographic
and Health Survey (ZDHS), conducted in 2013 revealed that 40% of children aged below five years were
stunted recording a slight decrease from 45% in 2007, 6% wasted, and 15% underweight which figures

have remained the same since 2007 [20].

Zambia has adopted parts of a package defined by the World Health Organisation (WHO) and other
United Nations agencies of effective nutrition interventions to reduce the levels of stunting and
undernutrition [21]. The package includes adequate maternal nutrition during pregnancy and
lactation, early initiation of breastfeeding, exclusive breastfeeding for the first six months, continued
breastfeeding and adequate complementary feeding from six to 24 months, and increased
micronutrient intakes during the critical 1000 days [21]. Zambia has had some of the interventions in
place to reduce undernutrition for some time now. Impact has been recorded in some areas such as
decreased underweight from 23% in 2002 to 15% in 2014, decreased iodine deficiency from 72% in
1992 to 4% in 2003, and increased rates of exclusive breast feeding from 10% in 1992 to 73% in 2014
[20]. Vitamin A deficiency (VAD) and anaemia have been reduced though they remain high in children
under five at 49% VAD in the 2009 survey of eastern and central provinces, and 55% anaemia in 2012
[2,22]. Some of the interventions targeting micronutrients deficiencies of, for example, vitamin A, iron,

and iodine have been given more attention.

Recent economic advancement and specific intervention programs have thus far not led to lower levels
of undernutrition possibly due to limited access to health services, limited access to food affecting
diversity in the diet and limited improvement in water and sanitation services especially for the rural
population among others [23]. Much as the importance of such micronutrients is appreciated, a more

holistic approach to promoting and putting in place interventions that target even other nutrients
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would go a long way. There has been more dependence for example on a few staple crops such that
even consumption of food has been limited to the more common cereal crops such as maize that do

contain high quality carbohydrates yet are not rich in micronutrients [4].

Use of local foods as a bottom-up approach to combat undernutrition

Local foods other than the commonly used cereal crops are underutilized as a means to combat
undernutrition. The increased use of maize in current diets has decreased the use of other local foods
that could diversify diets and are in principle acceptable to consumers due to their status as traditional
foods. Local foods have however not been evaluated for their nutritional composition and are in many
cases not included in the design of programs aimed to enrich current diets with nutrient rich foods. A
special class of traditional local foods includes fermented foods, that are commonly valued for their
preservation of raw materials and improvement of organoleptic properties of the raw materials
through the addition of aroma and flavour. In the context of nutrition, fermented foods are of special
interest since they do not only have the potential to enrich current diets with nutrients, but also to
confer direct health benefits based on their probiotic effects [24-26]. Most fermented products are
acidic (non-alcoholic) and are traditionally consumed by the entire population, including young
children [25, 27]. Utilisation of food preparation methods such as fermentation that make nutrients in
such foods available is then potentially one of the best approaches that can help improve health of
vulnerable populations such as children in their first 1000 days of life. Part of the research described
in my thesis therefore assesses the potential of traditional non-alcoholic fermented products to
contribute to the reduction in undernutrition in Zambia, mainly focusing on children under five years

of age.

Fermented products

Microbes have played an important role in human food production through fermentation since ancient
times, originally for food preservation purposes. The technique of fermentation has been used globally
to improve nutritional, safety, and organoleptic properties of food using different raw materials. Also
in Africa the technique has been used as an inexpensive method to effectively preserve and improve
sensory and safety of food [25]. The production of fermented products is based on the microbial
activity that transforms a raw material into a product with increased sensory and nutritional value,
leading to several known general nutritional attributes, including the following: 1) Enhanced
nutritional value through the breakdown of certain constituents and anti-nutritional factors, increased
availability of micronutrients such as iron, zinc and calcium, and the synthesis of B vitamins [28, 29]. 2)
Enhanced digestibility due to the breakdown of indigestible oligosaccharides such as lactose and

complex polysaccharides [30]. 3) Enhanced food safety by protection from proliferation of pathogenic
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microbes by the low pH and antimicrobial compounds, which also gives the products a prolonged shelf-
life [31, 32]. 4) Elimination of toxic substances such as mycotoxins [33, 34]. 5) The fermenting bacteria
serve as probiotics, contributing to a healthy ecology of intestinal bacteria which promotes general

health [35-37].

Zambia has a wide range of local fermented foods and beverages similar to western yoghurt, wine, and
beer. The common traditional non-alcoholic fermented beverages in Zambia include Mabisi and
Munkoyo produced using traditional methods and are consumed by all age groups. One way of
production is through transfer of a small fraction of the previous product into fresh raw material, a
process called back-slopping. This method transfers the microbial communities underlying the
fermentation from batch to batch, and another way of production is based on the natural spontaneous
fermentation that utilizes bacteria from the environment [38]. Mabisi is made by placing fresh raw
milk in a fermentation vessel and fermenting at ambient temperatures for 48 hours resulting in a mildly
sour tasting product, as shown in figure 2B. Processing most notable differs in the repeated additions
(or not) of fresh milk, the level of shaking during the fermentation, and the levels of back-slopping
(transfer of material from a previous batch to a new batch) [39]. Munkoyo is made by mixing maize
flour with water and boiled for several hours as depicted in figure 2A. After cooling, Rhynchosia roots
are added to provide enzymes to degrade complex sugars and to provide a microbial inoculum for
fermentation [40, 41]. Fermentation takes place in a variety of vessels at ambient temperatures lasting
around 48 hours. Processing variations include the time allowed for cooking the maize porridge, the
types of roots added, the fermentation vessel used, and the level of back-slopping [40]. For both Mabisi
and Munkoyo products, the microbial communities responsible for fermentation are dominated by
four to ten species of lactic acid and acetic acid bacteria but the exact composition varies between
samples taken and differences in processing give rise to further variations in microbial composition

[27, 39, 40].
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Figure 2: Shows the production procedure of Munkoyo (A), production procedure of Mabisi (B) and a calabash (C) used as

one of the fermentation vessels. Adapted from Schoustra et al 2013 [27].

Producers are almost exclusively women, who make the products at home and sell at local markets
generating a livelihood for themselves and their families. Previous work has shown that while the
organoleptic properties of products made by various producers are similar, the microbial composition
is highly variable from producer to producer [42]. Previous work on Mabisi and Munkoyo focussed on
microbiology and certain biochemical properties [43, 44]. However, there is still a striking lack of
information regarding nutritional value of the Zambian traditional fermented foods which could be an
important reason why the potential of these products to promote nutrition is currently unheeded.
Indeed, the link between microbial composition and how these fermenting microbes may increase

nutritional value of the raw materials adding to their nutritional potential has not been established.

Apart from direct nutritional benefits by adding nutrients to diets, local fermented foods may also have
more indirect health benefits. The microbial communities in fermented products form an ecosystem
and interaction with the gut microbiota (another ecosystem) may bring about shifts to healthier gut
flora impacting on the health of hosts, as consumption of the fermented products has previously been
shown [45]. This potential to invoke shifts in gut microbiota composition towards a healthier
composition through the consumption of Mabisi or Munkoyo has to date not been explored nor

studied.
The Human Gut Microbiota

The human gut is host to millions of bacteria and it is known that its composition is specific for every
individual. However, most can be categorized as belonging to one of three groups, based on the

predominance of either of the genera Bacteroides, Prevotella, or Ruminococcus [46]. Gut microbiota
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composition of humans is affected by changes in lifestyle and diet [47]. The intestinal microbiota has
been recognised as a vital asset for health and neuro-development and is established in the first three
years of life so that its modification during this period has the potential to affect host health and
development [48]. It has been shown that shifts in microbiota composition towards more favourable
taxa and combinations of taxa leads to better health, for instance by a better functioning immune
system and protection against invasion of pathogenic bacteria via the intestine [49]. In this way, a
healthy gut microbiota with good nutrition helps to prevent disease. In recent years it has also been
shown that human microbiota perform several functions in the host including nutrition and
metabolism, and structure and function of the gastro intestinal tract [50-52]. For example, the gut
microbes synthesize micronutrients such as B vitamins and vitamin K which the humans cannot
synthesise thus providing valuable benefits for both microbial and host metabolisms [53]. The human
gut microbiota is involved in producing some of the dietary metabolites by fermenting complex starch
and soluble dietary fibre in the colon [54]. An example of the fermentation end-products are the Short
Chain Fatty Acids (SCFAs) such as butyrate, propionate, and acetate which contribute to the energy
required for metabolic processes of the host [55].

Fermented foods contain classes of bacteria that are similar to those that are considered healthy
within the human gut microbiota. For instance, fermented foods contain lactic acid bacteria of the
genera, including Lactobacillus, Lactococcus, and Bifidobacterium [56, 57]. Based on this, these
products could have probiotic effects by causing a shift in gut microbiota composition to a healthier
balance. For several lactic acid bacteria, such as Lactobacillus rhamnosus GG and Lactobacillus casei,
these probiotic properties have been formally demonstrated [58, 59]. Since traditional fermented
foods contain a mixed community of a variety of species, they are likely to include strains with probiotic

effects that thus can have an impact to better health of their consumers.

Methods of assessing effects of fermented foods on gut microbiota

Different methods for assessing effects of fermented foods on gut microbiota exist ranging from flask
based in vitro models, artificial gut systems, and in vivo using humans and animals. Human studies are
the more insightful and are considered the gold standard, physiologically more relevant for studies of
interactions between intestinal microbiota and probiotics for example, but are affected by technical,
logistical, and ethical limitations [60]. This therefore has led to the use of animal and in vitro models
that have been very useful for establishing cause and effect and to provide proof of principle
demonstrating potential beneficial effects of interventions. At the same time, differences in physiology
between humans and animal models disadvantages the latter compared to in vitro models because
these also eliminate host factor interference [61]. The in vitro models that are commonly used are the

less sophisticated batch fermentation since the growth of a pure or mixed bacterial suspension under
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a wide range of selected media and conditions is possible [60]. Use of this batch fermentation to depict
the human gut requires controlling the conditions such as anaerobic atmosphere, physiological
temperature, and pH [60]. A number of studies on dietary components have been conducted using
this system such as investigation of resistant starch and carbohydrates as potential prebiotics [62], and

investigation of metabolic profiles of SCFAs produced through metabolism of dietary compounds [63].

Rationale and Outline of the thesis

The research described in this thesis is centred around the potential of traditional non-alcoholic
fermented foods, Mabisi and Munkoyo in the alleviation of undernutrition and in the promotion of
better nutritional status. The prevalence and popularity of traditional dairy and cereal-based
fermented food products present timely, favourable, yet currently underexploited opportunities to
directly address undernutrition. While these products are widely produced and consumed by local
people in Zambia, to date very little is known about their exact processing, food safety, and their
nutritional and microbial composition. In addition, globalization has led to the availability of novel
products from the international market (such as Coca Cola), that by some are perceived to be healthier
and more fashionable than local traditional products, putting the consumption of traditional
fermented products on a decline. These traditional fermented products have the potential to impact
on the human gut microbiota and general health through the ingestion of beneficial bacteria. Interest
on the human gut microbiota has been growing regarding its composition and metabolic activity and
how it is modulated by diet and other factors [64]. A number of studies has been conducted on
fermented foods mainly produced using starter cultures with specific types of bacteria to determine
impact on the gut microbiota mostly in adult populations [65-84]. There is scanty information on
research focussing on traditional non-alcoholic fermented beverages to determine their potential
impact on gut microbiota and nutritional status. Taken together, this has the consequence that the
nutritional potential of these traditional products that fit in the local culture is currently neglected and
underutilised. Therefore, as explained in Figure 2, this thesis was setup to generate data to address
the questions on nutritional and microbial potential of Mabisi and Munkoyo to improve diets and
promote healthier gut microbiota composition that can have an impact on reducing undernutrition.
This was aimed to show that traditional fermented foods could help as part of the solutions in

addressing the inadequate dietary intake as immediate causes of undernutrition (Figure 1).
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Undernutritionin Zambia

Inadequate dietary intake

JUnderIying causes

Diets do not meet requirements Suboptimal health parameters

Opportunity: Local fermented foods to improve

diets and health parameters

Optimization of Nutritional and Assessment of Survey of gut
current diets using microbial compositon potential of local microbiota
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foods (Ch3) improve gut metabolism relation
microbiota to current
composition (Ch4) consumption (Ch5)

Improved nutritional status Improved gut microbiota composition
Better health of currently undernourished populations

Figure 2: Conceptual framework describing the setup of the research in this thesis with the aim to improving nutritional
status and general health. Potential of fermented beverages (Mabisi and Munkoyo) in Zambia were assessed by firstly
modelling through combining of local foods with and without addition of the fermented foods for improvement of nutrient
intake. The fermented foods were then assessed for their nutritional and microbial composition. Finally effect of consuming
fermented beverages on gut microbiota and metabolites through a laboratory experiment was conducted and a survey to
determine differences in SCFAs and gut microbial composition between fermented beverages consumers and non-
consumers was determined in children 6-24 months of age. [Ch2 is chapter 2, Ch3 is chapter 3, Ch4 is chapter 4 and Ch5 is

chapter 5.]

This research has three central aims. (1) Elucidating the nutritional potential of the Mabisi and
Munkoyo to complement the diet of vulnerable groups such as children under five years old (Chapter
2). Specifically, we address the potential of fermented foods through modelling to show whether these
foods can potentially fill nutrient gaps. (2) Determining the nutritional aspects and microbial
composition of the target traditional fermented beverages Mabisi and Munkoyo and whether
microbes influence the level of nutrients in the two products (Chapter 3). (3) Understanding the
influence of the favourable bacteria in the products in shaping human gut microbiota towards more
favourable composition and its impact on health (Chapters 4 and 5). Here we use an in vitro
experiment and a cross-sectional survey with children to specifically determine the differences in gut

microbes, and nutritional status between consumers and non-consumers of Mabisi and Munkoyo.

In Chapter 2 | describe the potential contribution of Mabisi and Munkoyo to nutrient intake in children

under the age of five years using Optifood, a linear programming software that was developed by WHO
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and partners. Secondary dietary intake data collected using 24-hour recall method was modeled to
develop food based recommendations FBRs, for children aged 1-3 and 4-5 years, respectively in Mkushi
district of Zambia. Three scenarios per age group were modeled to determine weekly food-based
recommendations based on: (1) food based recommendations with the local available foods, (2) food
based recommendations with inclusion of Mabisi, a fermented milk beverage, and (3) food based
recommendations with inclusion of Munkoyo, a cereal fermented beverage. The scenarios were
compared to assess whether food based recommendations with the addition of Mabisi or Munkoyo

achieved better nutrient intake.

Chapter 3 describes the results obtained from laboratory analysis of Mabisi and Munkoyo samples
collected during a cross sectional study in Mkushi to determine their nutritional composition and
microbial communities. | compared community structures in the two types of traditional fermented
foods (Mabisi and Munkoyo) from different producers sampled from the same environment using
culture independent method based on 16SrRNA sequencing. It was hypothesized that Mabisi and
Munkoyo each contain distinct microbial communities and that nutritional content depends on
microbial composition. | therefore addressed the following questions: Does different raw materials
shape structure of microbial communities by filtering microbes from the environment, and is variation

in nutritional value explained by difference in microbial community structure?

Chapter 4 describes an in vitro experiment on the impact of Mabisi and Munkoyo on the gut microbiota
focusing on the potential changes in metabolite profiles of gut microbiota taken from stool samples
upon exposure to Mabisi and Munkoyo. | further correlated these shifts in metabolite profiles to

changes in abundance of a key indicator bacterium for healthy gut microbiota composition.

Chapter 5 describes the survey that was undertaken in Namwala and Mkushi to determine the
potential effect of consuming traditional fermented foods on gut microbial composition, nutritional
status and health in children 6-24 months old in rural Zambia. We know that the human gut microbiota
consists of a complex community of microorganisms which play a role in immunity, nutrition and
metabolism, and structure and function of the gastro intestinal tract. We also know that diet is one of
the influential ways to modulate the gut microbiota and that fermented foods have been found to
impact on the microbiota of the host. | therefore collected stool samples of the children 6-24 months
old in Mkushi and Namwala and analysed them for their composition of gut microbiota and
concentrations of short chain fatty acids and linked this to data on consumption patterns of the
different foods including fermented foods. The expectation was that consumers of fermented foods
have a healthier gut microbiota composition and better nutritional status than individuals that do not

consume fermented foods.
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Chapter 6 summarises the main findings and conclusions from the data-chapters, while giving a

perspective on the potential of the consumption of traditional fermented foods to enrich diets and

promote better nutritional status of its consumers. This chapter provides an outlook on future research

that is needed to fulfil this potential within the context of combating undernutrition in Zambia and

other developing countries.
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Abstract

Zambia is still facing undernutrition and micronutrient deficiencies despite fortification and
supplementation programmes stressing the need for additional solutions. Fermented foods have the
potential to improve nutrient intake and, therefore, could have an important role in food based
recommendations (FBRs) to ensure adequate intake of nutrients for optimal health of populations.
Secondary dietary intake data was used in Optifood, a linear programming software to develop FBRs, for
children aged 1-3 and 4-5 years in Mkushi district of Zambia. Three scenarios per age group were
modeled to determine FBRs based on: (1) local available foods (FBR) (2) FBR and Mabisi, a fermented
milk beverage, and (3) FBR with Munkoyo, a cereal fermented beverage. The scenarios were compared
to assess whether addition of Mabisi or Munkoyo achieved a better nutrient intake. FBRs based on only
locally available non-fermented foods did not meet 270% of recommended nutrient intake (RNI) for
calcium, fat, iron and zinc, so-called problem nutrients. The addition of Munkoyo to the FBRs did not
reduce the number of problem nutrients, but after adding Mabisi to the FBR’s only iron (67% of RNI) in
the 1-3 year age group and only zinc (67% of RNI) in the 4-5 year age group remained problem nutrients.
Mabisi, a fermented milk product in combination with the local food pattern is a good additional source
of nutrients for these age groups. However, additional nutrition sensitive and cost-effective measures

would still be needed to improve nutrient intake, especially that of iron and zinc.
Introduction

Undernutrition remains a severe public health problem in Zambia where 40% of the children under the
age of five years are stunted, 15% have underweight and 6% are wasted [1]. Undernutrition in children
leads to reduced growth, cognitive development impairment, greater susceptibility to infections and
higher risk of mortality [2, 3]. Micronutrient deficiencies are also high in Zambia with 60% of the
children between 6-59 months old suffering from anaemia which may result from iron deficiency
among others and 54% of them affected by vitamin A deficiency [4-6]. Different strategies and
interventions exist to prevent or reduce undernutrition and micronutrient deficiencies. These include
food-based strategies such as dietary diversification and food fortification, as well as nutrition
education, public health and food safety measures, and supplementation [7]. Fortification and
supplementation of micronutrients are seen as short and medium term solutions but are more
expensive, and adherence might be low if intensive stimulation programs are not put in place [8].
Despite sugar and salt fortification and supplementation implemented to reduce micronutrient
deficiencies for more than two decades, Zambia is still facing undernutrition and micronutrient

deficiencies stressing the need for additional solutions [9].
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In Zambia there are a number of nutritionally dense foods locally available that can potentially be
utilised to alleviate these nutrition problems [10]. The formulation, testing and implementation of food
based recommendations (FBRs) can contribute to improve the nutrient intake, especially when these
local nutrient dense foods are incorporated [11]. Such FBRs facilitate the formulation of Infant and
Young Child Feeding (IYCF) practices being identified as one of the most effective public health
interventions to improve young child survival in developing countries [12]. Especially in young children,
the composition of diets and quality of foods consumed by populations have a direct impact on their
health and wellbeing and thus FBRs are important in providing population-level and context specific
guidance on consumption of appropriate foods to meet their nutritional needs [12].

Optifood is a linear programming software that allows formulation of FBRs based on the best
combinations of local foods to optimize nutrient intake and model the extent to which these can supply
nutritionally adequate diets [13-17]. In previous studies conducted with intake data from children of 6
months to 23 months old, gaps in intake of specific nutrients have been found especially that of
calcium, iron and zinc [15-18]. Adding recommendations on increase of intake of animal source foods
can potentially improve intake of calcium, iron and zinc but consumption of such foods in Zambia is
low where diets are predominantly plant-based. In plant-based diets, preparation methods such as
fermentation can be a method to make nutrients more bioavailable [19]. Phytates are present as
storage compounds of phosphorous in cereals as complexes with metal cations such as iron, zinc and
calcium. Phytates can be degraded by fermentation, in which microbial activity lowers the pH providing
an optimum environment for enzymatic degradation by phytase leading to an increase in the cations
making them bioavailable [20]. Fermentation is also beneficial in dairy products, as this process helps
to convert lactose into digestible components hence making milk more tolerable [21]. More generally,
fermentation also gives food longer shelf life and contributes to a healthy ecology of intestinal bacteria
which promotes general health, through fermenting bacteria (usually lactic acid bacteria) that serve as
probiotics [19, 22-25]. Fermented foods traditionally are an important part of the diet in many
countries and are now being advocated for inclusion in food based recommendations for regular
consumption in some countries [26]. Zambia has a wide range of local fermented foods similar to
western yoghurt, wine, and beer [27]. A number of traditional non-alcoholic fermented beverages are
available such as Mabisi and Munkoyo which are consumed by all age groups [28]. Munkoyo is a
fermented beverage made from maize porridge with Rhynchosia venulosa (Munkoyo) roots added
whereas Mabisi is a fermented milk product made by allowing raw milk to ferment at ambient
temperature in containers such as buckets [28, 29].

This study used linear programming to explore secondary dietary intake data of children, 1-5 years of
age, in Mkushi, Zambia to assess the potential effect on nutrient adequacy of adding traditional

fermented foods (Mabisi and Munkoyo) into FBRs.
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Methods

Study Design

This study was based on cross-sectional dietary intake data collected previously with children ina rural,
maize consuming population in Mkushi (Central Province, Zambia) [30]. Data was collected during
harvest/early post-harvest season (May—June 2009) using the 24-hour recall method and was used to
model weekly food based recommendations for children aged 1-5 years, with and without inclusion of
Mabisi or Munkoyo.

The initial study was approved by the Tropical Diseases Research Centre (TDRC) Ethics review
committee (Ndola, Zambia) reference number TDRC/ERC/0705/0409 and the International Food Policy

Research Institute (Washington, DC, USA) Institutional review board [30].

Subjects

The original study assessed dietary intake of 320 children in Mkushi [30]. From this data set we selected
two groups of non-breastfed children aged 1-3 years (n=156) and 4-5 years (n = 65) for Optifood
programming, based on the different recommended nutrient intakes of these two age groups.

Breastfed children were excluded because of a too small sample size (n=15).

Dietary intake assessment

The dietary intake data was collected using the multi pass 24 hour recall as described elsewhere [31].
To collect the dietary intake data [30], the mothers of the children were asked to recall all foods and
beverages consumed by their children, including amounts, during 24-hours of the previous day. Food
portion sizes were estimated using examples of real foods, scaled photographs, or in volumes using
standardized measuring spoons and cylinders carried by interviewers, and calibrated modelling clay.
Information on feeding habits including plate sharing during meal times by children or family members,
and on foods and quantities consumed outside of the home was collected. To convert portion sizes
recorded in volumes to gram weight equivalents, a local conversion table was developed. Grams of
ingredients consumed from the composite dishes was derived from the recipe data collected during
the recall study or from standard recipes compiled prior to the initial study. Nutrient intake calculations

were based on the food composition tables (FCT) developed by the initial study([30] [31].

Data preparation
Data from the 24 hour recalls was used to generate model parameters for Optifood using Excel and
Access 2010 (Microsoft Corporation) [32]. Model parameters per age group were defined as follows:

(1) A list of non-condiment foods and drinks consumed by >5% of the children during the recall period
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to ensure the commonly consumed foods are included; (Il) The serving size of each food was defined
as the medium serving size in grams per day for all children who consumed that particular food; (l11)
The minimum and maximum number of servings per week for each food group and food subgroup
defined as the 10" and 90" percentiles of the serving counts respectively. The maximum and minimum
number of servings per food within a food subgroup was estimated based on percentage of children
who consumed the food [16, 17, 33, 34]. In the initial study only 2 children in the 4-5 age group were
reported to have consumed Mabisi with the volume similar to that of tea consumed and thus the
serving size/day for Mabisi in the two age groups were estimated based on the tea serving volume/day;
(Iv) Staple foods were identified as foods belonging to the food groups’ grain and grain products or
starchy roots. Snacks were defined as foods consumed only in between meals. The type of meal (snack
or staple) was determined based on the nature of the food and time of the food consumption.
Thirteen nutrients were selected for analysis of nutrient adequacy including total fat, total protein,
calcium, vitamin C, thiamin, riboflavin, niacin, vitamin B6, folate, vitamin B12, vitamin A as RAE, iron
and zinc using the FAO/WHO RNIs [35].

Energy constraints were used to model FBR’s that ensured average energy requirement for the two
age groups, by using mean body weight obtained from the initial study for each age group [36]. Dietary
patterns in Zambia like in other developing countries are often rich in plant based foods and are high
in Phytates, thus low bioavailability of iron (RNI: 11.6 mg/day assuming 5% bioavailability) and zinc
(RNI: 8.3 mg/day assuming 15% bioavailability) were taken into account [37, 38].

The FCT used for this study included nutrient values for Mabisi (FCT as Sour milk). Nutrient values for
Munkoyo were based on a composited recipe consisting of maize meal and water. The World Health
Organization (WHO) estimated that the maximum iron and zinc bioavailability in maize based diets
ranges between 10 and 15% [39]. Fermentation of maize based foods or beverages improves
bioavailability of iron and zinc mainly by the breakdown of Phytates and is estimated to result in a 5%
increase in bioavailability for iron, but not clear for zinc [40]. The values of iron and zinc for munkoyo
in the FCT were therefore increased by 5% to 10% and 20% respectively to take into account the

increase in bioavailability through fermentation.

Analysis in Optifood

All analyses were carried out with Optifood program version 4.0.9.0 using a three module approach,
based on linear programming to design population specific weekly FBRs. Per target group, three
scenarios were modelled to develop FBR, namely: a) local foods without Munkoyo or Mabisi, b) local
foods with Munkoyo included and c) local foods with Mabisi included. The linear programming analyses
used in this study have been described in detail by others [11, 16, 33, 34]. In summary, for each

scenario in each target group data was checked by running module 1 (to set up model parameters) to
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ensure that model parameters were producing realistic diets with energy contents within a sufficient
range to allow for modelling modeling. An expert who was familiar with local dietary patterns then
examined the foods selected in these 16 optimized 7-day diets to decide whether at least some
individuals from the population could consume them.

Module 2 (to identify food based recommendations) was run for each of the three scenarios and for
each age group to develop two optimized diets called the food pattern diet and no-food pattern diet.
The food pattern diet is the best diet with minimized deviations from RNIs within the target
population’s average food pattern. The no-food pattern diet is the best diet with minimized deviations
from RNIs deviating from the average food pattern while remaining within lower and upper food group
constraints. Module 2 was used to identify the nutrient dense food (sub) groups that were likely to
improve nutrient adequacy and needed to be tested in module 3. Foods that contributed for at least
5% to any of the nutrients were identified as nutrient dense foods. [17, 33, 34].

In Module 3 (to test alternative sets of FBRs to select the best dietary recommendations for the target
population) diets were modelled for all three scenarios in both target groups, two 7-day diets per
nutrient (i.e. in total 26 diets) were modelled of which 13 maximised (best-case scenario) and 13
minimized the nutrient content of the diet, for one nutrient (worst-case scenario), by preferentially
selecting respectively the lowest and highest nutrient dense foods for that specific nutrient.

In step (i) of module 3, a no recommendation diet was run for each scenario to identify problem
nutrients. Problem nutrients were defined as nutrients that were less than 100% of RNI in the best-
case scenario (maximized diet) of module 3 diet modelled without FBR constraints [17, 33, 34].

In step (ii) of module 3, food groups with weekly servings above zero obtained in module 2 best food
pattern diet, and nutrient dense foods and their accompanying food (sub) groups identified in module
2 were tested individually and were combined in step (iii) of module 3, the final FBRs per scenario in
each target group was selected based on the combination of foods and food (sub) groups that covered
70% of the RNI in the worst case scenario for most nutrients, minimizing the deviation from the local
food pattern as much as possible. The final FBRs were compared between the three scenarios.

Results

Data of 156 children in the 1-3 year age group with an average age of 2.8 years and 65 children in the
4-5 year age group with an average age of 4.3 years were used in this study. Girls represented 47%

(n=74) in 1-3 age group and 61% (n=45) in 4-5 age group.

A total of 164 foods (with 28 foods consumed by >5% of children) were consumed by children in 1-3
year group and 115 foods (with 31 foods consumed by 25% of children) were consumed by children in
the 4-5 year group. The most commonly consumed foods in both age groups included vegetable oil,

onions, tomatoes, maize flour, and rape leaves as a pro-vitamin A rich source green leafy vegetable.
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Maize meal (medium serving per day was 242g for 1-3 year olds and 255g for 4-5 year olds) was
consumed in high amounts compared to other foods. The smallest serving sizes were for white sugar
(14g/day) for the 1-3 year olds and for brown sugar (20g/day) for the 4-5 year olds. The consumption
frequencies of the foods varied from 0 to 14 times per week. An overview of all the foods, their
corresponding serving sizes and consumption frequencies used for analysis is shown in Table 1 for each

of the two age groups.
Linear programming

Diets produced in Module 1 (to set up model parameters) were feasible and no changes in model
parameters were needed. The number of nutrients reaching 2100% of RNl in the two best diets of the
three scenarios for each age group as analysed in module 2 (to identify food based recommendations),
are shown in Table 2. For 1-3 years old children, 8 nutrients for the average food pattern and 10
nutrients for best food pattern reached 2100%, with no differences whether in- or excluding Mabisi or
Munkoyo. For 4-5 years old children, the average food pattern diet covered >100% RNI for 5 nutrients
whether or not including Mabisi, however, including Munkoyo increased number of nutrients covering
>100% RNI to 6. For this age group, 11 nutrients reached 2100% RNI for the best food pattern without
differences with or without Mabisi or Munkoyo. Fat, calcium and zinc were identified as problem
nutrients for this age group. In module 2, food groups that included grains & grain products and
vegetables; food sub groups that included nuts/seeds & unsweetened products, cooked
beans/lentils/peas and small whole fish with bones; and rape leaves as a single food were identified as
nutrient-dense foods to be included to develop food based recommendations in module 3 (to test

alternative sets of FBRs to select the best dietary recommendations for the target population).

In module 3 (i), fat, calcium, iron and zinc were identified as problem nutrients (reaching <100% RNI)
in the best case scenario diet for the 1-3 year old group and fat, calcium and zinc for the 4-5 year old
group. Testing food (sub) groups identified as nutrient dense in module 2, individually and combined
(in module 3ii and iii), resulted in an increased coverage of the problem nutrients but none reached
>70% RNI, and, hence, remained as problem nutrients (Table 3). Testing with inclusion of Munkoyo did
not change these results (Table 4), however, inclusion of Mabisi resulted in fat, calcium and zinc
disappearing as problem nutrient as their intake reached >70% RNI. Only iron remained as problem

nutrient (Table 5).

Fat, calcium and zinc were identified as problem nutrients (reaching <100% RNI) in the best-case
scenario diet for the 4-5 year olds and, when testing food (sub) groups identified as nutrient dense in
module 2, individually and combined (in module 3b and c), these nutrients remained as problem

nutrients irrespective whether or not Munkoyo was included (Table 6 and 7). However, including
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Mabisi showed improvement in calcium (270% RNI) with fat and zinc remaining below 70% RNI (Table

8).

The final recommendations (with most nutrients reaching 270% RNI in the worst case scenario of the
FBRs) for the 1-3year age group included the following serves per week: Vegetables 21 servings; Mabisi
7 servings; Grains and grain products 7 servings; Cooked beans, lentils and peas 3 servings; Nuts, seeds
and unsweetened products 4 servings; and Rape leaves 7 servings; Small whole fish with bones 2

servings (table 5).

The final recommendations (with most nutrients reaching 270% RNI in the worst case scenario of the
FBRs) for 4-5 year age group included the following servings per week: Vegetables 21 servings; Mabisi
6 servings; grains and grain products 6 servings; Cooked beans, lentils and peas 3 servings; Nuts, seeds
and unsweetened products 5 servings; and Rape leaves 7 servings; Small whole fish with bones 2

servings (table 8).

Discussion

The current analysis revealed that nutrient intake among children aged 1-5 years in Zambia can be
profoundly improved through carefully selected combinations of locally available foods but will not be
able to cover the nutrient requirements for fat, calcium, iron and zinc. Only the inclusion of Mabisi
(fermented milk) and not Munkoyo can sufficiently improve fat, calcium, iron (for 1-3 years olds only)

and zinc (for 4-5 years olds only) intake for 1-5 year olds as indicated in Figure 1.

Graph (a): 1-3 year group Graph (b): 4-5 year group
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Figure 1: Comparison of problem nutrients for the three scenarios (FBRs with local foods only, FBRs
with Munkoyo added and FBRs with Mabisi added) against the worst case scenarios for the two age

groups, 1-3 years old in graph (a) and 4-5 years old in graph (b).
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Notes: The y-axis shows the % of RNI and the x-axis shows the problem nutrients. RNI is Recommended Nutrient Intake; FBRs
is Food Based Recommendations. These are the nutrients that did not reach 70% RNI when diets were modelled for the 3
scenarios compared with the worst-case-scenario. The rest of the nutrients selected and modelled in Optifood are not
depicted in this figure because they were all 270% RNI for all the scenarios. In the figure, the diet with Mabisi recorded the

highest increase compared to the worst-case-scenario for the problem nutrients in both age groups.

Results from our study indicate that among 1-5 year old children in Mkushi, the intake of fat, iron, zinc
and calcium is below the requirements. The identified problem nutrients in our study are consistent
with other findings in Zambia. Calcium shows the lowest achievable % of RNI in the scenario’s with and
without Munkoyo added. In Mkushi, another study also found nutrient adequacy for children between
4 and 8 years old for most nutrients except for calcium [41]. Another study in Zambia found that
children between 6-18 months had inadequate nutrient intakes for iron, zinc and calcium [42]. Low
consumption of animal source foods could partly explain low intake of fat, calcium, iron and zinc
nutrients in our population due to a substantial increase in production and consumption of cassava,
maize and vegetable oils and a corresponding decrease in that of animal source foods observed in the
past decades [9]. Inclusion of Mabisi in the food based dietary recommendations increased the
potential of adequate intake of fat, calcium, zinc and iron in our study. A review on the impact of lipid-
based nutrient supplements (LNS) plus complementary foods on health, nutrition and developmental
outcomes among infants and young children [43] suggested that LNS plus complementary feeding
compared to no intervention is effective at improving growth outcomes and anaemia among children
aged 6 to 23 months in low- and middle-income countries (LMIC) in Asia and Africa, and more effective
if provided over a longer duration of time (over 12 months). A trial in Malawi comparing the
developmental outcomes of 18-month-old infants who received complementary feeding for 1 year
either with lipid-based nutrient supplements or micronutrient fortified corn-soy porridge [44] found
that the two types of interventions have comparable developmental outcomes by 18 months of age.
A number of other trials conducted on yogurt (a fermented milk product with Lactobacillus bulgaricus
and Streptococcus thermophilus) consumption have linked this yogurt intake to better health
outcomes including weight management, type 2 diabetes, cardiovascular, disease risk, bone health,
gastrointestinal (Gl) health, malnutrition, immunological parameters and overall mortality [44-52]. In
many of these studies microbial diversity appeared to increase in subjects consuming yogurt and the
association between a greater microbial diversity and better health conditions has been attributed to
yogurt consumption. Since Mabisi is a fermented milk product with the potential to contribute to
adequate intake of fat, calcium and zinc for 1-3 year aged children and fat, calcium and iron for 4-5
year aged children, regular consumption could contribute to the improvement in nutritional status,

development functions, and gut function through fermenting bacteria.
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Evidence has been building up over the recent years concerning the importance of the microbiome to
our general health with arguably diet being the most important factor in shaping it [53]. Overall,
fermented foods have been found to shift the microbial composition in the gut microbiome toward
higher abundance of lactic acid bacteria being beneficial for general health of individuals [54, 55].
Therefore, the increase in nutrient intake observed in the FBRs with Mabisi would be complemented
by the beneficial effects of the microbes, as fermented foods may contain live microorganisms that
may improve gastrointestinal health and provide other health benefits [56]. Munkoyo (a cereal based
fermented product) did not confer significant benefits in improving nutrient intake but the children
may benefit from the fermenting microbes — that include high abundance of lactic acid bacteria - in
this product. Chilton et al, in a review promoting inclusion of fermented foods in dietary guidelines
established that the extensive use of and nutritional and health benefits derived from the fermented
foods are evident enough for recommendation of regular consumption [26].

The feasibility and generalizability of identified food based dietary recommendations need further
attention and it should be evaluated before implementation; for instance whether the required
behaviour change is feasible [33]. Further, the foods included in the food based dietary guidelines
should be available in sufficient amounts, although availability of foods does not always result in
increased consumption as other aspects influence consumption, for example accessibility and
affordability [57]. Cost of the locally available foods was not taken into account when modelling the
different scenario diets. While Mabisi is generally considered a low-cost food, it is not known whether
the final FBRs (including Mabisi) are affordable for the parents or caretakers of the children. Generally
socio-economic factors influence food choices and nutrient dense foods are in general more expensive
than low nutrient dense foods [58, 59]. Furthermore, Mabisi should be acceptable for consumption.
From our dietary intake it appeared that Mabisi was consumed by only three children (one from the
1-3 year age group and 2 from the 4-5 year age group). However other studies about traditional
fermented foods in Zambia [28] have shown that these foods are consumed on a regular basis in all
age groups and are culturally accepted. Lastly, data from only one district in Zambia (Mkushi) was used.
Although generally in Zambia similar dietary patterns are observed throughout the country with main
foods being cereals, roots & tubers and vegetables [60], some foods in our FBRs may not be available
in all areas of Zambia. Therefore use of data from a national representative sample would probably
result in FBRs that are generalizable for the whole country.

There are some limitations in this study that are acknowledged. First, we acknowledge that recall bias
in dietary intake data collection using 24 hour recall is inevitable. Precautions were taken through well
trained interviewers, the use of a food frequency questionnaire (FFQ) to determine the frequency of
specific food items, proper calibrations and the use of pictures and plastic bowls to better visualize and

estimate the serving sizes. Often in recalls, nutrition dense foods that are irregularly consumed and
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snacks and fruits are often forgotten. Nevertheless, we could not avoid introducing errors in the data
which could have affected our results, but we tried to keep it to a minimum.

Second, FBRs were developed for children between 1 and 5 years who are not breastfed due to very
few children being breastfed after 1 year of age. The World Health Organization and UNICEF
recommends initiation of breastfeeding within the first hour after the birth, exclusive breastfeeding
for the first six months and continued breastfeeding for two years or more, together with safe,
nutritionally adequate, age appropriate, responsive complementary feeding starting at the age of sixth
months [6]. Part of the target group in this study falls in this particular age range. If breastfeeding
were included in the modelling for the 1-2 years old, probably the effect of Mabisi would have been
less as the breastmilk would have provided for some of the problem nutrients. However, breastfeeding
after 1 year was very low, accounting for less than 5% children, and was far lower than that of the
national average of 92% and 42% of all children still breastfed at age 1 year and at 2 years respectively
[1]. It may be that in this region of the country breastfeeding after age 1 year is low and that changing
behaviour towards extending the breastfeeding period to 2 years or beyond may be challenging due
to socio-cultural issues. We think that inclusion of Mabisi is more acceptable than extension of
breastfeeding and that also breastmilk lacks the beneficial effects of fermentation, however it is
acknowledged that Mabisi may have a higher safety risk.

Third, we used a combination of food composition tables (FCTs) to develop the one used in this study
and this may have introduced errors due to nutrient variations introduced. We did not have the
nutrient composition of Mabisi and used the composition of sour milk that is considered similar to
Mabisi from the FCT. We do not expect any significant differences in nutrients between Mabisi and
sour milk as they are similar products made in the same way but with different names in different
regions of the country. It is clear that fermentation reduces phytates and increases bioavailability of
minerals such iron and zinc in foods and that information on iron is available in literature but it is
unclear for zinc [40]. We increased zinc values modestly by 5%, similar to that of iron in the FCT taking
into account the reduction of phytate that has been shown before of 15-46% after maize porridge
fermentation [61] and that the increase in iron bioavailability positively correlated with zinc amounts
determined from in vitro studies [62]. It is remarkable that dried small whole fish species in our FCT
contained very high vitamin B12 values reaching >300% of the RNI for vitamin B12. These values were
based on data published in the African Journal of Food, Agriculture, Nutrition and Development in 2010
and a report published by Nyirenda et al in 2007 [10, 63]. In these studies vitamin B12 values were
similar to the FCT values used in this study for dried small whole fish species. It is known that dietary
patterns in low and middle income countries are mostly plant based and as animal source products are
rich sources of vitamin B12, it would be expected that deficiencies in vitamin B12 exist. In a study that

assessed vitamin B12 status among Zambian children under the age of five years, high levels of vitamin
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B12 deficiencies were found (87%) [64]. The high values for vitamin B12 in fish in our FCT might have
led to an overestimation of the dietary intake of vitamin B12 for the target group. To improve the data,
a direct chemical analysis of the fish consumed would have given better estimates of vitamin B12
intake.

Conclusions

This study shows that FBRs for Zambian non-breastfed, 1-5 year old children based on only locally
available foods into FBRs do not meet the required intakes for fat, calcium, iron and zinc and that the
inclusion of Mabisi (and not Munkoyo) can have a major impact on the nutrient adequacy. Results in
this study indicates the importance of the inclusion of Mabisi, a fermented milk product in the local
food diet as a good additional source of nutrients for these age groups. However, to improve iron (for
1-3 years old) and zinc (for 4-5 years old) intake, alternative strategies should be found. The results
from this analysis can serve as a guide for designing evidence based dietary recommendations under
local conditions. Furthermore, additional data on for example cost of foods would still be needed to

improve feasibility of developed FBRs.
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Chapter 3



Nutritional composition and microbial communities of two non-alcoholic traditional

fermented beverages from Zambia: A study of Mabisi and Munkoyo
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Research, the Netherlands
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Abstract

Traditional fermented foods are common in many countries, including Zambia. While the general benefits
of these fermented foods, including based on their nutritional value, are widely recognised, the nutritional
composition of most traditional fermented foods is unknown. Further, fermentation is known to add
nutritional value (mainly B vitamins) to raw materials. In the case of traditional fermentation, the
composition of microbial communities responsible for fermentation varies from producer to producer and
this may also be true for the nutritional composition. Here, we characterized the nutrient profile and
microbial community composition of two traditional fermented foods, milk-based Mabisi and cereal-
based Munkoyo. We found that the two products are different with respect to the nutritional parameters
and the microbial composition. Mabisi was found to have higher nutritional values for crude protein, fat,
and carbohydrates than Munkoyo. The microbial community composition was also different for the two
products, while for both dominated by lactic acid bacteria. Our analyses showed that variation in
nutritional composition, defined as how much consumption would contribute to estimated average
requirement (EAR), might be explained by variation in microbial community composition. Consumption
of Mabisi appeared to contribute more to the estimated average requirement (% of EAR) and its inclusion
in food based recommendations is warranted. Our results show the potential of Mabisi and Munkoyo to
add value to current diets and suggests that variations in microbial composition between specific product

samples can result in variations in nutritional composition.

Introduction

In many countries locally processed traditional foods exist that play an important role in the diets of
people. Yet, for many of these products the methods of preparation are not uniform and documented,
their functional properties such as product composition, organoleptic characteristics and shelf life are
unknown and the way these affect their nutritional composition has not been assessed. As a result, these
local traditional foods are often not included in food-based dietary guidelines nor are there estimations

of how they can contribute to local food and nutrition security.

Especially of interest are fermented foods and beverages that are produced using traditional fermentation
processes. Not only are these foods locally available and part of tradition, fermentation adds value to the
raw materials used, resulting in a product with prolonged shelf-life and stability and increased sensory,
and monetary value [1, 2]. The activity of microbes further is known to add nutritional value to raw
materials [3], for instance by the production of B-vitamins and the removal of anti-nutritional factors such
as phytate and by doing so increasing the bioavailability of various micronutrients [4, 5]. The final

nutritional and sensory properties of fermented products thus depend on the diverse microbial
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community of traditional fermented foods. In turn, the composition of the microbial community to a large
extent depends on the raw ingredients of each geographical region and traditional processing procedures
[6, 7]. Apart from increased nutritional content compared to raw materials, fermented foods possess
beneficial effects on human health through the modification of gut microbiota leading to better immune
response, and lowering a person’s risk of hypertension, diabetes, and high cholesterol [8], the prevention
and treatment of inflammatory bowel disease (IBD) [9], and anti-carcinogenic and hypo-cholesterolemic
effects [10]. Moreover, milk lactose is converted into lactic acid during fermentation and this has been
linked to health benefits by reducing abdominal pain and diarrhoea in people with lactose intolerance

[11-13].

In Zambia various traditional non-alcoholic fermented foods exist that are consumed by all age groups, of
these Mabisi and Munkoyo are commonly found in rural and for Munkoyo also in some urban areas.
Mabisi is produced by fermenting raw milk and Munkoyo is produced by fermenting maize porridge [14,
15]. Although consumption of both products is frequent and the product is an important part of the diet
[15, 16], surprisingly, the nutritional composition has not been characterized. Mabisi is made by placing
raw milk in a fermentation vessel and fermenting at ambient temperatures for 48 hours resulting in a
mildly sour tasting product. Previous work showed that variations in processing exist, which could lead to
variations in product functionality in terms of microbial composition and sensory properties [14, 15, 17].
Processing most notable differs in the repeated additions (or not) of fresh milk, the level of shaking during
the fermentation, and the levels of back-slopping (transfer of material from a previous batch to a new

batch, [14]).

Munkoyo is made from maize flour that is mixed with water and boiled for several hours. After cooling,
Rhynchosia roots are added to provide enzymes to degrade complex sugars and to provide a microbial
inoculum for fermentation [17, 18]. Fermentation can be done in a variety of vessels at ambient
temperatures and takes around 48 hours. Processing variations include the time allowed for cooking the
maize porridge, the types of roots added, the fermentation vessel used, and the level of back-slopping
[17]. For both products, the microbial communities responsible for fermentation are dominated by four
to ten species of lactic acid and acetic acid bacteria [14, 15, 17]. The exact composition varies between
samples, and variation in processing gives rise to further differentiation in microbial composition [14, 15,
17]. Since microbes affect the nutrient composition increasing the nutritional value, variations in microbial

composition may lead to variation in nutritional value of the final products.

In the present study we analysed product samples of Mabisi and Munkoyo that we collected from local
producers in Zambia. We documented nutritional composition of Mabisi and Munkoyo and its variation
between products from different producers, in addition to profiling the microbial communities that are

present at the end of fermentation. We expect to find variations in both nutritional composition and
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microbial community profiles between the different products and between samples taken of the same
product. Finally, we assessed whether we could correlate variations in microbial communities to
variations in nutritional content. Our study thus provides unique data on nutritional composition of two
traditional fermented foods that is essential for planning of nutritional programmes in Zambia. Moreover,
it provides a general outlook on the importance of understanding how microbial activity adds to the

nutritional value of fermented products.
Methods:
Study design

Our study was a cross sectional study focusing on their nutritional composition and microbial community
composition of Mabisi and Munkoyo. Samples were collected from the Mkushi area in Zambia (location
coordinates 13.1339° S, 27.8493° E). This site was selected because of the tradition of making Mabisi and
Munkoyo that has been maintained by the collection of people who have migrated from other parts of
Zambia to live among the locals (Swaka people). It was also logistically easier as production of both

products is practiced in this area.

Samples were purchased from producers either at their homes or at the market when they were selling
their products. We planned to collect 15 Mabisi samples and 15 Munkoyo samples, each from different
producers, but collected 12 Mabisi and 13 Munkoyo samples. Producers were selected on the basis of
location and their presence at the market in Mkushi. We asked the processors what their age (in years)
and highest level of education was. Level of education was categorised as no education, attaining primary
school, secondary school and tertiary education. We recorded the type of fermentation vessel that the
processors had used as this may have an impact on microbial composition [19]. Samples were collected
in two duplicate sterile 50ml centrifuge tubes with screw caps and were immediately placed in a cool box
with ice packs after which they were stored in the freezer, one tube at -20°C (food nutritional analysis)
and the other tube at -80°C (for microbial analysis). Samples were analysed at the Tropical Diseases
Research Centre in Zambia for B vitamins and mineral (calcium, iron and zinc) concentration and at the
University of Zambia, School of Agricultural Sciences, department of food sciences and nutrition for
proximate content (protein, fibre, water content, fat, energy and carbohydrates). Samples were
transported to Wageningen University in the Netherlands for whole bacterial genomic DNA extraction

and 16S rRNA gene sequencing.

This study was approved by the Tropical Diseases Research Centre (TDRC) Ethics review committee

(Ndola, Zambia) (Ethics number STC/2015/13).
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Measurement of nutritional content

We assessed the levels of main components of the products (proximate analysis including carbohydrates,
fats, protein, fibre and ash), B vitamins (B1, B2, B3, B6 and B12), and minerals (calcium, iron and zinc)
using customarily used methods of analysis. We chose to measure levels of selected minerals and B
vitamins since these are the most relevant considering the raw materials used in the production of Mabisi
(milk) and Munkoyo (maize). We calculated what the contribution of one woman serving of the product
amounting to 183g [16] would contribute towards the estimated average requirement (% of EAR) for each

of the nutritional components.

Proximate analysis: Different proximate parameters in Munkoyo and Mabisi were determined using the
methods of the Association of Official Analytical Chemists (AOAC) [20]. Briefly, crude fat was measured in
samples using Soxhlet apparatus with hexane as the solvent in the AOAC procedure. Protein was
determined using nitrogen content by the micro-Kjeldahl method where nitrogen value obtained for each
sample was converted to crude protein by multiplying with the 6.25 factor. Moisture and dry matter
content were determined by weighing 2g of sample onto a crucible, heating to dryness in an oven at 110°C
for 2 hours and calculating the weight difference. Crude fibre was determined in each sample, after
removal of fat, using successive digestion with 1.25% sulphuric acid and 1.25% sodium hydroxide
solutions. Carbohydrate content was determined by difference calculation method as follows: % Total
Carbohydrate = [100 - % (Protein + Fibre+ Ash + Fat + Moisture)]. All the proximate parameters were

reported in AOAC, 2000 standard format as percentage.

Atomic Absorption Spectrophotometry (AAS): The contents of calcium, iron, and zinc were determined
by dry-ashing of samples at 450°C in a muffle furnace following procedures described earlier [21]. After
dissolving of the resulting ash in hydrochloric acid (HCL) the metal element contents in the solutions were
determined by flame atomic absorption spectrophotometry (AAS) (AAnalyst-400, Perkin-Elmer Corp.,
Norwalk, CT, USA). Standards were prepared from stock standard solutions (1000 ppm) of zinc, iron, and

calcium to make a calibration curve for each element. Analyses were performed in duplicate.

Quality control (QC): To monitor performance and reproducibility of the analytical procedures used, we
included quality control samples for each batch of samples on a daily basis. For calcium and iron we used
Cobas™ control samples while for zinc we used inhouse QC samples with values previously determined
using the Seronorm™ Trace Elements Serum Level 1 and 2. The means, standard deviations and coefficient
of variation (CV%) for duplicate samples were calculated to ensure that the values were within the

acceptable limits (10%).

Analysis of B-Vitamins (B1, B2, B3, B6, and B12) by High Pressure Liquid Chromatography (HPLC): A

previous method based of HPLC UV analysis was used with a few modifications [22]. After the
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homogenization of the sample by mixing, 2 g was weighed in a 100 ml volumetric flask, followed by adding
40 ml of water and 4ml of 2M NaOH. The suspension was then vigorously shaken, then 50 ml of 1M
phosphate buffer (pH 5.5) was added in order to lower the pH of the final solution to about pH 7. The
suspension was made up to the mark with water and sonicated for 10 minutes in an ultrasonic bath.
Dilutions of 20-fold with water were used for the quantification of the vitamins. The solution was filtered

through a 0.22 um Millipore syringe before analysis. Analyses were performed in duplicate.

Standard preparation: The multi-vitamins stock solution was prepared by weighing in a 100 ml volumetric
flask 5mg of vitamin B12; 12.5mg of vitamin B2; 25mg each of vitamins B1, B6, and B3. Forty millilitres
(40ml) of water was then added and the solution was shaken vigorously before adding 4ml of 2M NaOH.
After complete dissolution of the vitamins, 50 ml of 1M phosphate buffer (pH 5.5) was added and the
solution made up to the mark with water. Stock standard solutions were prepared daily. Different
concentrations of the standards were injected into the HPLC to obtain the peak areas. Peak areas were
plotted against concentration for each vitamin to make specific calibration curves. The Shimadzu LC-
2010CHT HPLC system was used with conditions that have been obtained before in other studies [23]. A
volume of 20ul for each sample was injected into the HPLC equipped with C18 reversed phase Column
(250 x 4.6 mm, 4um), 0.05 M ammonium acetate (solvent A)-methanol (solvent B) 92.5:7.2 as mobile
phase at 1ml/minute flow rate. A diode array detector was used to scan from 200 to 500nm and LC-
solutions software (Shimadzu, Japan) was used to integrate the peak areas for each vitamin. After the run,
the peak area of each unknown sample was obtained, and concentrations were calculated using the
calibration curves.

Quality control: To monitor performance and reproducibility of the analytical procedures for the analysis
of the B vitamins, we included quality control samples spiked with known amounts of standards for each
batch of samples on a daily basis. The means, standard deviations and coefficient of variation (CV%) for

duplicate samples were calculated to ensure that the values were within the acceptable limits <10%.
Characterization of microbial composition of Mabisi and Munkoyo

We characterized microbial community composition to assess whether or not variation in nutritional
composition could be attributed to variation in microbial community composition. This may be the case
since the microbes found in earlier work on Mabisi and Munkoyo are generally associated with production

of some of the B vitamins.

Total genomic DNA extraction: Sample DNA was extracted from Mabisi and Munkoyo samples using the
method by Schoustra et al. [15]. Briefly, for Munkoyo, after eliminating large particles from 1ml of product
samples were spun down at high speed, the pellet was retained after discarding the supernatant. Then

500 pl TESL (25 mM Tris, 10 mM EDTA, 20% sucrose, 20 mg/ml lysozyme) and 10 pl mutanolysin solution
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(in water at 1 U/ul) were added, followed by incubation at 37°C for 60 minutes with slight shaking. GES
reagent (5 M guanidium thiocyanate, 100 mM EDTA, 0.5% sarkosyl) amounting to 500 ul was added,
cooled on ice for 5 minutes and 250 pl of cold ammonium acetate solution (7.5 M) was added followed
by gentle mixing. The mixture was held on ice for 10 minutes, spun down and the supernatant removed.
The samples were purified by mixing with chloroform-2-pentanol mix (chloroform and 2- pentanol 24:1
ratio) by adding 1:1 to the supernatant and the mixture was centrifuged to obtain the supernatant.
Phenol-chloroform purification was performed by adding equal volume of phenol (i.e., tris-saturated
phenol-chloroform-isoamyl ethanol in a ratio of 24:25:1) to the supernatant, vortexed for a few seconds,
spun for 2 minutes at 12000 rpm 4°C and the supernatant was transferred to a fresh tube. An equal
volume of chloroform was added to the supernatant, vortexed for a few seconds, spun 2 minutes at 12000
rpm and 4°C and transferred the supernatant to a fresh tube. An amount 2.5 volumes 100% ethanol was
added, vortexed and precipitated the DNA at -80°C for 3 hours. Subsequently, samples were spun for 20
minutes at 12000 rpm and 4°C; the supernatant was removed by aspiration. DNA was washed by adding
1 mL cold 70% ethanol, spun for 10 minutes at 12000 rpm and 4°C; the supernatant was removed by
aspiration and the DNA pelleted was air-dried for 10 minutes at room temperature. The DNA was
dissolved in 10 mM Tris treated with RNAse (10 mM Tris, bring to pH 8.0 with HCl; 1 mM EDTA; RNAse 20
pl/ml) and stored at -20°C.

For the milk-based product (Mabisi) the DNA extraction protocol was performed as follows: into a 1.5ml
microcentrifuge tube was added 1 ml of Mabisi and centrifuged at 13,000 x g for 2 minutes to pellet the
cells and removed the supernatant. The cells were re-suspended in a solution containing 64 pl of a 0.5 M
EDTA solution, 160 ul of Nuclei Lysis Solution (Promega), 5 ul RNase (10 mg/ml), 120 pl lysozyme (10
mg/ml) and 40 pl protenase E (20 mg/ml) and incubated for 60 minutes at 37°C. Ammonium acetate (5
M) 400 pl was added and cooled on ice for 15 minutes before being spun down at 13,000 x g for 10
minutes. The supernatant containing the DNA was transferred to a fresh 1.5 ml microcentrifuge tube and

a phenol-chloroform DNA purification was performed as described for Munkoyo.

16SrRNA amplicon sequencing of DNA samples and analysis of sequence data: the Company LGC Genomics
GmbH (Germany) conducted 16S rRNA gene analysis of bacterial communities in metagenomic DNA
samples using the illumina MiSeq V3. Using an analysis pipeline [19] based on giime software the 25
samples collected from the producers in Mkushi were analyzed. Firstly, the forward and reverse reads
were joined in one fastq sequence (join_paired_ends.py, minimum overlap 10 nucleotides). Then primers
were removed from both ends and reads were quality trimmed (using cutadapt, minimum length 400,
minimum quality 20). Indeed, no adapters were present in the data. With uchime, chimeric reads were
removed (using blast against the “gold” database). Then the sequences were given identifier names by a

custom awk script (similar to split_libraries.py). Then otus were determined using
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pick_open_reference_otu.py, at 0.95 similarity and with this script OTU clusters were produced,
taxonomies were assigned and an OTU table was produced. From the OTU table produced, the minimum
number of sequences per sample was determined and OTU tables were made by using
multiple_rarefactions.py, to 15000 sequences. Then alpha diversity and beta diversity were determined,
which produced the distance matrices that were used for jackknife clustering (upgma_cluster.py), from
which a consensus tree was produced (consensus_tree.py). Bacterial diversity by total effective sequence
reads, Operational Taxonomic Units (OTU) numbers, Chaol, and the Faith’s phylogenetic diversity
(PD_Whole_Tree) were used to evaluate and compare diversity and richness of the communities among

different samples, i.e. between and within sample types (Product type).
Statistical analysis

We used R statistical package version 3.5.0 and IBM SPSS statistics version 25 to analyze the data. The
nutrition composition data was presented as means with standard deviation and percentage coefficient
of variation. A student t-test and ANOVA as group tests were performed and principal components
analysis (PCA) was carried out to determine variation in the samples. The nutritional variables were each
categorized into three classes (low, medium, high) based on the percentage they can contribute to the
estimated average requirement (EAR). The values that are able to contribute less than 20% of EAR were
taken as low, for contribution between 20 and 50% they were taken as medium, and for contribution of

50% and above then they were regarded as high.

For this study, we focused on the bacterial composition alone, since earlier work has shown that yeast
and other eukaryotes are usually present at an abundance below 1% [15]. The alpha diversity indices
Faith’s phylogenetic diversity measure (PD) and Chaol were calculated for Mabisi and Munkoyo samples.
Comparisons of diversity between Mabisi and Munkoyo samples were done using t-test of Chaol diversity
index. Then a non-parametric test, analysis of similarities (ANOSIM), was used to determine the impact of
various independent variables including product type, fermentation vessel, and categories of nutritional
parameters, on the dependent variable microbial composition. This is a form of hierarchical clustering to
assess whether the observed differences in microbial composition between the samples could be
attributed to various design variables (nutritional parameters). This analysis shows whether or not
classifying the samples in distinct groups explains significant parts of the variation in microbial species

composition between the samples.
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Results

We collected 12 Mabisi and 13 Munkoyo samples in Mkushi from different processors, each processor
producing only one of the two products. Mabisi producers were two males and ten females, whereas all
Munkoyo producers were females whereas. The average age for Mabisi producers was 29 years
(SD=2.598; min=18, max=46) and for Munkoyo producers was 41.3 years (SD=3.542; min=26, max=62).
Education levels of the Mabisi producers were that five completed high school and seven attained primary
school education whereas for the Munkoyo producers three completed high school, seven completed
primary school and three did not have any education. The fermentation vessels used by the local
processors for Mabisi were small plastic bottles (83%) and plastic buckets (17%), whereas for Munkoyo it
was mostly calabashes (62%) and metal drums (38%). Samples were analyzed for their nutritional and

microbial composition.
Nutritional analyses

For the nutritional composition, the results of the proximate analysis are presented in Table 1, and levels
of vitamins and minerals are in Table 2. The quality control revealed that all duplicate samples were below
the acceptable range of 10% CV for AAS and HPLC. Mabisi had a moisture content of 88%, with a few
exceptions with a moisture content of 70%, while Munkoyo had a moisture content mostly between 90
and 95 %. The EAR as calculated by FAO/WHO [24] for women 19-50 years old used for each nutrient in
this study are shown in Table 5 with iron estimated at 5% bioavailability and zinc at low bioavailability.
Consumption of one serving (183 g) of Mabisi would contribute to intake of protein (18% of EAR), vitamin
B2 (27% of EAR), zinc (15% of EAR) and calcium (22% of EAR) and to less than 10% of the EAR for each of
the other B-vitamins (tables 1 and 2). Consumption of one serving of Munkoyo would contribute to less
than 10% of EAR for each of the nutrients. For each individual nutritional parameter that we measured,

values are higher for Mabisi than Munkoyo except vitamin B1, vitamin B3 and vitamin B6.

The similarity between the products in their B-vitamin composition and differences in the other nutritional
parameters is also reflected in the principal component analysis (PC-analysis) shown in Figure 1 and Table
3. We found that principal components 1 and 2 together explained about 77.4% of the variation between
the samples. Principal component 1 (PC1) explains 65.6% of all variation with nutritional parameters high
in positive loadings including calcium, ash, vitamin B2, vitamin B12, crude protein, carbohydrates, iron,
energy, pH, crude fat, vitamin B3, and moisture (with a negative loading) as shown in supplementary Table
6. Principle component 2 (PC2) explains 11.8% of variation with variables high in loadings including vitamin
B1 and vitamin B6. The PC-analysis clearly separates Mabisi and Munkoyo samples showing differences
between the two products as indicated with small blue circles in Figure 1. The nutritional parameters are

all aligned around zero for PC2 except for vitamins B1, B3, and B6, which were the reason why Munkoyo
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samples were differentiated along PC2. The vitamins B1, B3, and B6 were similar between Mabisi and
Munkoyo samples but not the other nutritional parameters. The difference was confirmed using a t-test
with results indicating that there was no statistically significant difference between Mabisi and Munkoyo
for vitamin B1 [t(23)=0.543, P=0.592]; for vitamin B3 [t(23)=1.906, P=0.069]; and for vitamin B6
[t(23)=1.865, P=0.075].
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Figure 1: Principal Components Analysis (PCA) bi-plot with Optimal Scaling of Mabisi (numbers 1 to 12) and Munkoyo (numbers
13 to 25) samples indicated as blue circles to determine variation in nutritional parameters within and in between sample types.
PC1 explained 65.6% of all variation while PC2 explained 11.8% of all variation giving a total of 77.4% variation explained by the
2 components. The Munkoyo samples are spread along PC2 and the variation is explained by vitamin B1 and B6 with higher
loadings asin Table 1. Orange ellipse indicates Munkoyo samples with ID numbers 13 to 25; Green ellipse indicates Mabisi samples
with ID numbers 1 to 12. Imposed on the graph are the nutritional parameters with vitamins B1, B3 and B6 (indicated by the red
lines) separated away from the rest as they were not different between Mabisi and Munkoyo; also moisture clustered with
Munkoyo samples as it was higher in Munkoyo than Mabisi; other nutritional parameters are clustered with Mabisi samples as

they were higher in Mabisi samples than in Munkoyo samples.
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Microbial analyses

Microbial community composition for each sample of Mabisi and Munkoyo as determined by non-culture-
based methods are shown in Figure 2. In total 1826 distinct bacterial types (Operational Taxonomic Units

or OTUs) were found in all samples of which most were identified as either Lactobacillus, Lactococcus,

Streptococcus, Enterobacter, Klebsiella, or Acetobacter.

Frequency per OTU of Mabisi and Munkoyo samples

Figure 2: Relative abundance of bacterial types that constitute the bacterial communities in Mabisi and Munkoyo samples with
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the y-axis representing relative abundance and the x-axis representing the different samples.

We calculated two diversity indices to describe the microbial communities in the samples. The alpha
diversity indices Faith’s phylogenetic diversity measure (PD) and Chaol were calculated for Mabisi and
Munkoyo samples and results are shown in Table 3. Based on Chaol alpha diversity index, Mabisi samples
had higher species richness than Munkoyo samples as shown in Figure 3 and the statistically significant

difference was confirmed by a t-test [t(23) =-7.18, P <0.001]. Based on Faith’s PD, there was no difference

in microbial diversity between Mabisi and Munkoyo samples.
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Table 3: Results of Mabisi and Munkoyo alpha diversity measures (at highest sampling rarefaction of 15000 sequences per

samples) for each sample based on Chao1l and Faith's Phylogenetic Diversity (PD) .

Munkoyo Mabisi

Sample ID Chaol Faith’s Phylogenetic Diversity ~ Sample ID Chaol Faith’s Phylogenetic Diversity
Mu1 148.4 24 MA1 309.2 2.9
Mu2 142.4 2.2 MA2 470.4 2.8
Mu3 103.8 2.0 MA3 206.2 2.3
Mu4 155.5 2.0 MA4 339.1 3.4
MU5 98.9 2.0 MA5 471.1 3.2
MuU6 197.1 3.4 MA6 262.4 24
Mu7 85.8 2.1 MA7 357.0 2.6
Mus 140.2 24 MAS8 185.9 1.7
MuU9 88.0 3.9 MA9 341.3 2.6
MuU10 223.1 2.9 MA10 289.8 2.5
MU11 95.5 2.3 MA11 283.5 2.3
MU12 117.1 2.2 MA12 311.5 2.6
MuU13 208.3 2.7

Figure 3a: PD Whole tree box & whisker plot
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Figure 3: Comparison of alpha diversity indices of Mabisi and Munkoyo samples based on Faith’s phylogenetic diversity measure

(PD) and Chaol. The blue box plots indicate Munkoyo and red box plots indicate Mabisi. Figure 3a shows Faith’s Phylogenetic
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Figure 3b: Chaol box & whisker plot
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diversity index of alpha diversity and Figure 3b shows plots for Chao1l index of alpha diversity.

In the hierarchical cluster analysis (Table 4) assessing what variables contribute to the observed variation

in microbial composition between the samples, we included two processing variables: the type of

products (two categories, Mabisi and Munkoyo) and the type of fermentation vessel used (four

categories). Both processing variables explained significant parts of the variation in microbial profiles. We
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further included the categorical data of the nine nutritional parameters, namely protein, fat, water soluble
vitamins, and minerals. Except for vitamin B1 and vitamin B3, the categorization of nutritional variables
explained significant parts of the variation in microbial community composition. Thus, our results are
consistent with the notion that there is a link between microbial and nutritional composition of each

sample.

Table 4. Results of the hierarchical cluster analysis using analysis of similarities (ANOSIM) for impact of various nutritional

parameters, product type and fermentation vessel on microbial composition.

Variable Anosim R Number of Groups P Value

Product and processing variables

Product type Mabisi or Munkoyo 0.816 2 <0.001

Fermentation vessel used 0.605 4 <0.001

Nutritional variables

Protein 0.816 2 <0.001
Fat 0.78 3 <0.001
B1 -0.0683 2 0.718
B2 0.532 3 <0.001
B3 -0.0374 2 0.436
B6

B12 0.816 2 <0.001
Ca 0.772 3 <0.001

Notes: Variable, test statistic (R), number of treatment groups (# Of Groups) and exact p value (P) are given, unless the p value

was smaller than 0.001, which is indicated by <0.001.

Discussion

The aim of this study was to characterize nutritional composition and microbial community composition
of two traditional fermented foods, Mabisi that is based on raw milk and Munkoyo that is based on maize.
The results in this study clearly showed that the two products were different with respect to the
nutritional parameters and the microbial composition. Mabisi was found to have higher nutritional values
for crude protein, fat, and carbohydrates than Munkoyo. Also microbial community composition in Mabisi
samples was more abundant in Streptococcus, Enterobacter, and Lactococcus species, while in Munkoyo

samples were more abundant in Lactococcus and Lactobacillus species.
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The difference in nutritional composition between Mabisi and Munkoyo can be mainly attributed to the
use of milk as the raw material for Mabisi and maize as the raw material for Munkoyo. Milk is a rich animal
source of protein and fat. In Zambia, fresh milk (unfermented) is rarely consumed due to high prevalence
of lactose intolerance estimated at 70-90% in the Zambian population [25]. During fermentation most of
the lactose, which at the beginning is an antinutritional factor, is converted into lactic acid and other
compounds [16]. In the Zambian context, this makes Mabisi more nutritious than fresh milk. It was
expected that Mabisi would have had a higher concentration of B-vitamins considering that it is made
from milk and Munkoyo is made from maize which has low levels of most B vitamins. We found however
that both products are a source of B-vitamins, which could be attributed to the fermenting bacteria which
have previously been shown to produce B vitamins [4]. Mabisi was higher in calcium, iron, and zinc for
which regular consumption in combination with other local foods could help to increase intake of these
micronutrients. This was also reflected when one serving of Mabisi for an adult woman was considered
to contribute higher amounts for calcium and zinc and also vitamin B2 and protein to the estimated
average requirements. It can be said therefore that Mabisi would be a good source of nutrients for

inclusion in the food based dietary guidelines.

Microbial community: Our study results showed that in the samples there were two to four dominant
bacterial species that were common to the respective product types as can be seen in figure 2. The
microbial communities in the products are dominated by lactic acid bacteria, whose growth not only
resulted in a low pH increasing food safety properties and shelf-life, but are also regarded as healthy
bacteria that may enable shifts in gut microbiota composition towards a more healthy composition.
Mabisi had slightly higher diversity as shown by the diversity indices that we calculated. This could be
attributed to the fact that raw milk contains a wider diversity in substrates, especially in that raw milk
contains more protein. More complex substrates are known to support more diverse species communities
[26]. Chaol diversity index showed higher diversity in Mabisi than Munkoyo whereas Faith’s phylogenetic
diversity index was the same between the two products. This may be caused by the fact that the Faith’s
phylogenetic diversity index uses branch lengths for assigning diversity metrics, which cannot separate
lactic acid bacteria with the same level of discriminatory detail [27]. The Chaol index on the other hand
is an estimator based on the abundance of species taking into account the rare species [28]. Alpha
diversity index Chaol found in Mabisi samples (ranged from 206 to 471) was higher than what Shangpling
et al. (2018) found (Chaol ranged from 90 to 138) for the Indian naturally fermented milk product [29].
However our results were comparable with what Liu Xiao-Feng et al. (2015) found for a Chinese traditional

fermented goat milk (Chaol ranged from 166 to 640, [30]).

There was a marked difference in microbial composition between Mabisi and Munkoyo in this study,

which is in slight contrast with earlier work that found that Mabisi and Munkoyo samples collected from
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the same location had similar microbial communities [15]. In our study the differences between the
microbial communities of the two products could be due to variations in other determinants known to
affect microbial community composition, in particular the fermentation vessel used, which indeed came
out as a significant factor explaining variation in microbial communities, and the level of back-slopping. It
has been established that for example back-slopping which is the transfer of a small fraction of the
previous product into fresh raw material [31], ensuring transfer of microbial communities underlying the
fermentation helps shape microbial communities from batch to batch. In Zambia back-slopping is usually
done using a calabash as a fermenting vessel which is not washed to preserve some starter cultures that
is used for the next fermentation and in our study 68% of the Munkoyo producers had used the calabash
and none for Mabisi. This could imply that most of the Mabisi producers in this study area rely on the
spontaneous fermentation method. This could mean that indeed environment played a role in shaping
the microbial composition but also fermenting substrate could play its part because of the similarities in

samples of the same type which is in agreement with what has been found before [6, 7].

Microbes driving nutritional composition: We found a correlation between levels of contribution to EAR
of various nutrients and variation in microbial community structure. This suggest that the composition of
the microbial community is a determinant of the nutritional content of the products, including the levels
of B-vitamins that are known to be produced by bacteria and that are added to the raw materials by
fermentation. This observed correlation suggests that research to determine the levels of enrichment with
B-vitamins by the microbes present in Mabisi and in Munkoyo fermentation is worthwhile. This could be
done in controlled laboratory experiments using defined mixtures of bacteria isolated from Mabisi and
Munkoyo and measuring levels of B-vitamins before and after proliferation of the bacteria. In the present
study, we collected product samples from producers and did not perform the fermentation ourselves. The
present work could not permit us to carry out baseline nutrition analysis before fermentation so that we
could attribute any changes in microbial composition to the difference between baseline and after

fermentation.

Conclusion: Generally, our work is of importance by the documentation of the nutritional value of two
locally produced traditional foods. More specifically, our study is a formal demonstration that a locally
produced fermented food, especially Mabisi, can contribute to achieving improved nutrient intake of
various important macro- and micro-nutrients. For many of the locally available foods such as Mabisi and
Munkoyo, nutritional data are lacking impeding their consideration for inclusion in food based dietary
guidelines. Therefore, the data generated in this study will be useful for inclusion in the food-based
guidelines. We however recommend more research to especially incorporate determination of the
nutritional and microbial aspects in the fermentation process for the raw materials and end-products so

as to link nutritional value with fermenting microbes and conduct more genomic analysis for B vitamin
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production. Further, other recent work has shown that variation in Mabisi and Munkoyo processing
methods exists and that this has an impact on microbial community composition. This in turn may also
impact nutritional composition. Thus, the inclusion of other production-types of Mabisi and Munkoyo
than the ones used in this study is also recommended. Finally, our work could be expanded by adding
measures of bioavailability of the nutrients within the diets of consumers by determining molar ratios of

phytate to zinc, iron, and calcium.
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Supplementary Table 6: Variation accounted for by the different nutritional parameters (in rotated space by Varimax with
Kaiser Normalization)2. Principal Components 1 and 2 are shown with loadings of the nutritional parameters contribution to the
respective components. Components 2 variation in the samples is explained by vitamins B1 and B6. Explain that loadings have a

value between -1 and +1, zero being the average of all observations.

Rotated Component Loadings?®

Components
1 2
Ash 0.957
B12 0.944
Crude fat 0.944
B2 0.942
pH 0.941
Energy 0.936
Ca 0.936
Crude protein 0.921
Zn 0.911
Moisture -0.813
Total Carbohydrate 0.762
Fe 0.708
B3 0.353 -0.283
B6 0.875
B1 0.865

Variable Principal Normalization.

a. Rotation Method: Varimax with Kaiser Normalization.
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Abstract

The microbial composition of the human gut differs between healthy and less-healthy individuals and
can be said to influences human health. The human gut microbiota is affected by diet, with fermented
foods having been found beneficial in modulating the gut microbiota. Several foods naturally contain
lactic acid bacteria that could have probiotic effects which can be said about traditionally fermented
food products that contain a microbial community consisting of a variety of lactic acid bacteria. Here
we used an in-vitro single-batch culture fermentation system to study probiotic effects of traditional
fermented products Mabisi and Munkoyo. We exposed stool samples to these products and various
controls and measured concentrations of short chain fatty acids (SCFAs) and used these as an indicator
of beneficial bacteria activity and measured shifts in levels of the beneficial bacterium Lactobacillus.
Results show that exposure to any of the fermented foods results in higher levels of SCFAs and also
higher levels of Lactobacillus. These results support the idea that consumption of fermented foods can
result in healthier metabolism of the gut microbiota as measured with SCFA concentrations. These
results can inform further more complex in-vitro as well as in vivo studies on the effects of the

traditional fermented foods on gut microbiota metabolism and composition.

Introduction

The microbial composition of the human gut influences human health. Previous research has shown
that gastrointestinal microflora differs between healthy and less-healthy individuals [1], with healthy
individuals harboring higher levels especially of various groups of lactic acid bacteria. The microflora
that is specifically present in healthy individuals were named probiotics. In subsequent research,
several individual microbes have been tested and their health-promoting effect was formally shown in
humans and animals. The use of probiotics is considered especially beneficial for individuals with low

health status [2].

Probiotics have been defined by the World Health Organization (WHO) as “live microorganisms which
when administered in adequate amounts confer a health benefit on the host” [3]. Several foods
naturally contain lactic acid bacteria and these could have probiotic effects. This is especially true for
traditionally fermented food products that contain a microbial community consisting of a variety of
lactic acid bacteria. Recent research on lactic acid bacteria from fermented dairy products have
suggested that these products contain lactic acid bacteria with probiotic properties for their consumers
[4-23]. These studies suggest that probiotic effects mainly come from the consumption of viable
bacteria that then alter the bacterial ecology in the gastrointestinal (Gl) tract to more favorable

composition [24-28].
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In many countries various traditional fermented food products exist. Most of these products rely on
the spontaneous and uncontrolled fermentation by lactic acid bacteria to produce sour products from
various raw materials, such as milk and cereal [29]. Examples of such products are milk-based Mabisi
and cereal based Munkoyo from Zambia. These products are widely produced and consumed by large
proportions of the population including women and small children. Similar to other traditionally
fermented products, Mabisi and Munkoyo consist of a mixed community of fermenting lactic acid
bacteria. Bacterial communities typically contain around six to ten species present at an abundance of
at least 2% and up to ten additional detectable species at lower abundance levels. Given the wide
diversity of lactic acid bacteria, we expect that Mabisi and Munkoyo contain (uncharacterized)

probiotic strains and that their consumption will exert probiotic effects to consumers [30-32].

Very few direct experimental tests exist of probiotic properties of bacterial consortia in fermented
foods due to the complexity of such experiments. Ideally, these tests would include nutrition
intervention studies comprised of feeding trials with healthy and less healthy individuals consuming
(or not) these traditional foods and measurements of health parameters as well as characterization of
gastrointestinal microflora [33-35]. The use of in-vitro batch culture systems has proven to be a useful
proxy for these experiments in order to generate first insights into the potential probiotic properties
of either bacterial strains, products, or dietary fibers [36]. In these experiments, gut microbiota
obtained from stool samples is exposed to various additions of either bacterial strains or dietary fiber
while monitoring shifts in metabolite profiles (e.g. concentrations of short chain fatty acids, SCFAs) as
well as shifts in microbial composition. As such, these experiments have generated insight in what
bacteria or compounds likely have probiotic effects on intestinal bacteria [36-38]. Metabolites such as
SCFAs are monitored in such experiments because of their importance as products of microbial
fermentation of dietary fibre in human large intestines. These levels of SCFAs are considered proxies
for health benefits to the host since they play an important role in modulating the health of the host
through a range of tissue-specific mechanisms related to gut barrier function, glucose homeostasis,

immunomodulation, appetite regulation and obesity among other functions [39].

Taking inspiration from these studies, we used an in vitro model to study probiotic effects of Mabisi
and Munkoyo. Specifically we asked if, (1) there are differences in concentrations of SCFAs as an
indicator of beneficial bacteria activity when exposing the microbes in the stool samples to Mabisi or
Munkoyo and, (2) if exposure of stool microbiota to Mabisi and Munkoyo shifts the levels of the
indicator beneficial bacterium Lactobacillus. We used an experimental approach, adding two different
amounts (high and low) of Mabisi and of Munkoyo to stool samples. As controls we included a
treatment with sterilized Mabisi and Munkoyo that did not contain live bacteria, a fructo-oligo

saccharides (FOS) as positive control, and only stool or only product as negative controls. We expected
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that addition of either Mabisi or Munkoyo would lead to increased levels of SCFAs and a higher
abundance of Lactobacillus, both of which are indicators of activity of beneficial bacteria among the

gut microbiota in the stool samples.

Methods

We used an in-vitro single-batch culture fermentation system following the procedure described by
Rosch et al with some modifications [40]. This was system simulates the human colon, and for our

experiment we simulated ileal environment medium (SIEM).

Preparation of SIEM: The media components (BCO, Salts, MgS04, Cysteine.HCl, Vitamin mix) were
purchased from Tritium Microbiologie, the Netherlands. MES buffer was prepared using 2-(N-
morpholino) ethanesulfonic acid purchased from Sigma Aldrich, The Netherlands. The full SIEM

composition is shown in Table 1.

Table 1: Composition of the simulated intestinal environment medium.

Components g/1 SIEM
Bactopepton 24
BCO Casein 24
Ox-bile 0.4
K2HPO4.3H20 2.5
NacCl 4.5
Salts CaCl2.2H20 0.45
FeS04.7H20 0.005
Haemine 0.01
MgSo4 0.4
Cystein.HCI 0.16
Menadion 1
Biotin 2
vitamin B12 0.5
Vitamin mix
pantothenate 10
nicotinaminde 5
para-aminobenzoic acid 5
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thiamine 4

MES 1M pH 6.0 100ml/litre

All the media components were mixed together in a Media Glass Bottle except vitamin mix, cysteine,
and MES buffer and were boiled for 20 seconds. The mixture was cooled down under an oxygen-free
N; flow, then cysteine was added and the mix was transferred into the 50ml serum bottles. The serum
bottles were closed with rubber stoppers and aluminum caps and were flushed with the gas mixture
(95% N, and 5% H,). The media was autoclaved after which vitamin mix and MES buffer was added
using a sterile syringe and needle. MES buffer (1M pH 6.0) was prepared by dissolving 50g of 2-(N-
morpholino) ethanesulfonic acid in 200ml of distilled water to make a 1M solution and was filtered

through a 0.2um filter into the sterile bottle.

Collection and treatment of stool samples: Stool samples were collected from three healthy Zambian
adults volunteers (two males and one female) who had not been treated with antibiotics one month
prior to sampling. Informed consent was obtained and the study explained to the volunteers before
collection of the stool samples as per ethical requirements. This study was approved by the Tropical
Diseases Research Centre (TDRC) Ethics review committee (Ndola, Zambia) (Ethics number
STC/2015/13). After collection, 10% (w/v) faecal slurry was prepared by homogenizing 5g of faeces in
50mL of 0.1M Phosphate buffer. The samples were flushed through a filter using gas mixture of 95%

N, and 5% H, and were stored at 4°C.

Mabisi and Munkoyo samples used in the fermentation experiment were collected from the local
producers in Mkushi. The sterilized Mabisi and Munkoyo samples were prepared by exposure under
UV-light for 24 hours to kill all the bacteria. The samples were plated on Plate Count Agar (PCA) and
MRS agar to see if there were any viable bacteria; nothing grew for the period of 72 hours.

Fructooligosaccharide (FOS) purchased from Sigma Aldrich was used as positive control.

Preparation and inoculation of stool in medium Mabisi/Munkoyo and positive, negative samples

inoculation.

The fermentation reaction comprised of 29.325ml of SIEM media, Treatment (FOS, Mabisi, Munkoyo
or sterilized Mabisi/Munkoyo) of 0.3ml (1%) and faecal Solution volume of 0.375ml (1.25%) giving a
total reaction volume of 30ml as in Table 2. The fermentation reactions were performed in triplicate
and incubated at 37°C. Sampling was done in triplicate, each of 1ml, using a sterile needle and syringe
at time points 0, 12, 24, 48 and 72 hours. All samples were stored at -20°C until analysis. The

fermentation reactions were performed with different treatments including Mabisi High
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concentration, Mabisi Low concentration, Munkoyo High concentration and Munkoyo Low
concentration. Fructo-oligo-saccharide (FOS) was included as a positive control since this sugar is
known for its positive effect towards higher levels of SCFAs and as negative controls we had included
treatments with only stool and with only product (Mabisi or Munkoyo). The same levels of FOS or
product only were added in each of the Mabisi high/low and Munkoyo high/low treatments, so these

could be regarded as replicated experiments or blocks.

Experimental setup: table with treatments

Table 2: Experimental setup for the in vitro fermentation. The experiment was repeated in three biological replicates

using three independent stool samples.

Sample Product or FOS Feacal matter Total volume
% w/v) % w/v) medium (ml)

Mabisi or Munkoyo 4 (high) or 1 (low) 1.25 30

Sterilized 1 1.25 30

Mabisi/Munkoyo

FOS 1 1.25 30

Faeces only - 1.25 30

Mabisi only 1 - 30

Munkoyo only 1 - 30

Analysis of Short Chain Fatty Acids (SCFAs) by HPLC

Acetate, propionate, butyrate, lactate, and isobutyrate were measured in duplicate for each sample
using a SHIMADZU Prominence HCT2010 high performance liquid chromatograph (HPLC) according to
the procedure described by De Baere et al with modifications [41]. The HPLC system was equipped
with an Hypersil Gold aQ (150mm x 4.6mm, dp: 3um) column (Thermal Fischer Scientific, cat #: 25303-
154630) and a Shimadzu photo diode array detector and operated at 65°C using 5 mM H,SO, as the
mobile phase at a flow rate of 0.6 mL/min. External standard calibration curves were constructed for

each of the SCFAs and succinate was used as an internal standard to calculate the extraction efficiency.

Quality control: A pooled sample was made as a control sample. This control sample was included in
duplicate for every batch of samples on a daily basis and the mean, standard deviation and coefficient
of variation percent were calculated. The results were accepted on the basis of the %CV being less than

10% for a particular batch of samples.
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Determination of bacterial composition in stool samples
Sample DNA isolation:

Whole genomic DNA from each fermentation sample was prepared by taking a 200ul aliquot into a
sterile bead-beating tube containing 300mg of glass beads (diameter 0.1mm) using the Zymo Research
Quick DNA faecal/soil microbe microprep kit (Cat # 6010 and 6012) for DNA isolation in stool samples

after bead-beating in a Sunon mini bead-beater according to manufacturer’s instructions.
Abundance of Lactobacillus (Quantitative PCR)

A method adapted from Takagi et al. was used for this analysis targeting All Eubacteria, and
Lactobacillus [37]. Real-time quantitative PCR was performed with the Applied Biosystems AB7500
Real Time thermocycler. The primer sets described in the Table 3 below were used for measuring the
partial 16S rRNA gene copy number. The quantitative measurement by real-time PCR was conducted
in triplicate. The real-time PCR amplification program for eubacteria was as follows: 95°C for 3 min,
followed by 38 cycles of 95°C for 30 sec and 54°C for 30 sec; for Lactobacillus: 50°C for 2min, 95°C for
10min followed by 38 cycles of 95°C at 15sec & 60°C for 1 min). To check the specificity of the
amplifications, a melting curve was obtained by performing the following cycle: a denaturation step at
95°C for 15 sec, a 1°C increase in temperature every 20 sec starting at 60°C and ending at 95°C, and a
final step at 95°C for 15 sec. Standard curves for absolute quantification in the cultures were prepared
using 102—-106 copies of the PCR fragments of the 16S rRNA genes. The correlation coefficients for all
the standard curves exceeded 0.99. For each assay, 2 uL of DNA solution was added to 18 pL of a PCR
mixture containing 10 puL of THUNDERBIRD™ SYBR1 gPCR Mix (Applied Biosystems), 7.2 uL of distilled

water, and 200 nM of each primer.

Table 3: Primer sets used for gPCR and amplification parameters for All Eubacteria and Lactobacillus.

PCR amplification

Name Primer Sequences
parameters Melt curve
F: ACTCCTACGGGAGGCAGCAGT 95-15sec, 1% decrease 20 sec
) 95 °C- 3min, 38 cycles of
All Eubacteria starting at 60°C ending at 95°C.

R: GTATTACCGCGGCTGCTGGCAC ~ (95°C- 30sec & 54°C-30sec)
final step at 95°C-15 sec

F: AGCAGTAGGGAATCTTCCA 50°C- 2min,95 °C- 10min,

95-15sec, 1% decrease 20 sec
38 cycles of (95°C- 15sec &

60°C- 1 min)

tactobacillus group R: CACCGCTACACATGGAG starting at 60°C ending at 95°C-

30sec. final step at 60°C 15 sec
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Statistical analysis

We exposed stool of three healthy individuals to one of two traditional fermented products, milk-
based Mabisi and cereal-based Munkoyo, using a high and a low level of product in separate
experiments. We further included various control treatments. The different stool samples were
treated as biological replicates. Each biological replicate consisted of three technical replicates. After
initiating the exposure experiments, we sampled at five time points over 72 hours. For each of the
samples, we measured levels of five short chain fatty acids (Lactic acid, acetic acid, propionic acid,
butyric acid and isobutyric acid) and we quantified the abundance of Lactobacillus among the stool

microbiota.

The output data set including Ct number, bacteria name, sample name, concentration and replicate
was opened directly in Microsoft® Excel from the exported Ct file from the AB 7500 gPCR machine and
then data was exported to SPSS for processing. Data from HPLC analysis of the Short-Chain Fatty acids
was also added. Student t test, Pearson’s correlation test and repeated measures multivariate analysis
of variance (MANOVA) were performed to show the trends over time and differences between
treatments and between the biological replicates. The repeated measures MANOVA was performed
using the dependent variable defined as either the combined SCFAs or combined abundance of
bacteria and measured against the independent variables including time point, treatment and the
biological replicates. Post hoc tests were performed to compare the differences between the biological
replicates (Mabisi or Munkoyo, FOS, Sterilised Mabisi or Munkoyo, No stool and No product). The

biological replicate (no product) had everything included except the product (Mabisi or Munkoyo).

Results

Results of measurements of short chain fatty acids (SCFA) are shown in Figure 1 and abundance of
Lactobacillus are shown in Figure 2, with the details of the statistical tests are reflected in Table 2.
Results show that addition of FOS leads to higher levels of SCFA than the controls. While quantitative
differences between treatments exist, this general trend is qualitatively true for all SCFA measured and

for all treatments.

The statistical analyses presented in Table 4 and supplementary Table 7 and results in Figure 1 show
that the addition of Mabisi had an effect on the concentrations of SCFA over time. Levels of SCFA
approach the levels of SCFA in the positive control (FOS) treatment, thus showing a clear positive effect
of Mabisi on SCFA production. When comparing the high and low-level of Mabisi addition, results
showed that for the low level treatment the increase in SCFA is delayed relative to when adding high

levels of Mabisi, however, this difference is not statistically significant (Table 4). When adding high
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levels of Mabisi, the main dynamics of increase occur during the first 24 hours, when adding low levels
of Mabisi dynamical changes occur up to the end of the experiment (72 hours). Final levels of SCFA
remain slightly lower after low level Mabisi addition Table4 and supplementary Table 7. The addition
of sterilized Mabisi at either high or low levels leads to a slight increase in SCFA that is not statically
significant (Figure 1), overall this increase is higher than the increase observed in the negative controls.

However sterilized Mabisi leads to less increase in SCFA than the untreated product.

While the effects are not statistically significant (Figure 1; Table 4), the addition of Munkoyo result in
the same qualitative results on SCFA concentrations as the addition of Mabisi. The addition of Munkoyo
leads to SCFA levels that are similar to the positive control (FOS). Absolute levels of SCFA as well SFCA
levels relative to the negative control are lower overall than the Mabisi experiments. This is
attributable to a block effect of carrying out two sets of experiments. Some of the measurements of

SCFA in the low Munkoyo series has failed due to technical limitations.

We measured the relative abundance of Lactobacillus as fraction of all eubacteria for all of the
treatments for each of the samples. The abundance of Lactobacillus was higher for the Mabisi
treatments than Munkoyo treatments as shown in Figure 2. Results are similar to those for SCFAs and
show that abundance of Lactobacillus is highest after addition of FOS and product and lowest for the
negative control of no product. Any increase in abundance of Lactobacillus in the control treatment of
only product is due to the growth in the SIEM medium by Lactobacillus strains originating from the
product and was made as a reference for comparisons with the other biological replicates

(Mabisi/Munkoyo, FOS and sterile Mabisi/Munkoyo).

Repeated measures Multivariate analysis of variance (MANOVA).

The repeated measures MANOVA revealed that there were differences between the within Mabisi and
Munkoyo as well as between Mabisi and Munkoyo treatments for both the SCFAs and lactobacillus as
shown in Table 4. It is shown that there was a statistically significant difference for the SCFAs (Pillai's
Trace =0.555, F (4, 120)= 1.279,p=0.026) and not for bacteria (Pillai's Trace =0.092, F (1, 32)=
0.807,p=0.763) at different time points for the biological replicate in all the treatments. Tukey’s HSD
post hoc test was applied and revealed that there was no difference between Mabisi and FOS for all
the other biological replicates but there was a statistically significant difference between Mabisi and
the other biological replicates as well as between FOS and the other replicates as shown in the
supplementary Table 7. The increasing trend is seen from the results of multiple comparisons between
the biological replicates in the supplementary Table 7 with the positive mean differences indicating an

increase or negative mean difference value indicating a decrease. From the post hoc results, the

80



negative control (“no product”) replicate was made a reference and plotted against the other biological
replicates to determine which ones were statistically different from the reference. In Figure 1 panels 1
and 2, Mabisi and FOS were statistically significantly higher than the reference while the sterile Mabisi
and replicate with no stool were not. Figure 1 panels 3 and 4 showed that Munkoyo and FOS were
higher than the reference compared to sterile Munkoyo and replicate with no stool but not statistically

significant.
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Figure 1. Mean difference in relative SCFA concentrations per level and type of product added to stool (Mabisi high, Mabisi
low, Munkoyo high, Munkoyo low). Each panel shows the SCFA levels of treatments (product, FOS, sterile product, no
stool/only product) relative to the negative control (only stool). Values above zero indicate higher SCFA concentrations than
the control. Error show the 95% confidence interval of each average. If the error bar does not include zero, the SCFA
production in that particular treatment is statistically different than the negative control. Supplementary Table 7 shows full

statistical details. Supplementary Figure 2 shows plots for each SCFA per treatment and time point.

Table 4: Results of a repeated measures Multivariate analysis of variance for the SCFAs and Bacteria with Pillai’s Trace test

statistic. Factorl are either SCFAs or bacteria as dependent variable. Biological replicates are Mabisi or Munkoyo or FOS or
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Sterile Mabisi/Munkoyo or No Mabisi/Munkoyo or No stool. Treatment is the High or Low levels of Mabisi or Munkoyo

added to the reaction.

Multivariate Tests?

Short Chain Effect Value F Hypothesis df Error df Sig. Partial Eta
Fatty Acids Squared
(SCFAs) —
factorl (SCFAs) Pillai's Trace 0.106 7.461b 4 251.000 0.000 0.106
factorl * Pillai's Trace 0.125 8.984b 4 251.000 0.000 0.125
Treatment
factorl * Pillai's Trace 0.336 5.826 16 1016.000 0.000 0.084
Timepoint
factorl * Biological  Pillai's Trace 0.477 4.298 32 1016.000 0.000 0.119
replicates
factorl * Pillai's Trace 0.555 1.279 128 1016.000 0.026 0.139
Timepoint *
Biological
replicates
a. Design: Intercept + Treatment + Timepoint + Biological replicates + Timepoint * Biological replicates
Within Subjects Design: factorl (SCFAs)
b. Exact statistic
Bacteria Effect Value F Hypothesis df Error df Sig. Partial Eta
Squared
factorl (Bacteria) Pillai's Trace 0.030 7.7750 1 254.000 0.006 0.030
factorl * Pillai's Trace 0.001 .209° 1 254.000 0.648 0.001
Treatment
factorl * Pillai's Trace 0.070 4.783b 4 254.000 0.001 0.070
Timepoint
factorl * Biological  Pillai's Trace 0.079 2.711b 8 254.000 0.007 0.079
replicates
factorl * Pillai's Trace 0.092 .807° 32 254.000 0.763 0.092
Timepoint *
Biological Wilks' Lambda 0.908 .807° 32 254.000 0.763 0.092
replicates
a. Design: Intercept + Treatment + Timepoint + Biological replicates + Timepoint * Biological replicates
Within Subjects Design: factorl (Bacteria)
b. Exact statistic
Discussion

In this study, we assessed the potential probiotic effect of traditional fermented foods on the
production of SCFAs by gut bacteria. We used an in-vitro laboratory system that allows for analysis of

production of metabolites (SCFAs) of bacterial consortia from gut microbiota in response to addition
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of traditional fermented foods and for monitoring of shifts in abundance of Lactobacillus. The
increase in SCFAs and abundance of bacteria in the in vitro experiments are used as proxies for
determining the impact of fermented foods. Our experimental design included various treatments
allowing evaluation of various contrasts, which we summarize in Table 5. From the findings
summarized in Table 5, some general inferences can be made. The results show that the methods
worked in the experiment as we could contrast the positive control (FOS) from the negative controls
that we used. We can further conclude that fermented products were found to be as effective as the
positive control (FOS) in increasing the concentrations of SCFAs and therefore they can be considered
beneficial through some general properties of the foods, but mostly via the interaction between the
gut microbes and those in the products. In addition, levels of SCFA may have increased through the
added level of resources (Mabisi is “richer” in nutrients that allow for microbial growth and

metabolism than Munkoyo).

Previous studies have shown that higher levels of SCFA are a proxy for metabolism that is healthier
for the human host. In our study, we focussed on concentrations of SCFA as these are indicators of
the metabolism of the entire microbial consortium in the stool and we used stool as a proxy for gut
microbiota in the entire gut system. The fact that upon addition of FOS there is an increase in SFCA
production and the fact that this increase does not occur in the negative controls shows that our in-
vitro experimental set-up allows to detect effects of addition of fibres and other compounds on the
metabolism of the stool derived gut microbiota. This confirms findings of other studies who have
used the same in vitro approach. Given these findings, our results showing similar SCFA
concentrations when adding FOS or one of the products can be interpreted that Mabisi and Munkoyo
can alter the overall metabolism of the gut microbiota towards a metabolism that has benefits to the
host. This conclusion is strengthened by the fact that we found a higher abundance of Lactobacillus
in the microbial consortia that were exposed to the product and to FOS. Higher Lactobacillus

abundance is regarded as an indicator for healthy composition of gut microbiota.

84



Table 5. Contrasts within our experimental design, experimental results, and their interpretation.

Contrast

Result

Interpretation

Positive control (FOS) vs controls (no

stool and product only)

FOS vs product (Mabisi or Munkoyo)

Untreated product vs sterilized

product

High vs low levels of product addition

Mabisi vs Munkoyo

Correlation between SCFA increase
and increase in abundance of

Lactobacillus

Addition of FOS leads to higher levels

of SCFA than no stool of product only

Levels of SCFA are similar for both

Untreated product leads to higher
levels of SCFA than sterilized product.
Sterilized product leads to higher

levels of SCFA than negative controls

In both cases there is a positive effect
of adding the product, low levels of

addition lead to a delayed response

Similar qualitative trends showing
that addition of each of the product
leads to SCFA concentrations similar
to those when adding the positive

control

Positive correlation, higher SFCA
correlates to higher abundance of

Lactobacillus

The experimental set-up is suitable to
allow the detection of a beneficial

effect of adding probiotics

Mabisi and Munkoyo have a probiotic

effect

Some of the effect of product addition
may be through physicochemical
properties, such as low pH of the
product, activity of microbes from the

fermented product also contributes

When adding lower levels of product,
lower bacterial inoculum is provided,
leading to the delayed increase in

SCFA

Both products have equally high

potential towards probiotic effects

Result is in line with the expectation
that SCFA are a result of metabolism
of lactic acid bacteria and that

addition of products leads to higher

Lactobacillus abundance

Sterilized product also had an impact resulting in higher levels of SCFA, although this was not as

pronounced as the treatments where the unsterilized product was used. This shows that the

probiotic effect of the product is a combination of changes in physicochemical properties of the

environment and the addition of live lactic acid bacteria. The products have a low pH of around pH 4

and lowering the pH of the gut microbiota environment is known to promote more healthy lactic acid

bacteria. Further, the products may contain secondary metabolites of the fermenting bacteria that

could have an impact on the gut microbes.

A modelling study using Optifood [42] showed that Mabisi can complement current diets due to its

rich nutritional content in terms of animal source protein and various micronutrients. Because
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Munkoyo contains fewer nutrients, it does not provide this direct contribution to the improvement of
diets to the same extent. However, the potential probiotic effect of both products is similar,

indicating that both Mabisi and Munkoyo can have a positive contribution on improved health.

There are limitations to an in-vitro study that we would like to acknowledge. Our system is simplified
and does not capture all aspects of the gut microbiota and the gut environment. Further, we used
stool samples of three individuals that were considered to be representative, however, using other of
increased number of individuals may strengthen our approach. Nevertheless our approach also had
several advantages. The prime advantage is the opportunity to include various treatments and
contrasts to study their potential importance for probiotic effects, such as different product types
and levels of exposure, different stool donors, and comparisons with known probiotic agents such as
FOS. In other words, our in-vitro approach allows for a high level of control over the many factors
that may affect the health benefits of consuming fermented products. These factors can be tested
singly and in combination to select the combinations that appear to have the highest potential in a

randomized control or clinical test set-ups.

Thus, our findings can motivate and refine future nutrition intervention studies to assess the effect
on gut microbiota and health of consumers. We explored the potential probiotic effects of two
traditional fermented foods that are part of traditional diets. Adoption of these foods by potential
consumers in urban areas where the product is consumed at lower frequencies may be helped by our
finding that these traditional products may exert nutritional or health benefits. Based on this work,
levels of consumption may not be that important as both high and low levels of exposure generated
probiotic effects. The type of traditional fermented food may also not be that important, as long as it
contains a wide range of live bacteria. We used healthy individuals as stool donors. It has been
suggested that especially gut microbiota of less healthy individuals may benefit from probiotic
interventions [2]. We may expect larger positive effects when using stool of less healthy individuals.
A randomized controlled intervention study in human subjects could be set up combining insights
from the results of this study and that of a previous study [42] that looked at the potential of adding
Mabisi and Munkoyo to the food based recommendations to determine how much of the fermented

food should be given to the study subjects for impact.
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Supplementary Table 7: Repeated measures one-way MANOVA results after applying Tukey HSD post hoc test for multiple

comparisons between replicates (I and J)for each treatment. The table indicates the differences between replicates for the

different treatments and the mean differences are positive when the first replicate (1) has a higher value for the SCFAs than

the second replicate (J) and this is tested for significance indicated by Sig. in the table and the 95%Cl is provided. The

dependent variable is the combined SCFAs.

Tukey HSD
Multiple comparisons between biological Mean Difference (I- | Std. Sig. 95% Confidence Interval
replicates J) Error
Treatment (1) Biological replicates | (J) Biological Lower Upper Bound
(ID number) replicates (ID Bound
number)
Mabisi High Mabisi FOS -1.923 0.8925 0.824 -5.129 1.284
concentration " — ¥
Sterile Mabisi 3.484 0.8925 0.018 0.278 6.690
No Mabisi (negative | 4.376" 0.8925 0.000 1.170 7.582
control)
No stool 6.585" 0.8925 0.000 3.379 9.792
FOS Mabisi 1.923 0.8925 0.824 -1.284 5.129
Sterile Mabisi 5.407" 0.8925 0.000 2.200 8.613
No Mabisi (negative | 6.299" 0.8925 0.000 3.092 9.505
control)
No stool 8.508" 0.8925 0.000 5.302 11.714
Sterile Mabisi Mabisi -3.484" 0.8925 0.018 -6.690 -0.278
FOS -5.407" 0.8925 0.000 -8.613 -2.200
No Mabisi (negative | 0.892 0.8925 1.000 -2.314 4.098
control)
No stool 3.101 0.8925 0.071 -0.105 6.308
No Mabisi (negative Mabisi -4.376" 0.8925 0.000 -7.582 -1.170
control) S
FOS -6.299 0.8925 0.000 -9.505 -3.092
Sterile Mabisi -0.892 0.8925 1.000 -4.098 2.314
No stool 2.209 0.8925 0.604 -0.997 5.416
No stool Mabisi -6.585" 0.8925 0.000 -9.792 -3.379
FOS -8.508" 0.8925 0.000 -11.714 -5.302
Sterile Mabisi -3.101 0.8925 0.071 -6.308 0.105
No Mabisi (negative | -2.209 0.8925 0.604 -5.416 0.997
control)
Mabisi Low Mabisi FOS -1.569 0.8925 0.968 -4.776 1.637
concentration -
Sterile Mabisi 3.397 0.8925 0.025 0.191 6.604
No Mabisi (negative | 3.893" 0.8925 0.003 0.687 7.100
control)
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No stool 5.243" 0.8925 0.000 2.036 8.449
FOS Mabisi 1.569 0.8925 0.968 -1.637 4.776
Sterile Mabisi 4.967" 0.8925 0.000 1.760 8.173
No Mabisi (negative | 5.463" 0.8925 0.000 2.256 8.669
control)
No stool 6.812" 0.8925 0.000 3.606 10.018
Sterile Mabisi Mabisi -3.397" 0.8925 0.025 -6.604 -0.191
FOS -4.967" 0.8925 0.000 -8.173 -1.760
No Mabisi (negative | 0.496 0.8925 1.000 -2.710 3.702
control)
No stool 1.845 0.8925 0.869 -1.361 5.052
No Mabisi Mabisi -3.893" 0.8925 0.003 -7.100 -0.687
FOS -5.463" 0.8925 0.000 -8.669 -2.256
Sterile Mabisi -0.496 0.8925 1.000 -3.702 2.710
No stool 1.349 0.8925 0.994 -1.857 4.556
No stool Mabisi -5.243" 0.8925 0.000 -8.449 -2.036
FOS -6.812" 0.8925 0.000 -10.018 -3.606
Sterile Mabisi -1.845 0.8925 0.869 -5.052 1.361
No Mabisi (negative | -1.349 0.8925 0.994 -4.556 1.857
control)
Munkoyo High Munkoyo FOS -0.532 0.8925 1.000 -3.738 2.674
concentration -
Sterile Munkoyo 2.628 0.8925 0.273 -0.578 5.834
No Munkoyo 2.313 0.8925 0.515 -0.893 5.520
(negative control)
No stool 3.761" 0.8925 0.006 0.555 6.968
FOS Munkoyo 0.532 0.8925 1.000 -2.674 3.738
Sterile Munkoyo 3.160 0.8925 0.059 -0.046 6.366
No Munkoyo 2.845 0.8925 0.156 -0.361 6.052
(negative control)
No stool 4.293" 0.8925 0.001 1.087 7.500
Sterile Munkoyo Munkoyo -2.628 0.8925 0.273 -5.834 0.578
FOS -3.160 0.8925 0.059 -6.366 0.046
No Munkoyo -0.315 0.8925 1.000 -3.521 2.892
(negative control)
No stool 1.133 0.8925 0.999 -2.073 4.340
No Munkoyo (negative | Munkoyo -2.313 0.8925 0.515 -5.520 0.893
control)
FOS -2.845 0.8925 0.156 -6.052 0.361
Sterile Munkoyo 0.315 0.8925 1.000 -2.892 3.521
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No stool 1.448 0.8925 0.986 -1.758 4.654
No stool Munkoyo -3.761° 0.8925 0.006 -6.968 -0.555
FOS -4.293" 0.8925 0.001 -7.500 -1.087
Sterile Munkoyo -1.133 0.8925 0.999 -4.340 2.073
No Munkoyo -1.448 0.8925 0.986 -4.654 1.758
(negative control)
Munkoyo Low Munkoyo FOS -0.463 0.8925 1.000 -3.669 2.744
concentration
Sterile Munkoyo 2.012 0.8925 0.763 -1.194 5.218
No Munkoyo 1.568 0.8925 0.968 -1.638 4.774
(negative control)
No stool 1.881 0.8925 0.849 -1.325 5.088
FOS Munkoyo 0.463 0.8925 1.000 -2.744 3.669
Sterile Munkoyo 2.475 0.8925 0.383 -0.732 5.681
No Munkoyo 2.031 0.8925 0.749 -1.176 5.237
(negative control)
No stool 2.344 0.8925 0.489 -0.862 5.550
Sterile Munkoyo Munkoyo -2.012 0.8925 0.763 -5.218 1.194
FOS -2.475 0.8925 0.383 -5.681 0.732
No Munkoyo -0.444 0.8925 1.000 -3.650 2.762
(negative control)
No stool -0.131 0.8925 1.000 -3.337 3.076
No Munkoyo (negative | Munkoyo -1.568 0.8925 0.968 -4.774 1.638
control)
FOS -2.031 0.8925 0.749 -5.237 1.176
Sterile Munkoyo 0.444 0.8925 1.000 -2.762 3.650
No stool 0.313 0.8925 1.000 -2.893 3.520
No stool Munkoyo -1.881 0.8925 0.849 -5.088 1.325
FOS -2.344 0.8925 0.489 -5.550 0.862
Sterile Munkoyo 0.131 0.8925 1.000 -3.076 3.337
No Munkoyo -0.313 0.8925 1.000 -3.520 2.893
(negative control)

Based on observed means.

The error term is Mean Square (Error) = 5.975.

*. The mean difference is significant at the .05 level.
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Abstract

The human microbiota consists of a complex community of microorganisms that play an important role
in immunity, nutrition and metabolism, and structure and function of the gastro intestinal tract. Diet is
one of the important factors that affect the gut microbiota, with fermented foods generally known to
be beneficial in modulating the gut microbiota. In Zambia many traditional fermented foods exists that
are important in the diets of various groups. The aim of this study was to determine the impact of
consuming traditional fermented foods Mabisi and Munkoyo on the gut microbiota their metabolism in
children. Data on food consumption, morbidity and socio-demographic together with stool samples
were collected from children aged 6-24 months residing in Namwala and Mkushi in Zambia. The stool
samples were analysed for the composition of gut microbiota and concentrations of short chain fatty
acids (SCFAs) as a proxy for microbial metabolism. This data was then linked to data on intake of
traditional fermented foods and data analysis was performed using multivariate analysis of variance
(MANOVA). Gut microbiota of children who are fermented beverages consumers was associated with
higher relative abundance of Bacteroides and Lactobacillus than the non-consumers. Higher levels of
these bacterial groups have been associated with benefits to the host. There was no difference for the
SCFA concentrations between the fermented foods consumers and non-consumers, which may be
because other parts of the diets that we did not control for also contribute to SCFA production. The
results imply that consumption of the two traditional fermented foods used in this study promotes a
healthier gut microbiota composition at the level of gut microbiota composition in the children in
Zambia. Our results warrant future more formal tests such as controlled human feeding trials to further

validate our findings.

Introduction

The human microbiota consists of a complex community of microorganisms with the majority residing
in the large intestine. A healthy gut microbiota composition is described by its richness and diversity and
it is shaped in early life, but this optimal healthy gut microbiota composition differs between individuals
[1]. The gut microbes play a role in immunity, nutrition and metabolism, and structure and function of
the gastro-intestinal (Gl) tract [2-4]. The microorganisms thought responsible for the microbiome-
improving effect of diets can also be administered as a probiotics which have been defined by the World
Health Organization (WHO) as “live microorganisms which when administered in adequate amounts
confer a health benefit on the host” [5]. Most of these probiotic bacteria belong to the class of lactic

acid bacteria. Diets or intake of certain foods can affect gut microbiota composition. This was shown by
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the consumption of certain dietary fibers and products containing bacteria of which probiotic properties

have been formally demonstrated, for instance for undernourished children [6].

Traditional or unformalized fermented foods contain a wide variety and diverse community of lactic acid
and acetic acid bacteria [7]. The technique of fermentation relies on the activity of microbes and has
been used globally to improve nutritional, safety, and organoleptic properties of food using different
raw materials [8-10] [11]. While formalized fermented foods are commonly produced using starter
cultures that contain only a few types of bacteria, most traditional unformalized fermentation processes
rely on the activity of mixture of various lactic acid bacteria, such as Lactobacillus, Lactococcus, and
Leuconostoc 7, 12]. These bacteria are of the same bacterial genera as bacteria that have been classified
as probiotic bacteria and for which probiotic properties have formally been demonstrated [13]. These
traditional fermented foods may thus naturally contain beneficial bacteria and their metabolic products
(such as short chain fatty acids, SCFAs). Thus, these products may confer nutritional and health benefits
to the consumer by shifting the microbial gut community towards a higher abundance of species that
are considered beneficial for health, such as lactic acid bacteria [3, 14]. Microbial fermentation of dietary
fibre in human large intestines leads to production of SCFAs which play an important role in modulating
the health of the host through a range of tissue-specific mechanisms, among others related to gut barrier
function, glucose homeostasis, immunomodulation, appetite regulation and obesity among other

functions [15].

There is limited knowledge on the impact of traditional fermented foods on gut microbial content,
nutritional status, and SCFAs production in humans. Most studies have been conducted on commercially
prepared fermented beverages that are enriched with specific bacterial strains and their probiotic
effects with impact on gut microbiota and health outcomes have formally been demonstrated [16-35].
Studies such as randomized control trials to assess the probiotic effects of traditional fermented foods
on gut microbiota modulation and health outcomes are challenging to conduct. For instance, next to
ethical issues related to involving human subjects, what should be the amount and duration of
consumption for the effects to be visible, and how can the same quality of products be guaranteed for
the period of the study? As a result, not much is known about the probiotic potential of traditional
fermented foods [7] and no formal recommendations have been made for sufficient intake levels for

impact on the gut microbiota and subsequently on the health of the individual consumer.

In this study we specifically evaluate the effect of two traditional fermented foods in Zambia to promote
a healthy gut microbiota in children between 6 and 24 months of age in two rural areas. In Zambia
traditional non-alcoholic fermented beverages are part of the daily diet and consumed by all age groups

with the most common ones being Mabisi (based on milk) and Munkoyo/Chibwantu (based on cereal).
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These two fermented beverages are made through transfer of a small fraction of the previous product
into fresh raw material (back-slopping), in this way transferring the microbial communities underlying
the fermentation from batch to batch, or through repeatable spontaneous fermentation. Previous
studies have found that the fermenting microbial communities of Mabisi and Munkoyo/Chibwantu were
dominated by around six to ten species of lactic acid and acetic acid bacteria [36, 37]. The predominance

of strains of lactic acid bacteria suggests that probiotic properties may be attributed to these products.

Here, we correlated consumption of these two fermented foods to gut microbiota composition of its
consumers in two locations in rural Zambia with different intake levels of traditional fermented foods.
This study complements a previous study in which we found that nutritional status and consumption of
traditional fermented foods was significantly higher in Namwala than in Mkushi and that consumption
of Mabisi was negatively associated with diarrhoea and stunting while Munkoyo/Chibwantu
consumption was negatively associated with vomiting [38]. We have collected stool samples in an earlier
study [38] and now analysed these stool samples for their composition of gut microbiota and
concentrations of SCFAs. We correlated this to data on intake of traditional fermented foods to
understand whether consumption of fermented foods leads to healthier gut microbiota composition

and higher levels of SCFAs.

Methods

Study design

Study site, target population, and dietary intake data collection

The study was conducted in Mkushi district (Central Province, GPS coordinates: 13.6212° S, 29.3889° E)
and Namwala district (southern province, GPS coordinates: 15.7525° S, 26.4371° E) of Zambia in children
aged 6-24 months as described by Hamaimbo et al. [38]. These districts were selected to represent areas
with high (Namwala) and one with low (Mkushi) consumption of Mabisi (the fermented milk).
Munkoyo/Chibwantu consumption rates are roughly equal in both areas. In the two areas communities
were divided into clusters (one with children consuming fermented foods regularly and the other cluster
of children who do not usually consume fermented foods). Children were included if they were aged
between 6-24 months, their parents/guardians consented to participating and children did not have
chronic health conditions as reported by the parents/guardians. The food intake data was collected
using 24-hour recall and food frequency questionnaire and anthropometric measurements were
collected for calculating Z-scores of height-for-age, weight-for-height, and weight-for-age using WHO

AnthroPlus version 1.0.4. Socio-demographic and morbidity data were also collected [38].
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Stool samples were collected in sterile stool containers from the study participants and were stored in
the freezer at -20°C. The samples were transported to the TDRC laboratory in a cool box with icepacks
and stored at -80°C until analysis of their microbial composition and concentrations of short chain fatty

acids.

Ethical clearance was obtained from the Tropical Diseases Research Centre Ethics Review Committee,
Zambia (STC/2017/16) and the University of Zambia Biomedical Research Ethics Committee, Zambia
(Ref. No. 002-04-18) and further permission was obtained from the National Health Research Authority
of the Ministry of Health.

Laboratory methods

Stool sample DNA: Whole bacterial genomic DNA from each stool sample was prepared by taking an
amount of 150mg of stool into a sterile bead-beating tube containing 300mg of glass beads (diameter
0.1mm) using the Zymo Research Quick DNA faecal/soil microbe microprep kit (Cat # 6010 and 6012)
for DNA isolation in stool samples after bead-beating in a Sunon mini bead-beater according to

manufacturer’s instructions.

Determination of bacterial composition (major groups of bacteria) in stool samples. A method adapted
from Takagi et al. was used for this analysis [39]. This method is based on real-time quantitative
polymerase chain reaction (qPCR) aimed at determining the relative abundance of several major classes
of bacterial genera within the gut microbiota. We used an Applied Biosystems AB7500 Real Time
thermocycler with the primer sets and reaction conditions described in Table 1 used for measuring the
partial 16S rRNA gene copy number of All Eubacteria, Bacteroides, Lactobacillus, Bifidobacteria, and
Enterococcus. All quantitative measurements by real-time PCR were done in duplicate. The real-time
PCR amplification program for Eubacteria was as follows: 95°C for 3 min, followed by 38 cycles of 95°C
for 30 sec, 54°C for 30 sec and 72°C for 50 sec. The real-time PCR amplification program for the genus
Bifidobacterium was as follows: 94°C for 5 min, followed by 40 cycles of 94°C for 20 sec, 55°C for 20 sec
and 72°C for 50 sec. To check the specificity of the amplifications, a melting curve was obtained by
performing the following cycle: a denaturation step at 95°C for 15 sec, a 1°C increase in temperature
every 20 sec starting at 60°C and ending at 95°C, and a final step at 95°C for 15 sec. Standard curves for
absolute quantification of the samples were prepared using the standards from DSM (Lactobacillus
plantarum DSM20205, Bacteroides ovatus DSM1896, Enterococcus casseliflavus DSM4841 and
Bifidobacterium catenulatum DSM16992) and for all eubacteria, Escherichia coli ATCC25922 standard
strain was used targeting the PCR fragments of the 16S rRNA genes. The correlation coefficients for all

the standard curves exceeded 0.99. For each assay, 2uL of DNA solution was added to 18uL of a PCR
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mixture containing 10uL of THUNDERBIRD™ SYBR1 qPCR Mix (Applied Biosystems), 7.2uL of distilled

water, and 200nM of each primer.

Determination of the composition of short-chain fatty acids (SCFAs). Concentrations of acetate,
propionate, butyrate, lactate, isobutyrate, and succinate were measured using a Shimadzu LC-2010CHT
high performance liquid chromatograph (HPLC) as described elsewhere [40]. About 300mg of sample
was weighed into a glass tube with screw cap and 3ml of normal saline was added to homogenize by
vortexing. The SCFAs were extracted by adding 5ml of diethyl ether to the solution, incubated at room
temperature while shaking for 30 minutes and centrifuged. The organic supernatant was transferred to
another clean tube and the extraction process was repeated and the organic layers were combined and
evaporated under a gentle stream of nitrogen gas. The residue was dissolved in 50pl of the mobile phase
solution and 20ul was injected into the HPLC system. The HPLC was equipped with a Hypersil Gold aQ
(150mm x 4.6mm, dp: 3um) column (Thermal Fischer Scientific, cat #: 25303-154630) operated at 65°C
and a photo diode array detector (Shimadzu) using 5mM H,SO, as the mobile phase at a flow rate of 0.6
mL/min. Peak areas for each SCFA were integrated and used for calculating the concentration from the

calibration curves.

Data analysis. For microbial data, the output dataset including Ct number, bacteria name, sample ID,
concentration, and replicate was opened in Microsoft® Excel directly from the exported Ct file from the
AB 7500 gPCR machine. Copy number per microliter of sample for each bacterium was calculated and
data was then exported into SPSS (version 25) for statistical analysis after data from the HPLC analysis
of the Short-Chain Fatty acids was also added matching the ID and replicate number. In the data, the
study participants were allocated to four groups according to the type of fermented food they consumed
or not as: non-consumers, those that consumed only Mabisi, those that consumed only

Munkoyo/Chibwantu, and those that consumed both.

A non-parametric ANOVA on bacterial count data was performed to test for effect of fermented foods
consumption on different bacterial types and SCFAs for the four consumer groups. Further, we
performed multivariate General Linear Regression (GLS) and used Pillai’s Trace as a test for significance
with combined dependent variable firstly comprising of Bacteroides, Lactobacillus, Bifidobacteria and
Enterococcus abundance and secondly comprising of SCFAs. Different independent variables of socio-
demographic characteristics, morbidity, intake of different food including Mabisi and
Munkoyo/Chibwantu were tested in the model as shown in supplementary Table 3. The model used was:
Y;i = Boj + BiiXia + ... + BpXip + €j, where Y; is the /" observation of the dependent variable, X; is /"

observation of the /" independent variable, j=1, 2, ..., p. Values 8; represent parameters to be estimated,
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and ¢; is the /™ independent error term; for all observations indexed as i =1, ..., n and for all dependent

variables indexed asj =1, ..., m [41].

After excluding a number of socio-demographic, morbidity and food intake variables, another MANOVA
was performed with the independent variables that were significant in the first MANOVA. Tukey HSD as
post hoc test was performed to evaluate whether there were differences or not between consumers

and non-consumers of fermented foods for the different types of bacteria and the SCFAs.
Results

In this study we analyzed stool samples of children 6-24 months old in Namwala and Mkushi. A total of
126 stool samples were collected, 58 in Namwala district and 68 in Mkushi district. The response rate
for stool sample collection was 90%. The socio-demographic characteristics and morbidity of the study
participants have been described elsewhere [38] and are shown in supplementary Tables 4 and 5.
Among the respondents, we defined four consumer groups based on their consumption patterns of the
fermented foods (non-consumers, only consuming Mabisi, only consuming Munkoyo/Chibwantu and
consuming both). Figure 1 (panels A and B) shows the relative abundance of the four focal bacterial
groups (as fraction of all Eubacteria} per sampling location (Namwala and Mkushi) differentiating

between the four different consumer groups.

We found an effect of combined fermented foods consumption on the dependent variable (combined
bacteria: Bacteroides, Lactobacillus, Bifidobacteria and Enterococcus). This was shown by two statistical
analyses. Firstly, a Mann—Whitney—Wilcoxon test to determine the differences for the various classes of
bacteria and SCFAs between consumers and non-consumers of fermented foods for each area (Namwala
and Mkushi). Table 2 shows that overall (combining all consumers of both areas) the relative abundance
of Bacteroides and Lactobacillus are significantly higher for consumers of fermented foods, while levels
of Bifidobacteria and Enterococcus are not statistically significantly different. When analysed per area,
we found similar results, however these were no longer statistically significant due to low number of
samples in each consumer group limiting statistical power. When comparing consumers of one type of
product (either Mabisi or Munkoyo/Chibwantu) and non-consumers, we found the same general

patterns.

Secondly, we performed a multivariate general linear regression and Tukey’s HSD Post hoc tests to test
the effects of different independent variables of socio-demographic characteristics, morbidity, and
(other) food intake. The main results can be summarized as follows: We confirmed that consumption of
both fermented foods for the combined sites was strongly associated specifically with an increase in
abundance of Bacteroides (F(3)=2.928, P=0.038) and Lactobacillus (F(3)=4.259, P=0.007). Then, we

assessed whether the observed increase in relative abundance levels of bacteria could be associated
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with other factors while still including consumption of fermented foods. Based on Pillai’s Trace
multivariate test consumption of fermented foods (F = 2.001, P = 0.009, n? = 0.185) was significantly
associated with the increase in relative abundance of the bacteria but also with the following
independent variables: child’s age (F = 2.628, P = 0.048, n? = 0.204) and having domestic animals (F =
3.014, P = 0.029, n? = 0.227); stunting (height-for-age, Z-score, HAZ) (F = 3.618, P = 0.013, n? = 0.261);
malaria (F = 3.736, P = 0.011, n? = 0.267); consumption of spinach (F = 2.819, P = 0.037, n? = 0.216),
mangoes (F = 4.176, P = 0.006, n* = 0.289), other fruits and vegetables (food group 4 - FG4) (F = 4.323,P
=0.005, n? = 0.297), fowl eggs (F = 3.245, P = 0.021, n? = 0.240), beef (F = 4.004, P = 0.008, n* = 0.281),
other foods (F = 3.477, P =0.016, n? = 0.253) and oils (F = 3.088, P = 0.026, n? = 0.232).

The results show similar SCFAs concentrations for the four consumer groups except for lactic acid, whose
concentrations were significantly higher for non-consumers than consumers of any of the fermented
foods (Figure 1, panels C and D). The total concentrations of SCFAs in Mkushi were highest for non-
consumers except for lactic acid, but this was not confirmed for the Namwala site. When the
multivariate general linear regression analysis was conducted using the SCFAs (lactic acid, acetic acid,
propionic acid, butyric acid and isobutyric acid) as combined dependent variables in the same way as for
the bacteria, consumption of fermented foods did not affect the SCFAs concentrations in the studied

population.

Discussion

In this study we assessed the effect of traditional fermented foods consumption on the gut bacterial
composition and the concentration of short chain fatty acids (SCFAs). We linked consumption patterns
of traditional fermented foods of children aged between 6-24 months to the results of stool samples
collected from the same individuals. Relative abundance of Bacteroides, Lactobacillus, Bifidobacteria,
and Enterococcus were the indicators of beneficial classes of bacteria in the gut microbiota. Overall, we
found that the abundance of Bacteroides and Lactobacillus among the gut microbiota was higher in
consumers of fermented foods than non-consumers. This result is in line with our expectation that
consumption of traditional fermented foods that contain live bacteria enhances the level of the same
classes of bacteria as those found in the gut microbiome. When analysing effects of consumption per
area or per product type, our results are similar to the overall result, yet no longer statistically significant

due to the low number of respondents per class.

We further asked if consumption of fermented foods is associated with increased abundance of bacterial
types Bacteroides and Enterococcus even when correcting for other socio-demographic, morbidity and

food consumption factors that also affect the gut microbiome. We found that bacterial abundance is
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associated with child’s age, reduced levels of stunting, reduced levels of malaria, keeping domestic
animals, consuming foods such as spinach, mango, fruits and vegetables, fowl eggs, beef, oils and
fermented foods. These findings confirm that children with higher consumption of fermented beverages
have a higher abundance of bacteria and also a better nutritional status as measured in levels of
stunting, in line with well-established information on the ability of diet especially fermented foods and
beverages to modulate the gut microbiota to a composition that can promote health [42, 43].
Consumers typically consume around 183 g per day [44] . Our results suggest that the inclusion of one
such serving can already have a positive effect on gut microbiota composition. The results (shown in
Table 2 and supplementary Table 3) are also consistent with the idea that increase in abundance of
certain commensal bacterial species such as lactic acid bacteria can be one of the key mechanisms
underlying the beneficial effects of fermented food on gut function, immune modulation and

metabolism [45].

Our measurements of concentrations of SCFAs overall did not show an effect of consumption of
fermented foods. These SCFAs are primarily produced through microbial fermentation of dietary fibre
in human large intestines and play an important role in modulating host health [15]. Since SCFAs are
products of fermentation by gut bacteria, we expected that their concentrations would be higher
following the pattern of increased gut bacteria in fermented foods consumers than non-consumers. It
could be that the children had the same amounts of fermentable fibers from other parts of the diet that
we did not control for available in their gut whether they consumed the fermented foods or not and as
a result produced the same amounts of SCFAs. Our results are in contrast to other findings which
confirmed that consumption of probiotics positively affects gut microbiota and consequently increases
production of SCFAs [13, 15, 46]. The lack of effect of consumption of fermented foods could be
attributed to a number of factors. One of the factors could have been due to the time lapse between
collection and freezing the samples as some sites were far and took more hours than the nearby sites.
Also the time between collection and analysis of the stool samples could have affected the results of our
study as the samples were only analysed after three weeks, as other studies have found mostly a
decrease in SCFAs concentrations in relation to storage time [47]. More generally, the idea that SCFA
are a useful proxy for health promoting bacterial metabolism by the gut microbiota is being debated and
conflicting information exist. For instance in a recent study showing that higher levels of SCFA are not
associated with reduced risk of cancer [48]. On the other hand, a recent review clearly highlights the

beneficial effects of SCFAs on preventing inflammatory disorders [49].

Our study has several strengths and weaknesses. A weakness is that information on consumption of
fermented foods was collected by questionnaire and this could have led to over or under-estimation.

Our survey approach to look for a relationship between consumption of fermented foods and gut
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microbiota composition should be seen as a first step to justify a more formal and elaborate test would
be interesting. Such a test would include conducting a randomized clinical nutrition intervention, which
would be the best method [50] to assess efficacy of fermented products on gut microbiota composition,
nutritional status, and health and which possibly would give a more unequivocal signal. Ideally one
would like to test whether consumption of traditional fermented foods not only contributes to a
healthier gut microbiota composition, but also to a better nutritional status and health. Combining our
current findings with those from our previous study on the nutritional status of the same respondents
[38], we are able to infer some correlations, for instance a positive correlation between consumption of
fermented foods and lower levels of stunting. While this result from the regression analysis showed an
interesting trend in support of the notion that consumption of traditional fermented foods promotes
nutritional status, formal tests, and follow-ups such as controlled feeding trials and randomised clinical

trials (RCT) are required to show potential causation.

The data were collected using a one-time point cross-sectional method and that we could not effectively
capture the health-seeking behaviour of the study participants which could have affected the results of
the study. Especially, while we did exclude participants with a chronic illness, we did not collect
information on whether the study participants had taken any antibiotics preceding the study or not
which could have helped to interpret the results for bacterial counts. We have however elicited
important data pointing to the potential of traditional fermented beverages Mabisi and
Munkoyo/Chibwantu consumption to impact on the composition of the gut microbiota which generally

is considered to promote nutritional status and general health.

Nevertheless, it is striking that we found an increase in the relative abundance of relevant bacterial types
generally known to promote a healthy gut microbiota, despite the fact that we used a survey approach
and not a RCT but only controlled the diet and socio-economic status of respondents in the analysis. A
strength of our study is that we looked at the most vulnerable study population (children 6-24 months
of age) that has not been considered before in the studies involving traditional fermented foods. Data
showed that children stunted by the age of two years do not meet their full potential of physical and
mental development later on in life [51] and therefore having interventions at this stage of life would
result in beneficial impact on the children’s health that lasts throughout life. To date a number of studies
have tested the impact of fermented foods mostly produced through the use of starter cultures of
specific bacteria [46]. Thus, finally, another strength is that we looked at traditional fermented
beverages (based on milk and cereal) that contain around six to ten species of lactic acid and acetic acid

bacteria.
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Gut microbiota of children who are fermented beverages consumers was associated with higher relative
abundance of Bacteroides and Lactobacillus than the non-consumers. We did not however find any
impact of fermented foods consumption on SCFAs in the study population. Namwala being a high area
of Mabisi consumption also was found to have better nutrition status [38] and consequently had higher
copy numbers of the different types of bacteria tested but these were not statistically significant.
However, to support and confirm our promising results, it is recommended that randomised controlled
human feeding trials be conducted in human subjects to determine the impact of traditional fermented
beverages consumption on gut bacteria modulation as well as the possible interaction between human

gut system and fermented beverages.
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Tables and Figures

Table 1: Primer sets used for qPCR with amplification parameters

Name

Sequence

qPCR amplification

parameters

Melt curve

All eubacteria

Bifidobacterium

Bacteroides

Lactobacillus group

Enterococcus spp.

F: ACTCCTACGGGAGGCAGCAGT

R: GTATTACCGCGGCTGCTGGCAC

F: CTCCTGGAAACGGGTGG

R: GGTGTTCTTCCCGATATCTACA

F: GGTGTCGGCTTAAGTGCCAT

R: CGGA(C/T)GTAAGGGCCGTGC

F: AGCAGTAGGGAATCTTCCA

R: CACCGCTACACATGGAG

F: CCCTTATTGTTAGTTGCCATCATT

R: ACTCGTTGTACTTCCCATTGT

95 °C- 3min, 38 cycles of
(95°C- 30sec & 54°C- 30sec)

50°C- 2min, 95 °C- 10min,
38 cycles of (95°C- 15sec &
60°C- 1 min)

50°C- 2min,95 °C- 10min,
38 cycles of (95°C- 15sec &
60°C- 1 min)

50°C- 2min,95 °C- 10min,
38 cycles of (95°C- 15sec &
60°C- 1 min)

50°C- 2min,95 °C- 10min,
38 cycles of (95°C- 15sec &
60°C- 1 min)

95-15sec, 1% decrease 20 sec
starting at 60°C ending at 95°C.

final step at 95°C-15 sec

95-15sec, 1% decrease 20 sec
starting at 60°C ending at 95°C-
30sec. final step at 60°C 15 sec

95-15sec, 1% decrease 20 sec
starting at 60°C ending at 95°C-
30sec. final step at 60°C 15 sec
95-15sec, 1% decrease 20 sec
starting at 60°C ending at 95°C-
30sec. final step at 60°C 15 sec
95-15sec, 1% decrease 20 sec
starting at 60°C ending at 95°C-
30sec. final step at 60°C 15 sec
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Supplementary Table 3: General Linear Regression (GLS) Tests? for effect of different dietary intake, morbidity, socio-demographic

variable on dependent variables gut bacteria (Bacteroides, Lactobacillus, Bifidobacteria and Enterococcus).

Effect Value F Hypothesis | Error Sig. Partial Eta | Observed
df df Squared Powerd

Intercept Pillai's Trace 0.158 1.9240 4 41 0.125 0.158 0.531
Childs_age Pillai's Trace 0.204 2.628° 4 41 0.048 0.204 0.684
HAZ Pillai's Trace 0.261 3.618° 4 41 0.013 0.261 0.834
Level_of_education Pillai's Trace 0.13 1.526P 4 41 0.212 0.13 0.43
Family_size Pillai's Trace 0.17 2.103b 4 41 0.098 0.17 0.573
Source_of_drinking_water Pillai's Trace 0.118 1.365P 4 41 0.263 0.118 0.387
Child_deworming Pillai's Trace 0.047 .504b 4 41 0.733 0.047 0.158
lliness Pillai's Trace 0.179 2.235b 4 41 0.082 0.179 0.603
Malaria Pillai's Trace 0.267 3.736° 4 41 0.011 0.267 0.847
Diarrhoea Pillai's Trace 0.18 2.247° 4 41 0.081 0.18 0.606
Vomiting Pillai's Trace 0.05 .542b 4 41 0.705 0.05 0.167
Fever Pillai's Trace 0.024 .252b 4 41 0.907 0.024 0.099
Other_illness Pillai's Trace 0.083 .934b 4 41 0.454 0.083 0.269
Monthly_food_expenditure Pillai's Trace 0.126 1.473b 4 41 0.228 0.126 0.416
Monthly_non_food_expenditure | Pillai's Trace 0.152 1.841b 4 41 0.139 0.152 0.511
Complementary_food Pillai's Trace 0.077 .861° 4 41 0.496 0.077 0.25
Domestic_animals Pillai's Trace 0.227 3.0140 4 41 0.029 0.227 0.751
FG1 (Grains, roots and tubers) Pillai's Trace 0.007 .073b 4 41 0.99 0.007 0.063
Maize_meal_porridge Pillai's Trace 0.09 1.015b 4 41 0.411 0.09 0.291
Rice Pillai's Trace 0.075 .831b 4 41 0.513 0.075 0.242
Cereal_blend Pillai's Trace 0.035 .372b 4 41 0.827 0.035 0.126
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Sweet_potato Pillai's Trace 0.047 .500° 41 0.736 0.047 0.157
Irish_potato Pillai's Trace 0.027 .283b 41 0.887 0.027 0.106
Cassava Pillai's Trace 0.104 1.189° 41 0.33 0.104 0.339
Wheat Pillai's Trace 0.118 1.376° 41 0.259 0.118 0.39
FG2 (Legumes and nuts) Pillai's Trace 0.066 .725P 41 0.58 0.066 0.214
Beans Pillai's Trace 0.042 .453b 41 0.77 0.042 0.145
Soy_beans Pillai's Trace 0.154 1.861° 41 0.136 0.154 0.516
Groundnuts Pillai's Trace 0.096 1.087° 41 0.376 0.096 0.311
Cowpeas Pillai's Trace 0.074 .820P 41 0.52 0.074 0.239
Bambara_nuts Pillai's Trace 0.059 .647b 41 0.632 0.059 0.194
FG3 (vitamin A rich vegetables) Pillai's Trace 0.089 .996P 41 0.42 0.089 0.286
Rape Pillai's Trace 0.142 1.694b 41 0.17 0.142 0.473
Spinach Pillai's Trace 0.216 2.819b 41 0.037 0.216 0.719
Chibwabwa Pillai's Trace 0.085 .957b 41 0.441 0.085 0.276
Bondwe Pillai's Trace 0.122 1.422b 41 0.244 0.122 0.402
Sweetpotato_|eaves Pillai's Trace 0.107 1.225 41 0.315 0.107 0.349
Other Pillai's Trace 0.147 1.773b 41 0.153 0.147 0.494
Mango Pillai's Trace 0.289 4.176P 41 0.006 0.289 0.888
FG4 (other fruits and Pillai's Trace 0.297 4.323b 41 0.005 0.297 0.9
vegetables)

Banana Pillai's Trace 0.147 1.761° 41 0.155 0.147 0.49
Lemon Pillai's Trace 0.086 .968° 41 0.436 0.086 0.279
FGS5 (Dairy products) Pillai's Trace 0.06 .650P 41 0.63 0.06 0.194
FG6 (eggs) Pillai's Trace 0.14 1.670° 41 0.176 0.14 0.467
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Chicken_eggs Pillai's Trace 0.127 1.495b 4 41 0.221 0.127 0.421
Fowl_eggs Pillai's Trace 0.24 3.245b 4 41 0.021 0.24 0.786
FG7 (flesh foods) Pillai's Trace 0.105 1.205b 4 41 0.323 0.105 0.343
Fish Pillai's Trace 0.078 .870° 4 41 0.49 0.078 0.252
Chicken Pillai's Trace 0.096 1.082b 4 41 0.378 0.096 0.31
Beef Pillai's Trace 0.281 4.004> 4 41 0.008 0.281 0.873
Pork Pillai's Trace 0.032 3410 4 41 0.849 0.032 0.119
Goat Pillai's Trace 0.097 1.099* | 4 41 0.37 0.097 0.314
Organ meat Pillai's Trace 0.031 .333b 4 41 0.854 0.031 0.117
FG8 Pillai's Trace 0.253 3.477° | 4 41 0.016 0.253 0.817
Oils Pillai's Trace 0.232 3.088° | 4 41 0.026 0.232 0.763
Fats Pillai's Trace 0.013 .135b 4 41 0.969 0.013 0.075
Fresh_milk Pillai's Trace 0.145 1.733b 4 41 0.161 0.145 0.483
Mabisi Pillai's Trace 0.741 2.001 20 176 0.009 0.185 0.982
Munkoyo_Chibwantu Pillai's Trace 0.093 1.057b 4 41 0.390 0.093 0.303
Mabisi * Munkoyo_Chibwantu Pillai's Trace 0.383 1.574 12 129 0.107 0.128 0.803
Roy's Largest Root | 0.249 2.673¢ 4 43 0.045 0.199 0.695

a. Design: Intercept + Childs_age + HAZ + Level_of_education + Family_size + Source_of_drinking_water + Child_deworming + lliness +
Malaria + Diarrhoea + Vomiting + Fever + Other_illness + Monthly_food_expenditure + Monthly_non_food_expenditure +
Complementary_food + Domestic_animals + FG1_Grains + Maize_meal_porridge + Rice + Cereal_blend + Sweet_potato + Irish_potato +
Cassava + Wheat + FG2_Legumes + Beans + Soy_beans + Groundnuts + Cowpeas + Bambara_nuts + FG3 + Rape + Spinach + Chibwabwa +
Bondwe + Sweetpotato_leaves + Other + Mango + FG4 + Banana + Lemon + FG5 + FG6 + Chicken_eggs + Fowl|_eggs + FG7 + Fish + Chicken

+ Beef + Pork + Goat + Organ + FG8 + Qils + Fats + Fresh_milk + Mabisi + Munkoyo_Chibwantu + Mabisi * Munkoyo_Chibwantu

b. Exact statistic

c. The statistic is an upper bound on F that yields a lower bound on the significance level.

d. Computed using alpha = .05

P values highlighted in red indicate significance (<0.05 )
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Supplementary Table 4: Socio-economic and demographic characteristics of the study population by study site (District) [38]

Namwala Mkushi
Characteristic p-value
n (%) n (%)
Gender of the child 0.449
Female 56 (52) 49 (47)
Male 52 (48) 56 (53)
Geographic setting 0.401
Rural 79(73.1) 82(78.1)
Urban 29 (26.9) 23(21.9)
Marital status of caregiver 0.047
Married 71 (66) 83(79)
Not married 37 (34) 22 (21)
Level of education of caregiver 0.006
None 4(4) 4(4)
Primary 55 (51) 31(30)
Secondary 48 (44) 64 (61)
Tertiary 1(1) 6(6)
Household monthly food expenditure (ZMW) 0.047
<500 72 (67) 52 (50)
501-1000 28 (26) 35(33)
1001-2500 6(6) 12 (11)
>2500 2(2) 6 (6)
Source of drinking water 0.000
Stream 4(4) 18(17)
Well 36 (33) 26 (25)
Borehole 48 (44) 21(20)
Tap 19 (18) 35(33)
Other 1(1) 1(1)
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Supplementary Table 5: Morbidity characteristics of the study population by study site (District)

Namwala Mkushi

Characteristic p-value
n (%) n (%)

Disease presented in last 2 weeks 0.069
No (absence) 30(27.8) 43 (41.0)
Yes (presence) 7872.2) 61 (58.1)
Malaria in the last 2 weeks 0.086
No (absence) 89 (82.4) 95 (90.5)
Yes (presence) 19 (17.6) 10 (9.5)
Diarrhoea in the last 2 weeks 0.993
No (absence) 74 (68.5) 72 (68.6)
Yes (presence) 34 (31.5) 33(31.4)
Vomiting in the last weeks 0.097
No (absence) 92 (85.2) 97 (92.4)
Yes (presence) 16 (14.8) 8(7.6)
Fever in the last 2 weeks 0.004
No (absence) 50 (46.3) 69 (65.7)
Yes (presence) 58 (53.7) 36 (34.3)
Other illnesses in the last 2 weeks e.g.
cough 0.115
No (absence) 88 (81.5) 76 (72.4)
Yes (presence) 20 (18.5) 29 (27.6)
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Chapter 6



General discussion

Justin Chileshe



General Discussion

The research described in my thesis was carried out within the framework of fighting undernutrition
early in life with its many undesirable outcomes later in life. My goal was to contribute to the reduction
of inadequate dietary intake of undernutrition by exploring the nutritional and microbial potential of

traditional fermented foods Mabisi and Munkoyo.
In this thesis my aims were as follows:

1. to elucidate the nutritional potential of fermented foods through modelling to show whether
these foods can potentially fill nutrient gaps in the diet of children under five years old

(improvement of diets);

2. to determine the nutritional aspects and microbial composition of the target traditional
fermented beverages Mabisi and Munkoyo and whether microbes influence the level of

nutrients in the two products (increase of nutritional content through fermentation); and,

3. to investigate the influence of the favourable bacteria in Mabisi and Munkoyo in shaping
human gut microbiota towards more favourable composition which favourably impacts on

nutritional status (beneficial effects on gut microbiota composition).

The approach addressing the first aim was to use 24-hour recall data on food intake of children under
the age of five in a rural area (Mkushi) in Zambia for analyses using Optifood. Optifood is a programme
that linearly models diets and develops food based dietary recommendations with and without
fermented foods to determine the nutrient gaps and to estimate whether the nutrient gaps could be
closed with these fermented foods. To address the second aim, we analysed samples of fermented
foods (Mabisi and Munkoyo) to determine the nutrient composition and the microbial composition
and assessed whether there is a relationship between these two. To address the third aim, we (a) used
an in-vitro experiment to determine effect of these fermented foods on gut microbiota metabolism
and (b) conducted a cross-sectional survey to determine the assess the effect of fermented foods
consumption on gut microbiota composition and short chain fatty acids (SCFAs) concentrations in

children 6- 24 month of age.

In this general discussion, | reflect on the findings from the scientific chapters and their implications
for the conceptual framework that | presented in the general introduction of this thesis (Figure 1). |

will also present the future perspectives of the research directions to broaden the scope of the thesis
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work. Finally, | return to the UNICEF framework of causes and consequences of undernutrition to
outline how my results contribute to our understanding and mitigation of the immediate, underlying

and basic causes and their short and long-term consequences.

Results of this thesis: Mabisi and Munkoyo as vehicles for alleviation of undernutrition

Undernutrition, especially stunting and micronutrient deficiencies, are major health challenges faced
in Zambia and is compounded by high rates of infectious diseases. The relationship between infections
disease and undernutrition is synergistic, each further compromising the outcome of the other [1].
Undernutrition compromises natural immunity leading to increased susceptibility to infections, more
frequent and prolonged disease episodes, and increased severity of disease [2]. Similarly, infections
can exacerbate or precipitate undernutrition through reduced appetite and food intake, nutrient
malabsorption, nutrient loss or increased metabolic needs [3]. This therefore calls for concerted efforts
in the fight of both undernutrition and infectious diseases. The central premise of my thesis is that
traditional fermented foods offer an opportunity in the fight against undernutrition through increased
nutrient intake and also in mitigating infections through the beneficial effects of fermenting bacteria

on the gut microbiota.
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Undernutrition in Zambia

Inadequate dietary intake

J Underlying causes

Diets do not meet requirements Suboptimal health parameters

Opportunity: Local fermented foods to improve

diets and health parameters

Food Based Nutritional In vitro experiments Cross sectional survey
Recommentations composition of the show gut microbiota shows benefits of
including Mabisi and two products is shifts to more healthier gut
Munkoyo show measured. Mabisi favourable composi- microbiota
positive impact on contributes to tion and metabolic composition as a
diet quality of the two achieving EAR of output after Mabisi result of Mabisi and
products (Ch2) essential nutrients and Munkoyo Munkoyo
(Ch3) exposure (Ch4) consumption (Ch5)

Improved nutritional status Improved gut microbiota composition

Better health of currently undernourished populations

Figure 1. Diagram highlighting the main results of this thesis in the conceptual framework that was presented in the general
introduction of this thesis. Here, | focus on the immediate causes of undernutrition in the UNICEF conceptual framework [4].
The research in this thesis sought to contribute to the improvement in nutrient intake through utilization of traditional
fermented foods (Mabisi and Munkoyo) and their effect on the human gut microbiota. The main questions are in grey and

the summary findings for the different scientific chapters are shown in pink.

1. Improvements of diets

My study using Optifood to model dietary intake data suggested that inclusion of Mabisi in the diets
of children aged 1-5 years improves their nutrient intake, especially enhancing intake levels of the
common problematic micronutrients calcium, iron, and zinc (Chapter 2). It supports the importance of
targeting the local foods such as Mabisi and others in promoting dietary diversification to cartel the

dependence on the monotonous (maize-based) diets.

Next, | measured the nutritional composition of Mabisi and Munkoyo, confirming that especially

Mabisi can contribute to achieving improved nutrient intake of various important macro- and micro-
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nutrients (Chapter 3). For many of the locally available foods such as Mabisi and Munkoyo, nutritional
data have been lacking impeding their consideration for inclusion in food based dietary guidelines.
Therefore, the data generated on the nutritional content of the two fermented products are useful for
inclusion in the food-based guidelines. When connecting results reported in Chapter 3 the nutritional
composition of Mabisi and Munkoyo reported in this thesis with the calculated percentage
contribution of the nutrients towards meeting the estimated average requirements (EARs) and the
results of Chapter 2 on improved dietary intake based on current diets, my thesis provides strong

support for promotion of mabisi to improve the quality of current diets.

| however recommend more research to especially incorporate determination of the nutritional and
microbial aspects in the fermentation process for the raw materials and end-products to link
nutritional value with fermenting microbes and conduct more genomic analysis for B vitamin
production. Another important aspect to further explore is the bioavailability of the (micro)nutrients
in the context of the achieved diets by for example estimating molar ratios of phytate to zinc, iron, and

calcium in the diets.

2. Increase of nutritional content through fermentation

Mabisi was found to have higher nutrient values than Munkoyo except for some B vitamins such as
vitamin B1, B3 and B6. This implies that Mabisi has a higher advantage than Munkoyo for making an
impact in nutrient intake as was shown in Chapters 2 and 3. The increase in B vitamins and possible
probiotic effect of Munkoyo makes it also a product that would be useful for regular consumption for

improvement in dietary diversity.

3. Beneficial effects on gut microbiota composition

It was clearly shown that the consumers of fermented products had higher abundance of gut bacteria
than the non-consumers and that the region with especially higher Mabisi consumption had higher gut
bacteria abundance and better nutritional status. The potential probiotic effect of traditional
fermented foods was assessed through an in-vitro laboratory system (Chapter 4). The set up allowed
for analysis of metabolites (in my case short chain fatty acids, SCFAs) produced by the bacterial
consortia from gut microbiota in response to addition of traditional fermented foods and for
monitoring of shifts in abundance of Lactobacillus. Both Mabisi and Munkoyo were shown to increase
the production of SCFAs and increasing abundance of Lactobacillus. Based on this work, levels of
consumption may not be that important as both high and low levels of exposure generated probiotic

effects. The type of traditional fermented food may also not be that important, as long as it contains a
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wide range of live bacteria. These results can therefore motivate and refine future nutrition
intervention studies to assess the effect of the Mabisi and Munkoyo on gut microbiota and health

outcomes in consumers.

In Chapter 5 the effect of Mabisi and Munkoyo/Chibwantu consumption on gut microbial composition
and nutritional status in children 6-24 months old in rural Zambia was investigated. The children who
consumed fermented beverages had relatively higher abundance of Bacteroides, Lactobacillus,
Enterococcus and Bifidobacteria in their stool than the non-consumers. Namwala being a high area of
Mabisi consumption also was found to have better nutrition status and consequently had higher copy
numbers of the measured bacterial species than Mkushi. This study has elicited important data
pointing to the potential of traditional fermented beverages Mabisi and Munkoyo consumption to
impact on nutritional status. Thus, these results give an impetus to conduct controlled human feeding
trials to support and confirm the impact of the traditional fermented beverages consumption on gut
bacteria modulation and general possible interaction between human gut system — fermented

beverages.

Taken together, the evidence that intake of Mabisi and Munkoyo contribute to alleviation of

undernutrition in this thesis includes:

1. Improvement of diets: inclusion of Mabisi in diets of children under the age of five years old
improves nutrient intake of most nutrients except iron and zinc;

2. Increase of nutritional content through fermentation: Mabisi has higher amounts of most
nutrients but both products are good sources of B vitamins. Through fermentation of the raw
materials (raw milk for Mabisi and cereal for Munkoyo), the levels of B-vitamins can increase.
Levels of increase likely depend on the exact composition of the microbial community used for
fermentation;

3. Beneficial effects on gut microbiota composition: Mabisi consumption is associated with
higher abundance of gut bacteria and also with better nutritional status among children that

were part of a survey conducted in a rural area.

Future directions and implementation

Thus, in the framework of my project it is evident that the two products are good sources of nutrients
and have potential probiotic effects to confer better health and nutritional status. In this section of my
general discussion, | will describe how each of the three main findings summarised above could be

implemented and elaborated further to maximize impact towards alleviating undernutrition.
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1. Improvement of diets

The Optifood modelling combined with the assessment of the nutritional composition of Mabisi and
Munkoyo have shown that including these two products will improve diets. It will be important to
repeat modelling of diets using data from the representative parts of the country in order to capture
more nutrient rich foods and to include the cost aspect to obtain the food-based recommendations
with a national outlook. More generally, it should be pointed out that while Mabisi and Munkoyo
contribute to the improvement of diet quality, reducing nutrient deficiencies is a multifactorial

problem.

Bioavailability

The assessment of nutritional composition of Mabisi and Munkoyo should be extended to include
bioavailability of the nutrients. Fermentation is known for its ability to reduce phytate levels of raw
materials. This should be measured directly, especially for Munkoyo that is cereal based, by measuring
levels of phytate before and after fermentation. To estimate what the impact of reduced phytate levels
would be on the full diets, all phytate in the diet should be measured [5] and molar ratios of phytate
to zinc, iron and calcium should be estimated for Zambian diets in and excluding the effects of reduced
phytate in Munkoyo as compared to maize. Lower molar ratios of phytate to the zinc, iron and calcium
indicates a higher bioavailability of the trace elements. An older study in Malawi found high molar
ratios of over 20 for phytate to zinc and to iron [6]. This may be similar in Zambia, underlining the

importance of estimating bioavailability.

A further important issue regarding bioavailability is the interaction between caseins and iron in milk
products, most likely including Mabisi. Casein is the main protein in milk and can complex iron
molecules. This included the iron from the milk, but may extend to iron from other sources that are
consumed simultaneously, for instance with Mabisi. Several studies have highlighted that especially
children under the age of 24 months should avoid consumption of cow’s milk together with other foods
at the same time [7, 8]. Fermentation may reduce the levels of casein from the raw milk, however, this
reduction as well as the effects of Mabisi consumption on iron bioavailability in the diet should be

investigated further.

Adoption of Mabisi and Munkoyo by consumers

Key messages need to be developed for nutrition education to the communities on the importance of
different local foods, diversification of diets, and the fermented foods and their benefits. For Mabisi,
at present products are exclusively produced in rural areas, with over 80% of households producing

for own consumption, and around 20% of households selling excess product on nearby markets [9].
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Availability of products in larger towns and urban areas is almost non-existent. Together with MSc
students, | have conducted pilot interviews in large urban centres in Zambia targeting potential
consumers from various socio-economic groups [10]. This revealed that 85% of urban consumers over
all socio-economic groups would prefer traditional/artisanal Mabisi they already know through their
(family) visits to rural areas over industrially processed and fermented dairy products. These potential
consumers expressed concerns that Mabisi may be an unsafe product since no formal standards exist
and the product has not been endorsed by the Zambia Bureau of Standards. Thus, Mabisi production
should be formalized and approved by local standards bureaus to take away these concerns of urban
consumers that would prevent them from adopting Mabisi. Upscaling of production would also
increase overall availability. My thesis has contributed to the drafting of future research into upscaling
of production, most notably taking into account the needs of current producers and ranges of urban

consumers (Box 1).

More generally, diets need to be diversified, providing alternatives to the current maize dominated
meals. Mabisi and Munkoyo could be options, these products are part of local culture of many Zambia’s
tribes. Education and promotion campaigns should tap into this potential, highlighting their nutritional
benefits and aligning this to local tradition. Formal institutions such as the National Food and Nutrition
Commission (NFNC) in Zambia and non-governmental organisations (NGOs) working on the promotion
of better diets should be made aware of the nutritional potential of local foods such as Mabisi and

Munkoyo.

BOX 1. Bottom-up formalisation and upscaling of production

Increase in supply would demand optimization of the current value chain of Mabisi and Munkoyo to
extend current supply to larger urban centres. This would require upscaling of production and
logistics of transportation, together with marketing. This upgrading of the value chain could be based
out of local farmer groups or cooperatives. During field visits we also observed that local producers
have started to form associations and cooperatives. Rural milk collection centres have looked into
value addition by small-scale processing of raw milk for local sales to generate income and to prevent

losses of uncollected milk.

When optimizing the value chains, special attention to the needs of current predominantly female
producers is essential. Currently, these female producers generate livelihoods for their families
though Mabisi production. Lifting production and sales from household level could cause a shift from

the predominantly female producers in households to male-based small-scale production systems,
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potentially putting current producers/sellers out of business. Therefore, a focus on fostering and
strengthening women entrepreneurship is needed. Producers and processors of many traditional
foods including the ones we focus on at the moment are mostly women; optimizing the value chain
generates opportunities for women entrepreneurship [11]. The social position of these women often
hinders entrepreneurial competence development and behavior [12, 13]. A conscious gender
approach in our research and outreach will lead to more participation in decision making, and will
improve the social standing of women as entrepreneurs [14]. This will lead to higher incomes and
performances that contribute to women’s social and economic empowerment [15]. And the
empowerment of woman may result in increased income and as a result increased nutritional status

of their households[16].

2. Increase of nutritional content through fermentation

Fermentation has been recognised for its capacity to increase the nutritional value of the raw materials
that the products are made out of. Well-known and well-studied are the effects of reduction in anti-
nutritional factors such as indigestible saccharides and phytate that can limit the bioavailability of

micronutrients.

The results of this thesis suggest that the microbial consortia in the fermentation of Mabisi and
Munkoyo excrete B vitamins in the final products (Chapter 3). This analysis needs to be expanded, by
systematically measuring levels of B vitamins before and after fermentation. Future study can assess
the effect of variations in processing methods that exist for Mabisi [9]. Variations in processing have
been shown to impact microbial community composition, this may in turn impact the levels of
vitamins. The variations in microbial composition that | observed in my samples of Mabisi (Chapter 3)
has inspired pilot studies in collaboration with an MSc thesis student for a study into the genetic

potential of the microbes present in our product samples to produce vitamin B3 (Box 2).

BOX 2. Genetics of Vitamin B3 production by microbes during fermentation

Many prokaryotes used for food fermentation processes express the enzymes to synthesize water
soluble vitamins. The organisms most known for this characteristic are lactic acid bacteria (LAB), and
B vitamins - mainly B2, B3, B11 and B12 - being most commonly produced [17]. We used the Mabisi
samples described in Chapter 3 for which we had assessed the variations in microbial composition as
well as the nutritional composition. While microbial communities differ, they all yield a Mabisi

product with a vitamin B3 content that is higher than the vitamin B3 content in raw milk. The levels
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of vitamin B3 in each Mabisi samples are different from each other, these differences could be
explained by genetic differences at the level of microbial communities. If indeed the levels of vitamin
B3 depend on microbial composition, conscious selection of a starter culture or to the selection of a

production process will help to maximize the addition of vitamin B3 into the final product.

Vitamin B3 (also known as nicotinic acid or niacin) synthesis (Figure 2) starts from L-tryptophan or L-
aspartate, molecules which in a series of steps can be converted up to Vitamin B3. (Finglas, 2000;
KEGG database, 2015). In this pilot study, we firstly asked whether we could detect the genes
required for the final steps of the pathway within the microbial community (pncB and punA) at DNA
level, followed by a bacterial community wide RNA level gene expression analysis based on gPCR of
the bacterial communities from the samples by placing them in fresh milk. We used the
concentration of Vitamin B3 that was measured previously to draw inferences on a possible linkage

between Vitamin B3 levels and gene expression of punA.

Level of gene expression
(27aCq)
S

0.10 0.20 0.30 0.40 0.50 0.60

Vitamin B3 (mg/100g of product sample)

Figure 2. (left panel) Niacin synthesis pathway. Modification from KEGG database, 2015 [18]. Where precursors are marked
in red, enzymes in blue and Niacin in yellow. (right panel) Observed levels of Vitamin B3 in the product samples as a
function of gene expression levels of punA. The levels of Vitamin B3 were taken from the previous analysis of nutritional

composition presented in Chapter 3.

The DNA based screen showed that all bacterial communities present at least one of the two last
enzymes in the pathway to vitamin B3 production in at least one of the members of the bacterial
community. The expression of these genes might depend on environmental stimuli such as other
members of the community, their metabolites or enzymes in the media [19]. Differences in punA
gene expression were observed at the RNA level. Following the general assumption that DNA is
transcribed to RNA and eventually translated into a protein with a specific function [20], gene

expression is expected to be proportional to vitamin B3 content. However, the data on vitamin B3

126



were not obtained from the same experimental samples used for the RNA based gene expression
analysis and the correlation should therefore be treated with much caution. Further, only gene
expression levels of punA and not pncB were measured. Nevertheless, the results of this pilot study
clearly highlight the genetic potential of the strains within the bacterial community to produce
vitamin B3 and there is some indication that high levels of expression of these genes lead to higher
levels of this vitamin. These results encourage future experiments that are more controlled and

elaborate.

3. Beneficial effects on gut microbiota composition

The results presented in my thesis suggest that the interaction between microbes from the two
traditional fermented products helps to shift the gut microbiota composition to a healthier
composition for the host. In this way, Mabisi and Munkoyo can be considered as probiotics [21].
However, for a product to be labelled a probiotic, scientific evidence for the health benefit would have
had to be documented. My experimental work included an in-vitro laboratory study and a cross-
sectional survey that included children under 24 months of age about their Mabisi and Munkoyo
consumption. Both Mabisi and Munkoyo were found to confer beneficial effects by increasing the
abundance of beneficial bacteria such as lactobacillus and higher concentrations of short chain fatty
acids that are indicative of higher levels of abundance of bacteria that are considered beneficial. These
results may be considered as a proxy for contributions towards better health of increased Mabisi and
Munkoyo consumption and are thus highly encouraging. Using these insights, further study to elicit
scientific evidence for health benefits of these products should be obtained through randomized

controlled trials.

Controlled nutrition intervention trials

To determine probiotic effects of a product, there is need to carry out randomised controlled trials in
humans with a health condition for which it can show health benefits. Studies have been done
targeting for example diarrhoeal diseases caused by treatment with antibiotics. The set-up of such a
controlled trial focusing on Mabisi could be to recruit three groups of children; group 1: Treatment
group (Mabisi), group 2: milk group (non-fermented) and group 3: probiotic (yoghurt) with known
effects. Study participants would consume their respective product twice a day for three months. The
study would have assessment at baseline and end-line, including gut microbiota composition, age,

weight, height and screening for any illnesses or symptoms thereof.
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This study has various foreseen challenges, such as how to manage the batches of fermented products
for feeding children during the follow up period of three months. Keeping children in the study may be
difficult including loss to follow up. Possible solutions are to find suppliers for weekly supplies making
sure that the products are of the same quality by monitoring certain parameters such as pH and the
taste of the products on a daily basis. Creating an incentive for keeping the children in the study team
is another alternative, for example having a teacher for the groups of children with games that are
attractive to the children. Community mobilisation would need to be done in a manner that motivates
the parents to have their children participate. Having regular updates on any data generated to the
communities. The need to recruit children whose parents are resident of the community and avoiding
those that travel regularly would be of help. Involving locals in the study is another incentive that may

promote confidence in the community.

My results on how Mabisi and Munkoyo may affect the gut microbiota of consumers has helped to
design a follow-up project that focuses on Infant and Young Child Feeding programs. The University
Teaching Hospital in Lusaka has introduced the use of milk-based therapeutic feeds that have been
used to reduce mortality in children with severe acute malnutrition (SAM). Among the major
complication seen in SAM and other forms of malnutrition is the unhealthy composition of the gut
microbiota. In response to low tolerance of regular F-100 feed by undernourished children in Zambia,
the teaching hospital has started exploring the use of fermented versions of F-100 and other fermented

foods.

Mabisi and Munkoyo as vehicles to mitigate underlying and basic causes and consequences of

undernutrition

As highlighted in this general discussion, my thesis was inspired by seeking potential solutions to the
immediate causes of (maternal and child) undernutrition as defined by UNICEF (Figure 3). The results
of this thesis can indeed be used to complement mitigation of several of the underlying and basic
causes. One of the underlying causes of undernutrition is lack of household food security. The results
of this thesis have shown the (nutritional) value of two traditional foods that are part of tradition and
culture and that there is great interest of consumers in larger urban areas for these products should
they be lifted out of the informal sector. The fact that the potential associated to these products in
improving diets has now been formally demonstrated could help formal institutions to promote these
products among consumers and help setting up programs for upscaling and formalisation (see e.g. Box
1). This will not only directly help consumers, it will also generate livelihoods for local producers, which

will promote local household food security.
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Figure 3: The UNICEF conceptual framework of causes and consequences of undernutrition. The black arrows show that the

consequences of undernutrition can feed back to the underlying and basic causes of undernutrition, perpetuating the cycle

of undernutrition, poverty and inequities [22].

Another basic cause of undernutrition is the lack of access to technology. Production of Mabisi and
Munkoyo is low-cost and uses low-technology. Upscaling of the production is currently impeded by
lack of technological infrastructure; however, this infrastructure is within reach of current producers
through the formation of farmer cooperatives. The results of this thesis provide an incentive of farmer
cooperatives and policy makers to further promote Mabisi and Munkoyo production and to put in
place processing facilities based at these farmer cooperatives. Other basic cause is the cultural and
political context. This thesis has underlined that traditional foods embedded in local culture do not
only form part of a cultural heritage, they can also significantly contribute to promoting nutrition. This
could help to shift the mind-set that local products are inferior to globalized products and can boost
cultural self-esteem as well as nutrition. In terms of the political context, this would, together with
other recently published work on Mabisi [9, 23] be used by formal institutions such as the Zambia

Bureau of Standards to formulate standards and to facilitate Mabisi and Munkoyo on formal markets.
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Traditional fermented foods as local foods

While this thesis specifically focussed on traditional fermented foods, the results also apply to local
foods in general. Local foods have several advantages, such as that they are culturally embedded and
are often easily available for rural consumers as they are predominantly grown (or gathered) by local
(small-scale) producers. One specific opportunity to improve the quality of diets is to make better use
of local and traditional foods. These foods have not always been considered or visible in formal food
markets or in national nutrition policies, often because of a lack of information. As was the case for
Mabisi and Munkoyo, the nutritional value of local products is often not known, primarily because it
concerns a large number of crops and animal food products commonly produced and processed using
non-standardized and varying methods, resulting in large variations in nutritional content. Thus, it is
not easy to classify and understand local foods, let alone including them in diet optimization models.
When optimizing and formalizing local food products into the formal market, the aspect of
optimization of nutritional potential should therefore be one of the prominent factors that needs to

be taken into account

This knowledge can then be used to formulate criteria and legislation that allow current small holders
to gain access to formal markets, which is a powerful way to facilitate for bottom-up upscaling. Further,
adding nutrition to the food security discussion introduces current practitioners to the integration of
nutrition value into the agricultural-food chain. This may inspire initiatives of technological upscaling
that incorporates nutritional status of consumers and nutritional potential of upscaled and formalized
products. In addition, the appetite for local foods among consumers also needs to be enhanced. More
consumer awareness is needed on the (nutritional) value of local food crops, and in this context of

convenient (you can buy it around the corner) and (lower) prices are also important.

The work described in my thesis shows that the goal of contributing to improvement of people’s lives
through dietary intake improvements using artisanal method of fermentation could be realised.
Particularly the work in this thesis has influenced the way | have looked at bacteria and how it can
positively affect diets and our lives. My work highlights the need to explore locally available and
culturally accepted foods more so the fermented foods such as Mabisi and Munkoyo in the fight against
undernutrition. However further work to generate more evidence for the formalization of our products
Mabisi and Munkoyo needs to go hand in hand with key messages for the current and could-be

consumers on their health benefits.
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Summary

The widespread societal, development and health problem of undernutrition in many developing
countries motivated my research described in this thesis. Despite past interventions and economic
developments, many developing countries still face high levels of undernutrition; especially stunting
(linear growth failure), deficiencies in zinc, vitamins A and B12, and folate, mainly in children under the
age of five years. Some of the current and proposed interventions to improve nutritional status include
dietary diversification, sugar fortification with vitamin A, high dose vitamin A capsule distribution to
under five children twice every year, maize meal fortification, and others. Dietary diversification and
improvement in the food preparation methods such as fermentation are potential means with
potential to improve availability of nutrients especially for vulnerable populations. For this thesis, the
focus is on Zambia, which is one of the most undernourished countries in the world, with 48% of the
population considered undernourished. As Zambia is dependent on mainly maize as a staple food with
lower consumption of animal food sources, diversification of diets presents an opportunity to combat
undernutrition in this population. Within this, the traditional use of fermented foods presents an
opportunity for improvement in nutrient intake in the population especially of children below the age

of five years. My thesis explores this potential.

My research has three central aims. (1) Elucidating the nutritional potential of the traditional
fermented foods Mabisi and Munkoyo to complement the diet of vulnerable groups such as children
under five years old (Chapter 2). (2) Determining the nutritional aspects and microbial composition of
the target traditional fermented beverages Mabisi and Munkoyo and whether microbes influence the
level of nutrients in the two products (Chapter 3). (3) Understanding the influence of the favourable
bacteria in the products in shaping human gut microbiota towards more favourable composition and

its impact on nutritional status (Chapters 4 and 5).

In Chapter 2 | describe the potential contribution of Mabisi and Munkoyo to nutrient intake in children
under the age of five years using Optifood, a linear programming software that was developed by WHO
and partners. Secondary dietary intake data collected using 24-hour recall method was modeled to
develop food based recommendations (FBRs), for children aged 1-3 and 4-5 years in Mkushi district of
Zambia. Three scenarios per age group were modeled to determine weekly food-based
recommendations based on: (1) food based recommendations with the local available foods, (2) food
based recommendations with inclusion of Mabisi, a fermented milk beverage, and (3) food based
recommendations with inclusion of Munkoyo, a cereal fermented beverage. The scenarios were
compared to assess whether food based recommendations with the addition of Mabisi and/or

Munkoyo achieved better nutrient intake. FBRs based on only locally available non-fermented foods
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did not meet 270% of recommended nutrient intake (RNI) for calcium, fat, iron and zinc. The addition
of Munkoyo to the FBRs did not reduce the number of problem nutrients, but after adding Mabisi to
the FBR’s only iron (67% of RNI) remained a problem nutrient in the 1-3 year age group and only zinc
(67% of RNI) remained a problem nutrient in the 4-5 year age group. Mabisi, a fermented milk product
in combination with the local food pattern is a good additional source of nutrients for these age groups.
However, additional nutrition sensitive and cost-effective measures would still be needed to improve

nutrient intake, especially that of iron and zinc.

Chapter 3 describes the results obtained from laboratory analysis of Mabisi and Munkoyo samples
collected during a cross sectional study in Mkushi to determine their nutritional composition and
microbial communities. It was hypothesized that Mabisi and Munkoyo each contain distinct microbial
communities and that nutritional composition depends on microbial composition. With respect to the
variation in microbial community structure, | therefore addressed whether the use of different raw
materials can explain the variation in the structure of microbial communities, and if variation in
nutritional composition can be explained by differences in microbial community structure. Here, we
characterized the nutritional composition and microbial community composition of Mabisi and
Munkoyo. We found that the two products are different with respect to the nutritional and the
microbial composition. Mabisi was found to have higher crude protein, fat, and carbohydrates than
Munkoyo. The microbial community composition was also different for the two products, while both
are dominated by lactic acid bacteria. Our analyses showed that variation in nutritional composition,
defined as how much consumption would contribute to estimated average requirement (EAR), might
be explained by variation in microbial community composition. Consumption of Mabisi appeared to
contribute more to the estimated average requirement (% of EAR) and its inclusion in food based
recommendations is warranted. We further found evidence that through fermentation of the raw
materials (raw milk for Mabisi and cereal for Munkoyo), the levels of B-vitamins can increase. Levels of
increase likely depend on the exact composition of the microbial community used for fermentation.
Our results show the potential of Mabisi to add value to current diets and suggests that variations in
microbial composition between specific product samples can result in variations in nutritional

composition.

The in vitro experiment in Chapter 4 of this thesis assesses the impact of Mabisi and Munkoyo on the
gut microbiota focusing on the potential changes in metabolite profiles of gut microbiota taken from
stool samples upon exposure to Mabisi and Munkoyo. The shifts in metabolite profiles were correlated
to changes in abundance of a key indicator bacterium (Lactobacillus) for healthy gut microbiota
composition. We exposed stool samples to these products and various controls and measured

concentrations of short chain fatty acids (SCFAs) and used these as an indicator of beneficial bacteria
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activity and measured shifts in levels of the indicator beneficial bacterium Lactobacillus. Results show
that exposure of the gut microbiota from stool to Mabisi and Munkoyo results in higher levels of SCFAs
and also higher levels of Lactobacillus. These results support the idea that consumption of fermented
foods can result in healthier metabolism of the gut microbiota as measured with SCFA concentrations.
These results can inform further more complex in-vitro as well as in vivo studies on the effects of the

traditional fermented foods on gut microbiota metabolism and composition.

Chapter 5 describes a survey that was undertaken in Namwala and Mkushi to determine the effect of
consuming traditional fermented foods on gut microbiota composition and nutritional status in
children 6-24 months old in rural Zambia. Data on food consumption, morbidity and socio-
demographic together with stool samples were collected from children aged 6-24 months residing in
Namwala and Mkushi in Zambia. The stool samples were analysed for the composition of gut
microbiota and for concentrations of short chain fatty acids (SCFAs) as a proxy for microbial
metabolism. This data was then linked to data on intake of traditional fermented foods using
multivariate analysis of variance. Gut microbiota of children who are fermented beverages consumers
was associated with higher relative abundance of Bacteroides and Lactobacillus than the non-
consumers. Higher levels of these bacterial groups have been associated with benefits to the host.
There was no difference for the SCFA concentrations between the fermented foods consumers and
non-consumers, which may be because other parts of the diets that we did not control for also
contribute to SCFA production. The results imply that consumption of the two traditional fermented
foods used in this study promotes a healthier gut microbiota composition in the children in Zambia.
Our results warrant future more formal tests such as controlled human feeding trials to further validate

our findings.

In the framework of the work in this Thesis it is evident the two products are good sources of nutrients
and have potential probiotic effects to confer better health and nutritional status to its consumers.
The goal of contributing to improvement of people’s lives through dietary intake improvements using
traditional fermented foods could be achieved as shown in this thesis. The work highlights the need to
explore locally available and culturally accepted foods, more so the fermented foods such as Mabisi
and Munkoyo in the fight against undernutrition. However further work to generate more evidence
for the formalization of our products Mabisi and Munkoyo with key messages on benefits formulated

for dissemination to the current and potential consumers.
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