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Chapter 1.



Introduction

Anneloes E Groenenboom



Introduction

This thesis is about Mabisi. In the western world, and maybe anywhere but Zambia,
Mabisi is an unknown product. In this country in the middle of Africa, however, Mabisi
is a phenomenon; a widely appreciated fermented milk product, which is consumed
almost daily by men, women, and children from a very young age. What makes this
fermented milk so interesting that I studied it for four years? It is the diversity we find
in the bacterial communities that make Mabisi. This PhD thesis is part of a larger project
funded by NWO WOTRO on enhancing nutrition security though traditional fermented
products (1). In this thesis I would like to show the microbial communities that are
responsible for the fermentation and how we can use the constituting bacteria to learn
about bacterial community dynamics over time. This was done by combining three
disciplines: 1) Food Microbiology, on the conversion of compounds by bacteria during
spontaneous fermentation; 2) Evolution, on the changes in the fermenting community
over time under selection pressure; 3) Ecology, on the roles and niches bacteria take
within the fermenting community (Figure 1.1). My work does not only advance science;
results of this project will also be used for improvements in production and legal
regulation around Mabisi as well as upscaling production processes to ensure
widespread availability of Mabisi thereby improving public health. This final aspect I
will discuss in the General Discussion. For now, I would like to start by introducing
Mabisi.

Figure 1.1 My thesis, linking three
Food disciplines in one PhD project.
Fermentation Combining disciplines has added value
compared to isolated disciplinary studies: 1)
Using microbial communities from
fermented foods is a great way to tackle
questions in less trackable microbiota (2),
2) As sequencing costs are decreasing,
analysing genetic changes in microbes used
for fermentation becomes more accessible
(3), 3) The eco-evolutionary dynamics are
studied more and more (4), and 4) in this
Ecology Evolution thesis I combine these disciplines for a
complete understanding of community
dynamics (5,6).

Mabisi

In many African countries local fermented products with unique properties are
produced. Those products offer a great potential to enhance the nutritional status and
livelihood of local producers and consumers (7). Zambia also has numerous
endogenous fermented products (5), comparable to well known (Western) equivalents
such as yoghurt, wine, beer, and sauerkraut.



Mabisi is a non-alcoholic, milk-based product, which is consumed mainly in rural areas
and is sold at local markets (Figure 1.2). Producers are almost exclusively women, who
produce Mabisi according to ancient traditions. Overall, Mabisi has a slightly firm
consistency, a mildly sour taste and a perceived shelf-life of a few weeks at ambient
temperatures. It is made from raw cow milk that is kept in a calabash of up to 40 litres
to allow fermentation over the course of two days at ambient temperatures (Figure
1.3), and variations of this production method are prevalent. For instance, as
calabashes are becoming less available, cheaper fermentation vessels are found in
plastic buckets and metal milk containers (Figure 1.2). Also, there are variations in the
fermentation process itself, such as churning before and during fermentation, draining
part of the milk and adding raw milk to the remainders. These production methods
result in Mabisi of very diverse organoleptic properties and consistency (8).

Figure 1.2 Mabisi producers who use different types of containers. Mabisi is produced at
home and sold on the local market or along the main (national) roads. Mabisi produced in
calabashes is sometimes transferred to plastic buckets for ease of transport and hygiene on the
market. The calabash can then be used for another fermentation cycle. In other cases, Mabisi is
produced and sold in plastic buckets or bottles and metal buckets. Pictures by Sijmen Schoustra.
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Figure 1.3 Basic production method of Mabisi.
Many variations on this method exist (8). Picture
adapted from Schoustra et al. (5).
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Independent of production method, Mabisi is a widely consumed product throughout
Zambia. It represents a tasty and nutritious product with a long shelf-life, but is also
thought to have certain health benefits such as the prevention and cure of diarrhoea.
Mabisi contains a mix of lactic acid bacteria in combination with other fermenting
bacteria, which might possess probiotic properties (5,9). Producers mostly consume
their product with their family members at home and also sell their product on the local
market to have an additional source of income. Increased production and consumption
of Mabisi has important implications for nutrition security, public health as well as
woman entrepreneurship, which are important aspects of the Sustainable Development
Goals (SDGs) formulated by the United Nations. In Zambia, half of the produced raw
cow milk goes to waste, while food insecurity and malnutrition persist at rural
household level due to gender imbalances, differences in household involvement in
agriculture and post-harvest losses caused by malfunctioning value chains of local
products. Thus, converting raw milk into Mabisi, which is safe and nutritious,
contributes to preventing food losses and promotes general health.

Increased production is not as straightforward as it sounds. Traditional Mabisi is
produced by spontaneous fermentation, meaning that the milk is not pasteurised, and
no bacterial starter culture is added to start the fermentation. As a result of this
production method, Mabisi cannot be sold at formal markets under the national food
safety law. A Mabisi-like product is currently on the market in urban areas, called Lacto-
Mabisi. For this Mabisi alternative, milk is pasteurised and a bacterial starter culture of
cream cheese is added, resulting in an end product with organoleptic properties that
differ from those of traditional Mabisi. Consequently it has a lower consumer preference
than traditional Mabisi (10). Also, the health benefits of this products are not proven.
To improve national health, traditional Mabisi should be consumed nationwide, also in
urban areas. Producing Mabisi with pasteurised milk could yield a safer product than
when raw milk is used. However, this would require a starter culture that closely
resembles the characteristics of the original microbial community. The formulation of
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such a starter culture requires the establishment of the relation between product
characteristics, quality and the microbial community in Mabisi. Moreover, the
spontaneous fermentation of Mabisi might result in a safe and stable product that does
not need to be banned from the official markets. To determine this, knowledge about
the bacterial communities responsible for the spontaneous fermentation should be
extended (5).

Spontaneous fermentation

Many fermented products are made with a defined starter culture, typically consisting
of one or several microbial strains with known characteristics. Well-known examples
include yoghurt, bread, and wine. Sometimes starter cultures are undefined and
relatively complex, such as the starter culture for Gouda cheese (11). In contrast,
products from spontaneous fermentation are not inoculated with a starter culture, but
rather are fermented by whichever bacterial community is present in the raw material
or residues on the fermentation equipment. This often results in a fermenting
community with a high species diversity. Examples of Western products made through
spontaneous fermentation are sauerkraut, sourdough, and parmesan cheese. In the
latter case, 24 hours fermented whey is added to a new batch of raw cow milk before
overnight fermentation (12). This method, in which an amount of finished product
provides the starter culture for the fermentation of the new raw ingredients, is called
back-slopping (13). In this thesis I distinguish two types of back-slopping: active back-
slopping, where a part of finished product is actively added to a new batch of raw
material, and passive back-slopping, where the transfer of starter culture to the new
raw material is not an active part of the production methods but rather “co-incidental”;
via, for example, the surface of the fermentation vessel or the re-use of other
equipment.

Back-slopping forms the (in many cases only) inoculum for the next fermentation and
could be compared to the addition of a starter culture. There is however a difference
between back-slopping and the addition of an undefined starter culture. Where in the
case of Gouda-type cheeses the starter culture comes from the same frozen source, in
back-slopping the source of the starter culture is the previous batch. This allows for
the bacteria in this back-slopped community to adapt towards the environment over
consecutive fermentation cycles. In other words, this allows for the community to
evolve, depending on the selection pressures.

Selection and domestication

The driving force of adaptive evolution is natural selection (14). Natural selection works
on the individual, where the individual with the largest reproduction advantage is
selected. In a men-made environment, selection can also work on groups of organisms,
where a group of species is artificially selected to provide desired characteristics. An
example could be an apple orchard. Natural selection would favour the tallest tree that
can catch most sunlight at the expense of other trees, and as a consequence produce
most apples. When the apple farmer interferes, he or she might select a type of tree
that produces many apples without overgrowing other trees. In that way the total yield
of the orchard is maximised.
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Soon after the domestication of animals and plants, also microorganisms were
domesticated. Although probably not as deliberate as was the case for animals and
plants, bacteria that transformed raw materials into tasty, digestible, and safe products
were selected. These wild-type bacteria, coming from variable and complex natural
environments, found themselves in a relatively simple and nutritious environment,
resulting in genomic specialisation, caused by a loss of genes unnecessary in the
fermentation environment and acquisition of new traits for fermentation (2,15,16).
These evolved differences from wild-type bacteria are on an individual level, but the
context of the microbial community in which these evolved strains are present, cannot
be ignored.

Co-evolution in spontaneously fermented Mabisi

Co-evolution of microbial communities in a constant environment makes individual
bacteria become specialists, which might lead to a stable and productive ecosystem
(17-23). According to Gause’s principle, microorganisms cannot live together unless
they occupy their own niche, physically or chemically (24-26). Raw milk as
fermentation medium contains many different fermentable resources, which form
different niches (27). Besides chemical niches, a large calabash might have pH,
temperature, and dissolved oxygen gradients, which form physical niches. Other niches
can also develop during fermentation due to cross-feeding and adaptive radiation
(28,29). Within one niche microorganisms compete against each other and the one
with the highest fitness would eventually be fixed by natural selection (25). Niche
specialisation also makes microorganisms less flexible to adapt to new environments
and less able to fill in one of the other niches available in the environment (28,30-32).

As all bacteria in the community have their niche and function, the community might
be seen as a “super-organism”. In that case this super-organism would be the entity
of selection instead of a selection of individuals. In that way, a community would evolve
as a whole to a certain environment. In the current convention in evolutionary biology,
this is a rather controversial hypothesis as natural selection would not act at a group
level (33). Although there are many who reject the idea of community selection, there
are still indications that ecological communities might form integrated, novel evolutionary
entities (34,35). Whichever side one takes, including ecological aspects in the study of
evolution seems the best way to investigate this controversy. In study set-ups fitness
of individuals as well as their interactions need to be taken into account as there is
constant interplay between the abundances of phenotypes.

The idea of experimentally looking into community evolution brings us back to Mabisi.
The production method of Mabisi, where a calabash is used for consecutive
fermentation rounds, allows for the bacteria, which are responsible for the spontaneous
fermentation, to co-evolve. Due to the rough inner surface of the calabash, a residue
of the previously produced Mabisi always remains to inoculate the next batch of raw
material through passive back-slopping. According to local people, the fermented
products used in this study have been produced for years or decades, by continuously
propagating the product using the same calabash containing a starter culture. From
this practice, we can assume that the microbial communities in those products have
reached an evolutionary equilibrium, representing end-points of long-term co-
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evolution. Therefore, the microorganisms present in these communities are expected
to show high levels of co-operation. On the contrary, in case clean buckets or new
calabashes are used, all microorganisms present originate from the raw milk or the
environment. Most likely they are only recently brought together at the moment Mabisi
preparation is finished, in about 48 hours. It is therefore unlikely that these
microorganisms have reached an evolutionary equilibrium and thus the levels of fine-
tuned interactions in such communities are expected to be lower than in long-standing
calabash communities. This difference in level of co-evolution and interactions in the
ecosystems might lead to different responses of these communities to disturbances,
such as bacterial invasions or changing environments. A co-evolved community,
present in calabashes, might therefore produce a more standardised Mabisi with
preferred characteristics.

Experimental evolution

For many years the study of evolution was based on the sampling of variation present
in nature and by looking back to reconstruct how that variation arose. Many natural
systems have provided key insights in evolutionary processes such as adaptive
radiation (36-39). However, such natural systems can only be used to study the effect
of changes in environment or interactions when they occur naturally, initiated by
chance and without much replication. Another challenge is that multicellular eukaryotic
organisms in general have generation times of weeks to years, making prospective
laboratory evolutionary studies unfeasible. As a result, most research is based on
fossils or would take several generations of researchers to have a glimpse of the whole
picture of evolution. To study the reproducibility and predictability of evolution, we
need to observe evolution in action by replicating experiments in set environments
(40). We can do this by putting replicates of organisms in a common garden
experiment allowing long-term reproduction and studying the adaptations we see. This
is called experimental evolution (6,41). Microorganisms are an ideal model system for
experimental evolution, as they are small, have short generation times and can survive
freezing and defrosting. An example is the experiment of Bachmann et al. (42), where
a plant-derived Lactococcus lactis strain was brought in a dairy environment to adapt in
the same way as Lactococcus lactis strains found in fermented products.

The research area of experimental evolution is shifting from experiments with a well-
defined single species to those using simple community reconstructions and complex
microbial communities. In this way ecological interactions are included in evolution
experiments (2,43-45). Adding an aspect of time to ecology brings the findings closer
to what we see happening in nature compared to looking at evolution or ecology alone.
These studies towards the interactions between ecology and evolution, the eco-
evolutionary dynamics (46), ask for model systems that are simpler than natural
systems while they still contain the dynamics of a complex system. In that way the
complete community structures, including all players and interactions, can be
analysed.

Most factors affecting the direction of evolution (such as environmental conditions,
interactions with other organisms and availability of genes and mutations) are difficult
to disentangle in experimental setups. Not the least because the activity of one
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organism can change the environment of co-occurring organisms. The ecology and
evolution of one particular organism is often studied on ecological islands (such as
pieces of woodland fragments surrounded by agricultural land, lakes or actual islands
in seas or rivers) because they offer a confined semi-closed system and simplified
context (47). The communities found in Mabisi provide another ecological island. They
form a unique model system for eco-evolutionary dynamics for two reasons. First, the
microorganisms present in Mabisi form a stable community, which most likely had
years of co-evolution in a natural environment. The evolutionary mechanisms found in
these communities are therefore hypothesised to be representative for those present in
more complex systems (48). Just as in many other bacterial communities, the natural
community of Mabisi is diverse. However, it is not as diverse as bacterial communities in
the soil or the human gut, which would be too hard to disentangle with current methods.
Second, products are not shared between producers and production methods differ
slightly, resulting in somewhat different types of Mabisi from producer to producer, which
is probably linked to differences between the bacterial communities in the respective
Mabisi types. The various microbial communities had the chance to co-evolve in
isolation and are therefore potentially different whilst still having the same function,
i.e. the fermentation of Mabisi.

Starter culture

The microbial ecology and dynamics of the fermentation and their relation to the
characteristics of the resulting food need to be fully understood to allow process
optimization and the formulation of starter cultures that result in the nutritionally best
and most appreciated foods (49-52). My thesis sheds a light on the long-term
dynamics that can be expected in a traditional starter culture. Also, the feedback loops
during fermentation, where one species can only grow after another one has produced
an essential metabolite are an important aspect for starter culture formulation. After
gaining full understanding of the properties of the natural Mabisi community a Mabisi
starter community can be formulated.

Other spontaneously fermented products might have similar beneficial characteristics.
In this study we also look at Lait caillé, another dairy product from spontaneous
fermentation originating from Senegal. Lait caillé is prepared using cooked cow milk or
milk powder, which are assumed to contain less bacteria than the raw milk used for
Mabisi preparation. A wooden bowl is used as fermentation vessel, which might have
functions similar to the calabash, such as in providing the starter culture. These
differences and similarities in production methods can have an influence on the
microbial communities in these products which can give valuable insights in community
dynamics. Besides being an interesting model system, both Mabisi and Lait caillé have
important implications for local producers, giving an added value to study. Suggestions
on how results described in this thesis can be used for development can be found in
the subchapter ‘Science for development’ in the general discussion.

14



Aim of the thesis

The aims of this thesis are 1) to provide the first step towards the use of microbial
communities of Mabisi as model system for studies of eco-evolutionary dynamics, and
2) to provide ecological and evolutionary insights in Mabisi fermentations as part of a
research for development project.

The first aim has a threefold set-up of experiments with an increasing level of control,
while complexity is decreasing (Figure 1.4). In the first part Mabisi was produced in
traditional ways in the field, which resulted in a low level of control of variables. For
the second part, I brought the microbial communities to the lab and used controlled
environments without changing the diversity of the natural communities. The third part
consisted of using simplified natural communities by decreasing diversity through serial
dilutions or reconstructing natural communities with isolated species into synthetic
communities (53,54). These synthetic communities were subjected to the same
disturbances as the natural communities to analyse factors that influence natural
community dynamics. These three parts cover the steps in translating results of single
strain evolution experiments to observations in natural communities, all while using
only one model system.

The second aim focusses on the practical application of bacterial dynamics for dairy
fermentation. This aim is entwined in my entire thesis. When constructing and
interpreting the studies performed, the use of the outcome for producers and
consumers of spontaneously fermented foods was taken into account. A general
conclusion on the use of these findings is presented in the final chapter of the thesis.

(Complex natural systems)

Complexity

1) Traditional fermentation
2) Natural communities in the lab
3) Synthetic ecosystems

Control (Single strain experiments)

Figure 1.4 Set-up of experiments to cover translation between single strain experiments
and complex natural systems.
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Outline of the thesis

In Chapter 2 I explain the use of fermented products in evolution experiments. I
discuss which evolutionary theories concerning community evolution could be
addressed with the diverse microbial communities found in most spontaneously
fermented products. In the past years the model systems have been mostly simple
systems of one or only a few interacting organisms. In this chapter I explain how more
diverse systems add to our current understanding of evolution and in the rest of my
thesis I make a start in using microbial communities of Mabisi as such a model system.

Apart from being the model system of this thesis, Mabisi is primarily a local product
made by traditional fermentation and produced in rural areas of Zambia. The first step
of my research was therefore to travel to these rural areas of Zambia to see how Mabisi
is produced and to analyse the bacterial communities that are responsible for the
fermentation. In Chapter 3 I explain a method that we developed using simple filter
paper disks to stabilise bacterial communities sampled at all stages of fermentation for
transport and later analyses. I used this method to analyse the bacterial communities
when different production practices were employed for making Mabisi (Chapter 4).
The effect of fermentation vessel on the final microbial community was investigated as
more and more people use plastic containers and buckets for the fermentation instead
of calabashes. Also, the effect of back-slopping was assessed, as this would be an easy
way of stabilising the microbial community that is responsible for the fermentation and
could counter the possible loss of flavour from fermenting in plastic containers.

In further experiments in my thesis I took the diverse microbial communities from
fermented products into the laboratory to have more control over variables. In
Chapter 5 I show results of an experiment where I brought six different microbial
communities from Mabisi in a new, common environment in the laboratory and
propagated these in milk for two months. We compared bacterial species composition
at the start and the end of the experiment. To analyse what factors influence species
composition, five scenarios with a hypothetical species composition were modelled.
The observed and modelled species composition were compared to measure the
influence of the factors on changes in species composition in this new environment.

The last chapter of my thesis, Chapter 6, focuses on another spontaneously fermented
milk product called Lait caillé, which originates from Senegal. We analysed the
microbial communities in this traditionally produced product and added two commercial
strains from a probiotic starter culture. The research objective here was also two-fold,
besides the interest in the bacterial stability of the microbial community (over time and
upon invasion of an alien microbe), this study also showed the possibility of enhancing
this widely consumed product with probiotic properties. Besides the introduction of a
probiotic strain, also the possibility for a pathogen to become a member of the
community in a fermented product has important implications for food safety as well
as community stability. Some preliminary results concerning pathogen invasion in
Mabisi are shared in the General Discussion. Here I also explain how the results of
all these experiments add to our knowledge of community evolution as well as the
possibilities of science for development. I further outline potential future work using
synthetic communities, on which some preliminary experiments have been performed.
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Abstract

Evolutionary forces are widely recognised as the key drivers of patterns of biodiversity.
This has resulted in a large body of theory, some of which has been tested
experimentally by mimicking evolutionary processes in the laboratory. In the first part
of this perspective we outline what model systems are used for experimental testing
of evolutionary theory, ranging from simple microbial communities in the laboratory
and, more recently, to complex (natural) communities. Microbial communities of
spontaneously fermented foods are a very suitable model system to study eco-
evolutionary dynamics. It is a model system that combines the complexity of a natural
community with the ease of analyses of a synthetic defined community. It therefore
gives the ability to investigate specific species in a natural community without
becoming too challenging. Due to rapidly developing sequencing techniques, the
diversity in these communities can be analysed with relative ease while hypotheses
developed in simple systems can be tested. In the second part we explain which
research questions with an evolutionary background can be addressed using these
microbial communities from fermented foods. We discuss species frequency in space
and time, the diversity-stability relationship, niche space, fluctuating environment and
community coalescence. Hypotheses of the influence of these factors on community
evolution are given as well as a short indication of the experimental set-up of such
studies when microbial communities of spontaneously fermented food are used.

Introduction and scope

Selective pressures are an important factor in shaping biodiversity in ecosystems.
Patterns of biodiversity can be described in terms of the number of species present
and the distribution of individuals over these species. Due to selection pressures from
the environment these patterns can change, analogous to selection acting on
populations with standing genetic variation. In this way, changes in biodiversity
patterns due to (environmental) selection can be regarded as an evolutionary process
and referred to as eco-evolutionary dynamics (46). Research into understanding how
these evolutionary forces shape and maintain this diversity has been mainly
comparative and retroactive; reconstructing the path of evolution by observing and
interpreting current (evolved) states of communities. Experimental approaches to
study evolutionary processes have been developed relatively recently using techniques
of high throughput DNA amplicon sequencing. Since experimental tracking of
communities is challenging, thus far, most experimental evolutionary research is
performed using highly simplified systems, mainly (micro-) organisms with a short
generation time. Evolutionary research on a complex natural community can be
challenging, due to a large diversity of organisms in different trophic levels and their
interactions. As a result, one or only a few organisms or genotypes are used for long-
term propagation experiments without considering possible interactions with other
organisms and with the natural environment. Experiments using complete
communities from a natural environment could provide insights in interactions and
their long-term eco-evolutionary dynamics occurring in nature. In many fields of
biology, the concept that “everything is connected” is extensively discussed and
studied, resulting in models of metabolic networks, genetic regulatory networks and
trophic structures. Currently, evolutionary research rarely links with ecology by
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including experiments addressing the consequences for ecological dynamics let alone
the evolutionary impact of this connectivity, mainly due to technical difficulties.
Understanding the influence of evolution on co-existing organisms could deepen our
ecological understanding of community performance.

To advance, natural model systems are required with a limited number of species and
interactions. A few of these have been reported, such as microbial communities in tree
holes and synthetic communities derived from marine environments (55-57).
Traditional fermented foods, containing mixed communities of fermenting microbes,
add to such natural tractable systems comprising of micro-organisms, making them
suitable for experimental ecological and evolutionary research (58). In this
perspective, we elaborate on the types of (eco-)evolutionary questions that may be
addressed using microbial communities from spontaneously fermented food products
or other model systems. We will show how community evolution has been studied so
far and what experimental model systems were used. Further, we will elaborate on the
added value of using microbial communities from nature. Last, we will show how these
model systems can add to our understanding of community performance by showing
what evolutionary theories can be tested with the model. In the boxes we provide
additional information about experimental evolution as well as a short outlook on
possibilities for research applications.

Microbial model systems

In this section we will explain various model systems of increasing complexity that are
used for evolution experiments.

Single strain evolution experiments

Already in the 19t century Dallinger started controlled evolution experiments with
microbes - or at least invisible organisms (Box 1). A large scale follow up of this new
way of studying evolution came much later (59-62). Microorganisms are of interest to
evolutionary biologists because they are small, have short reproduction times and can
easily be stored and preserved for long periods of time (63). The short generation time
of microorganisms allows us to see evolution in action and even attempt to predict
evolution (64). The ability to store bacterial cultures by freezing and later thawing
them without loss of viability allows for direct competition experiments between
evolved and ancestral types (63). Due to the these advantages microorganisms already
mitigated a lot of challenges of evolutionary research. Most experiments focus on the
evolution of a single bacterial strain in a defined laboratory environment (65,66),
allowing for direct tests of specific variables on the outcome of evolutionary processes.
This includes the dynamics of adaptation to novel environments and stress conditions
such as the presence of antibiotics, patterns of repeatability of evolution, predictability
of evolution through the mapping of evolutionary pathways on adaptive landscapes,
and details and constraints of evolution at the genome level (41,62,63,67).

The approach of experimental evolution using microbes could be expanded to the
community level. as most naturally occurring microorganisms live in close proximity to
hundreds or even thousands of other bacterial species and organisms from other taxa.
However, analyses of most natural environments would result in large quantities of
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data, which might make the formulation on predictions for evolutionary experiments
difficult. As a solution and to simplify these microbial communities, they can be shaped
into synthetic communities with only a limited number of focal (micro-) organisms.

Synthetic communities

Naturally co-occurring microorganisms can be isolated from their environment and
brought together in the lab in pre-determined concentrations. These so-called synthetic
communities can be used for studying evolutionary processes under strictly defined
conditions (43,68-72). Due to previous interactions and co-evolution these bacteria
are more likely to represent essential parts a natural community compared to
combinations of laboratory strains which have no historical connection (53,73). In this
way, synthetic communities are assumed to represent nature more accurately than
most artificial communities while keeping the simplicity that is needed for experiments.
A very elegant synthetic community was constructed recently by combining 33 strains
from a range of environmental sources (74). Upon long-term propagation through
serial transfer of 48 days in a laboratory environment, around half of the strains were
maintained in the community that could be analysed for a range of functional properties
(74).

Using synthetic communities also poses two challenges. First of all, researchers face
the difficulty of isolating the bacteria that are the key players in the community. Some
community members might not grow on culture media in the laboratory and will
therefore be excluded from the community of isolates. Other bacteria that were
isolated might not have been a member of the natural community but were incidentally
present. The second challenge is to achieve the relevant or representative degree of
diversity. A very simple model will not represent nature accurately. Species (initially)
present at low abundance may be important for eco-system functionality but may be
missed when assembling the synthetic community. In an experiment using a microbial
community from cheese, an initially very rare species became predominant upon long-
term propagation in a novel environment (3). A further illustration is an experiment on
the influence of bacteriophages on culture diversity of Spus and his colleagues (2015).
They found that the simple bacterial blends used in their experiments did not represent
the diversity of the original complex starter enough to evaluate and grade the role of
phage predation (11). Later, Spus repeated the experiment with more complex blends
of bacterial strains which showed the influence of phage predation on community
diversity (3).

Although the approach of extracting strains from natural communities into synthetic is
very valuable, these two challenges might make the translation into ‘real world’ ecology
and evolution unrealistic (75). This motivated the search for a better model system.
What we need to find is small confined ‘islands’ of microorganisms in which the number
of players and their interactions is limited and therefore manageable. In these ‘islands’
no selection or extraction of species into synthetic communities is required for
communities to be experimentally tractable.

Bell and colleagues found these ‘islands’ in the form of small pools formed by the roots
of beech trees (17,76). As the number of players in the pools on beech tree roots is
limited, it is not necessary to extract players and put them together in a set frequency.
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The natural communities can directly be used for experiments. Also, the communities
can be rebuild by using isolated strains for experiments with a lower diversity.
Consequently, all the steps between single strain behaviour towards the behaviour in
natural systems can be compared. The risk of losing vital interactions will be low and
observations in the lab could represent nature.

Fermented foods as model systems

Traditionally fermented products can form another ‘island-group’ of interest
(5,54,77,78). Many traditional fermented products rely on spontaneous fermentation,
which means that they have little human interference as they are not produced using
defined starter cultures, but are fermented by a naturally available microbial
community. These natural communities are usually diverse but not too complex (e.g.
up to 13 main players and numerous other species at very low abundance in three
traditional fermented products from Zambia (5)).

In order to improve organoleptic properties of these products, producers often re-use
a finished fermented product for the production of a next batch of the same product
(79), in this way propagating the microbial community that underlies fermentation. In
the food science domain this process is referred to as back-slopping (13). Back-
slopping can also occur passively, by the re-use of non-sterilised fermentation
equipment, like previously used vessels. These vessels will become the long-term
habitat of the fermenting microorganisms. In other production methods back-slopping
is done actively, like for the production of Illa-type Mabisi, a fermented milk product
from Zambia, as well as for parmesan cheese production (12,80). The so called natural
whey starters which are used for the production of Parmigiano Reggiano (parmesan
cheese) consist of bacteria which have co-existed for long periods of time with enough
nutrients available to go though many generations. This method is intended for the
production of a stable quality product, but can be compared with a standard evolution
experiment (as explained in Box 2). The diverse microbial interactions are therefore
assumed to be more like those of an evolved community.

Many traditional fermented products are dominated by communities of lactic acid
bacteria (81-84). Also other microorganisms such as acetic acid bacteria and yeasts
and moulds can play important role in fermented foods. The physiology, metabolism
and genetics of lactic acid bacteria have been studied in great detail because of their
dominant role (85-87). The extended knowledge of metabolite production and growth
profiles of these bacteria, can help in understanding the observed evolutionary
pathways. Due to an ongoing development in sequencing techniques the methods of
analysing these communities are becoming more available and affordable. This now
makes it feasible to characterize large numbers of communities required for analyses
of evolutionary outcomes of replicated evolution experiments.

Using food products as a model system stimulates collaboration between fundamental
research groups focussing on evolution and research groups working in the field of food
sciences and applied microbiology. This multidisciplinary approach is expected to lead
to fermented food with improved properties. An example of this type of research can
be found in Box 3.
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There are many fermented food products that are produced spontaneously and
therefore contain a diverse microbial community. Not all of them will be suitable for
evolution experiments. In our opinion fermented liquids, such as milk, with
communities containing bacteria will be most convenient concerning experimental set-
up and culture or DNA based downstream processing. Natural communities might be
even better represented by communities including mounds and yeast. However, an
increase of diversity will also increase complexity of sequencing and analyses.

In summary, the microbial communities present in spontaneously fermented products
make a very useful and interesting model system for evolutionary research,
complementing the few other model systems that have been developed (56,76,88,89).
Three aspects contribute to this; 1) their limited complexity that still represents nature,
2) the production methods allows for the communities to adapt to their environment,
and 3) the available knowledge about the individual players in the community. In the
next section we will explain some concepts concerning community evolution that can
be addressed using microbial communities.

Study eco-evolutionary dynamics with microbial
communities from fermented foods

The suitability of a model system depends on the experimental design for testing
hypotheses concerning changes in patterns of biodiversity due to selective forces. This
process can be described as species sorting (90) or as eco-evolutionary dynamics,
which can also be more formally defined as “interactions between ecology and
evolution that play out on contemporary time scales, with “contemporary” intended to
encompass time scales on the order of one to hundreds of generations” (46). In this
way, ecological changes can lead to short-term evolution, and changes in patterns of
biodiversity can be viewed as an evolutionary process - in line with changes in allele
frequency in populations with standing genetic variation in response to selection
(91,92). Various theories concerning eco-evolutionary dynamics of communities have
developed (4,93-96). Here we will highlight some theories that could be addressed in
experiments using microbial communities from natural systems such as fermented
products. For these theories we will also indicate how the experimental setup could
look like. Figure 2.1 indicates how much the different model systems mentioned in
section 2 would represent nature and how easy it is to study individual species and
community structure over time. The figure also shows how well the different
evolutionary questions and theories mentioned in this section can be addressed using
these model systems. Table 2.1 lists (dis)advantages of these different model systems
for answering the different evolutionary questions.
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Figure 2.1 Different model systems and their applicability for study of evolutionary
theory. Values are a combined value for representability of nature and the ease of using the model
systems in the experimental setup. For now more complex communities have the disadvantage of
more complicated analyses, where not all players can be isolated and studied individually. When
isolation and typing techniques will become more available and affordable due to developments in
the field of sequencing, the applicability of more complex communities as model system will
increase.

Patterns of diversity

In natural communities the frequency of various species varies in space and time. In
these communities, variations in the patterns of species abundance in space and time
can be measured and differences in these patterns can be linked to potential causal
factors (88,97). A study focussing on baker’s yeast revealed that analyses of these
eco-evolutionary dynamics can be done by sampling microbial communities in the
same food product or type of product, but derived from in different geographical
regions and over time. The different environments and slight differences in production
methods of the fermented foods are variations in selection pressures that shape the
microbial community structure (88). The differences and similarities found can be
linked with environmental data, in order to extract patterns caused by environmental
factors. This has also been inspirational to modelling studies focussing on traits and
that explored in what way ecological factors and natural selection can influence
community structure of multiple coevolving species. Taken together, observations of
different patterns will allow us to generate hypotheses and predictions that are testable
using experimental communities.

Testing of predictions on what factors have the biggest influence on community
diversification, can be done by challenging the microbial communities in the laboratory
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in a selection experiment. These factors can be related to the degree of diversity of the
community, the number of niches that are available in the environment as well as the
evolving interactions within the community. All these aspects apply to microbial
communities in spontaneously fermented foods and other natural microbial
communities.

Diversity stability hypothesis

The biodiversity-stability hypothesis poses that a more diverse system has a higher
stability in terms of functionality (98). The functionality of microbial communities in
fermented food products is based on their ability to convert the available nutrients in
the food matrix into metabolites to obtain the required product characteristics. The
clear definition of functionality allows for an easy assessment of the loss or change of
functionality, e.g. unsuccessful acidification, reduced breakdown of proteins or off-
flavour production. A higher species diversity within the microbial community can result
a stable functionality of the community due to a back-up function (17,68,99). If, for
various reasons, certain members of the community are not functional anymore, a
diverse community might contain members that can take over the lost function. A
higher diversity also causes a lower number of unoccupied niches, due to for example
unused nutrients (100). In that case those niches are not available for any invader,
which makes the whole system more likely to keep its functionality and not be
destabilised by a non-co-operator, like a food spoiling or pathogenic microorganism
(69).

Whether a natural community is more stable when it is more diverse can be tested by
manipulating these natural communities to become less diverse. During propagation
in an evolution experiment, a fraction of the communities is periodically transferred to
fresh medium (Box 2). By using sequential propagation with an extremely high dilution
factor of the inoculum, only those bacteria present in the highest humbers will remain,
which strongly decreases the diversity in the community. Whether the diversity which
is lost was crucial can be tested by studying the change in fermented end-product
characteristics and testing the resilience of the microbial community against stress or
invaders. Also the influence of diversity on evolution of the community itself can be
tested (76).

Sometimes predators can facilitate stability. These non-co-operators can stabilise a
diverse community when growth rates of different members greatly differ. The member
with the highest growth rate is the preferred victim of a predator according to the kill
the winner principle (3,101). The fastest grower in a community could potentially
provide most nutrients for a predator and will therefore be the preferred pray, keeping
the community stable. This phenomenon is closely related to “negative frequency
dependent selection” of the focal strains, where an increase in frequency of an
organism has a negative effect on the fitness of that organism (41,102,103). Apart
from predation, this negative frequency dependent selection can also be caused by
various other limiting forces, like food resources, cross-feeding or physical space. The
magnitude of the influence of these forces can be studied by reconstructing natural
bacterial communities using frequencies that differ from the frequency found in nature.
The speed in which these communities will return to their original frequencies, if they
do, can give indication of the strength of these forces.
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Niche space

Over the years various hypotheses have been developed concerning niches in
established communities. One of the oldest hypotheses concerning niches is the niche
exclusion principle which states that one niche can only be occupied by one organism
(Gause 1934; Hardin 1960). If two species occupy the exact same niche, descendants
of the most fit organism will gradually take over from the descendants of the less fit
organism.

In natural environments the niche is defined by various depletable resources, like
nutrients and space, and non-depletable resources, like temperature and pH, which
together form a multidimensional niche space (Hutchinson 1957). Because of these
different dimensions, in theory, organisms can live together in a community as long as
one dimension in the niche space is not overlapping between the two organisms (107-
109). The magnitude of the overlap of niches, determines the level of competition
between the species. This allows for many different organisms in a natural community
as there are many different niches available.

Free niches might increase the chance of invasion by an alien species (100,110,111).
The availability of unoccupied niches may result in character displacement (112) and
adaptive radiation (113), where organisms adapt to occupy other niches. A classic
example of microbial adaptive radiation is the work on Pseudomonas fluorescens in a
static environment, where initial mono-cultures diversify into at least three
phenotypically different types that each specialized on a specific niche that is defined
by an oxygen gradient (113). Without external fluctuations the amount of niches will
remain stable and should be equal to the amount of species present in the community.
By propagating a microbial community, like a microbial community derived from a
fermented food, with different numbers of species or by adding or removing niches it
can be tested whether these two are indeed so strongly linked.

Fluctuating environmental factors

In natural communities we cannot neglect external fluctuations. The continuously
changing environmental factors in batch culturing are to a certain extent comparable
to fluctuations that can be found in natural ecosystems, like seasons and tides. Under
such dynamic conditions, nutrient rich periods are alternated with nutrient poor
periods. These fluctuation give rise to the possibility of different organisms to flourish
in different moments of time, resulting in a more diverse community. The could be a
trade-off between growth rate in the exponential phase of fermentation and survival
rate in the stationary phase that is following the fermentation which will result in a
balance of organisms that have a different strategy (114,115). While predicted in
theory, these microbial experiments have demonstrated that such a trade-off exists.

The influence of these fluctuations on community structure can be investigated by
varying the time regime of the batch fermentations that is also characterized by phases
of rapid population expansion followed by periods of stationary phase at the species
community level. In this way, the balance between fast growers and those with high
survival could change. It is possibly very difficult to completely eliminate some players
in the community (3), but it is hypothesised that when there is no stationary phase,
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the community will mainly consist of fast growers, while at constant low nutrient levels
the community will consist of mainly slow growing survivors (116).

Community coalescence

Another natural phenomenon that can be studied using bacterial communities is the
effect of coalescence of communities. The term “community coalescence” was
introduced recently (117) and describes situations were entire communities interact
because the environments they are in are physically mixed sparking this interaction.
In nature we see this for example during soil tillage and flooding events, but also while
eating and kissing. The performance of single species do not always give a good
indication of how the species will behave in a community (118). The coalesced
community might be a combination of the two initial communities or be dominated by
either of them, dependent on the best performing combination (119). The influence of
co-evolution in the outcome of community coalescence can be investigated using
microbial communities from fermented products. Combining two or more co-evolved
communities can provide information on how specialised the evolved interactions
within the communities are. Besides this coalescence of similar communities, also the
mixing of a fermented community with the community of a raw product has important
implications for the formation of the fermented product. Besides studying the influence
of co-evolution on the outcome of community coalescence, also the evolutionary
results of regular coalescence occasions can be studied using fermented products. A
further interesting avenue here is the presumed beneficial interaction between
microbial communities from fermented foods and the gut microbiota (120). The
interactions between these communities has presumed beneficial effects that warrant
further study, for instance by adding spontaneously fermented foods into simulated
gut systems (121).

Conclusion

Microbial communities of spontaneously fermented foods present a promising model
system to experimentally test evolutionary theory on eco-evolutionary dynamics, such
as the effect of selection pressures on changes in patterns of biodiversity. This would
complement to other experimental systems that have been developed recently and
would bridge work on synthetic and natural communities. Microbial communities like
the ones from spontaneously fermented foods bear several intrinsic advantages for
executing evolution experiments: short generation times, small size and ability to be
stored frozen and defrosted to perform competition experiments (fitness tests)
between evolved and ancestral lines. Moreover, these natural microbial communities
have a limited number of players and form an island of microorganisms that does not
have a lot of influx from the outside the confined system boundaries. These
communities also have a clear function which makes it easy to follow up on
evolutionary changes. All these characteristics make bacterial communities from
fermented food products an interesting model system to test long standing theories in
community ecology and evolution and increase our understanding of evolution and its
drivers.
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BOX 1 A short history of evolution experiments

William Dallinger was the first to report about experiments testing evolutionary
principles (122). By slowly increasing the temperature of the environment of
microorganisms, he allowed these microorganisms to adapt to a temperature at which
they would normally never grow. When returning them to their old environment he
concluded that this adaptation came with the costs of growing slower in their old
environment. His results show the principle of adaptation and trade-offs.

The approach of Dallinger remains in use today by evolutionary biologists. In the last
two decades a lot of evolutionary concepts have been studied using mainly single
organisms in controlled laboratory environments. It shows that even very simple
laboratory model systems are very useful in addressing numerous fundamental
questions on the dynamics of evolution. The longest ongoing evolution experiment is
the setup started by Richard Lenski. In 1988 he started transferring 12 lineages of
Escherichia coli on a daily basis in minimal medium. He used these lines to study
adaptation and diversification, trade-offs, consequences of mutators and the influence
of population size on drift among various other theories in evolution (Elena & Lenski
2003; Rozen & Lenski 2000; Lenski & Travisano 1994; Lenski 2017; Deatherage et al.
2017; Sachs & Hollowell 2012 etc.).

BOX 2 Set-up of evolution experiments

The set-up of evolution experiments has several general principles. Organisms are
transferred to a set environment and are sequentially transferred to a fresh but similar
environment at regular time intervals. During these transfers the organisms go through
several generations, the number of which is determined by the dilution factor and the
nutrients available. By taking samples after a particular number of transfers, changes
in fitness and population composition can be monitored. A typical classic evolution
experiment is performed with a single species which is allowed to evolve for a long
period of time - i.e. hundreds or thousands of growth cycles/generations. In this way,
beneficial mutations can deliver fitness advantage to variants. These advantages can
be measured as increased relative abundance of the organisms carrying the beneficial
mutation.

The experiments can be set-up with different variables; in starting genotypes,
environment and ways of transfer. The type and number of bacteria that are
transferred to the next cycle has great influence on the outcome of the results (127).
Since mutations often occur random over the genome (with the exception of hotspots)
only with a considerate number of replicates it is possible to draw conclusions to an
observation.

By the production of spontaneously fermented foods using some material of an old
batch to initiate a new batch (“back-slopping” (13)), the production method resembles
an evolution experiment. The microbial community that ferments the raw ingredients
are transferred to a new environment which is rich in nutrients so they can undergo
many generations.

Consistency in production practices gives a stable environment for the community
causes the community to get close to an evolutionary endpoint and all individuals to
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reach a fitness peak. The production method of Parmesan cheese is a clear example
where backslopping can cause the microbial community to stabilise and in that way
stabilise product quality. In case of mimicking the spontaneous fermentation in a pre-
used container, the bacteria that attach themselves to the wall it might be necessary
to transfer over the planktonic ones. Analysing these co-evolved communities can give
insight in environmental factors shaping microbial communities.

In practical terms, microbial communities from spontaneously fermented foods can be
used as follows. Product samples can be obtained from local producers of a given
fermented product. Microbial profiles in these products can be obtained through various
methods, such as classical culturing, or DNA based techniques of clone libraries and
16S amplicon sequencing (5,128). Product samples can be brought to the laboratory
and used to found laboratory communities, for instance by inoculating a fraction (1%
volume) of a finished product to fresh raw material (such as fresh milk). The same
product sample can be used to found replicate populations or lineages. These newly
founded laboratory communities can be allowed to grow to carrying capacity of the
growth medium and then transferred to fresh raw material. Through this process of
serial transfer, the long-term dynamics in biodiversity patterns can be studied,
analogous to classical experimental evolution. Performance of the community can be
studied for instance by measuring metabolic output in terms of aroma profiles using
GC-MS or HPLC (129). This metabolic output can be linked to species composition and
changes in metabolic output due to changes in species composition can be monitored.

BOX 3 Evolutionary applications

We have only just started to explore potential of spontaneously fermented foods as
experimental system. Apart from giving fundamental insight in microbial community
dynamics and experimentally scrutinizing aspects of the evolution theory, the
outcomes of research using microbial communities from fermented products will help
understanding multiple-strain fermentations and how to manipulate these processes
to obtain high quality fermented food products.

For local African communities, the large scale production of the traditional fermented
products can be of crucial economic importance. Due to current regulations, local
producers are sometimes not allowed to sell non-pasteurised products on the market.
However, the pasteurisation of the raw milk will not only kill of pathogens, also the
naturally present fermentation inoculum will die, leaving no starter for spontaneous
fermentation. Providing a stable starter culture for these fermented products can be a
great nutritional and economic importance for the local communities. So far, most
bacterial starter cultures contain only one or two bacterial strains. In order to represent
the original product accurately, the starter culture of the traditional fermented food
might need more complexity. An understanding of community interactions and co-
evolution is required. Results of the types of research mentioned in this article might
therefore be of great importance. When using strains from spontaneous fermentation
at an industrial scale, international regulations on the protection of biodiversity
(Nagoya protocol) need to be adhered to in order to protect interests of traditional
producers (130).
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Also products currently produced on industrial scale could be improved when more is
known about complex starter culture dynamics. The problems industries have to deal
with range from contamination by pathogens, to frequency changes, plasmid loss,
phage predation and mutations. In the industrial production of the probiotic lactic acid
bacterium Lactobacillus rhamnosus, a mutation caused this bacteria to lose its flagella,
which was crucial for its probiotic activity (131). By increasing our understanding of
these problems, we might decrease their occurrence in industry.

31



2oe|d

u e} sey 92U33S9 0D
Jaye paneyaq
S913IUNWWOD 3Y3} MOy 33s
03 siaAe|d ||e jo uiblo
ay3 9as 03 buibuajeyd

SJUBWUOIIAUD
buibuajieys spiemol

Qg ued Aayy aandepe
Moy aas 03 |eiyuajod
|BIGOJOIW JO 30| B UIRJUOD
Sa13IuNWWod |eJnjen

Bbuibuajieys saydiu

||e JO sasAjeue axew
pue aoeds aydju adeys
suoloeIdlUI |elIDIoRg

uoinie|as ayy
puls 03 9|ge3s 003 Jo/pue
9SJ3AIp 00} aJe ainjeu uj
puNOy S3IJIUNWILWIOD IS0

Wi} J9A0 PaMO||0)
9Qq ued sidAe|d Jo sdnoun

Ajunwwod
|eanjeu xa|dwo)

pabueyoiaijul

9qg ued sdnoub
|euoiuny ‘Janamoy
‘24n30n43s Ajlunwiwod
|eut} Y3 jo uibuo

Y3 99s 03 buibuajleyd

SJUSWUOIIAUD
buibuajjeyos spiemoy

Qg ued Aayy aandepe
moy ass 03 |einuajod
|BIGOJOIW JO 30| B UIRJUOD
S913IUNWWOD [eJnjeN

buibuajjeyo sasAjeue
Ajunwwod ||} axew
suoIoeId}UI [elIDIoRg
*aydiu Jiay3 03 paydepe
A|Iny a1e euseg

pasn

3Q Ued uoIPUNY JBIWIS
pue S31ISISAIP JUBIBHIP
Y3IM S31UNWWOD |ednjeN

pamoj|oy
9q ued JnoiArRYaq
|eanjeu ‘pasAjeue
9Qq ued sidAe|d I1sO

jonpoud
pPO04 pajuUBWLIDY
woJy Ajunwwo)

TELD
pasAjeue aq ued suaAe|d
Bbuiurewsau jo uiblQ

VSIESSEYA)

Buisealoul pue Ajjiqixaly

moys 03 |einuajod ybnoua
aAey ybiw saiuNWWod
pPa31oNJ3Suod-||oM

Jauuew

paulyap-a4d Jo pasiuebio
ue uj paNJISuod

3q ued aoeds aydIN

buibuajieys

9q ued AYSIDAIP YUM ul|
3y3 Sal3uNnWwod 3y} Jo
Ajpiqessur [eiul 03 ang

pamoj|oj g ued
$94n30NnJ43s AjJlunwiwiod
X3|dwod aJow ‘pasAjeue
aq ued s nwwo)

uojye|ndod
paxiw pauljag

pasAjeue
Ajisea aq ued suaheld
Bbuiurewsa. jo uiblQ

suolienyonyy

104 3|qe3sul 003 3q

ybiw Jo suopenidnyy 03
puodsaJ 03 [eljualod 913|
9ARY S2I}IUNWWOD |[BWS

Ajunwwod
Y3 ul pajjly st saydiu
4O Jaqwinu pajwi| AJdA

Mo| AJaA sI AJisianig

Aj3oeX3 pamoj|o)
9q ued AJuNWWod
ay3 ul suaAe|d ||y

uojye|ndod
paxiw e 0jul pajelped
jey3 adAjousb ajbuls

Ajunwuwod a|ge3s

SS3| B UY3}IM 9DUdIS3|R0D
uodn uojpuny

dIay] ulejulew ||Im
S3IUNWWO0D PAAJOAS-0D

3|qIX3|4 2J0W pue ISIDAIP
2J0W S3IJUNWWOD

ayew ued spouad

Jood pue Yo JusLINN

Ajunwwiod e ul siaquiaw
3|qe)s Jo Jaquinu
ay3 10y wnwixew
e sanlb ajqejiene
saydIu JO JaquinN

3|qels
3J0W 9Je S3IUUNWILLID
9SJBAID B0

jJuabiaAuod
10 juabuaAlp ‘uonielped
MOYs ued s nwwo)

20uads3jeod uodn
anoiaeyaq Ajlunwwod

S40308) |EJUSWUOIIAUD
funenionid

9|dpulid
uoISN|IXd 3YdIN

sasayjodAy
Ajjiqess Aysaania

24n3on43s Ajjlunwiwod
JO uonNjoA3

32

*MOJ pu0das ayj ul uopduosap
HOYS B Y}IM pamo||o} ‘mo. doy ay3 ul paisi| aJ4e sasayjodAy Jualagip ayl 'sasayjodAy A1euoizn|joAs Jualayip asAjeue 03 saded ay3 Ul pauOIUBW SWSAS
|opow snolieA Buisn jo sabejueapesip pue sabejueape ayj sisi| 3|ge} Siyl "swalsAs [9pow snolieA jo sabejueapesip pue sabejueapy 1°Z @|qeL



33



Chapter 3.

34



Robust sampling and preservation of
DNA for microbial community profiling in
field experiments.

Anneloes E Groenenboom 2P
Eddy J Smid

Sijmen E Schoustra 2©

Published in BMC Research Notes (2019)

a Laboratory of Genetics, Wageningen University and Research, Wageningen, The Netherlands
b Laboratory of Food Microbiology, Wageningen University and Research, Wageningen, The
Netherlands

¢ Department of Food Science and Nutrition, School of Agricultural Sciences, University of
Zambia, Lusaka, Zambia.

35



Abstract

Objective Stabilising samples of microbial communities for DNA extraction without
access to laboratory equipment can be a challenging task. In this paper we propose a
method using filter paper disks for the preservation of DNA from diverse microbial
communities which are found in a fermented milk product.

Results Small adaptations to the DNA extraction method used for liquid fermented
milk delivered DNA of sufficient amounts and quality to be used for later analyses, e.g.
full community 16S amplicon sequencing. The microbial community structure obtained
via the filter paper method showed sufficient resemblance to the structure obtain via
the traditional DNA extraction from the liquid milk sample. This method can therefore
successfully be used to analyse diverse microbial communities from fermented milk
products from remote areas.

Introduction

Sequencing techniques are developing fast, resulting in more advanced and affordable
ways to analyse DNA, such as characterising bacterial community structure using 16S
amplicon sequencing. These high tech developments however are of no use if DNA
samples are not well preserved before reaching the laboratory. The stabilisation of DNA
is a challenge in field experiments where researchers do not have access to a laboratory
with basic equipment, like a refrigerator and a sterile work environment. In some cases
the DNA extraction and amplification can be performed in the field (132). Often,
biochemical solutions are being applied to stabilise the DNA (133-135). More
convenient for field trials would be the use of FTA paper (136,137) or another solid
carrier (138), as that increases the ease of storage and sending of the samples. Such
low-tech methods deliver an important advantage for field researchers who want to
stabilise DNA with minimal sample processing and a few materials. In this study we
explored and validated the use of simple filter paper to stabilise bacterial DNA from a
fermented dairy product without prior extraction of DNA. This method is compared to
an often used method where liquid samples are quickly cooled after sampling and
transported in cold conditions (139).

In the method we studied, a small drop of a traditionally fermented milk product is
transferred to the filter paper and left to dry. The dried paper including the drop can
be stored for a long period of time at ambient temperature before the DNA extraction
is performed. The subsequent DNA extraction method is a variation on the DNA
extraction method used for liquid samples from fermented milk products. The dairy
product used in this study, called Mabisi, is a traditionally fermented product found in
rural areas in Zambia. As the fermentation in spontaneous, the bacterial community in
the product is very diverse (5).

To study the composition of the microbial community in the fermented product, it is
essential to quench microbial growth immediately after sampling. In a laboratory
environment this would be done by cooling the sample to temperatures below 4°C,
which will slow down and stop the growth of the bacteria responsible for fermentation,
but will keep them viable for later analyses. The filter paper method described here
will also slow down and eventually stop bacterial growth, as it fixes the bacteria and
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dehydrates the medium. Although the bacteria will not be viable for analyses using
culturing techniques, the DNA can be isolated from the papers and used for bacterial
community analyses, such as 16S amplicon sequencing.

Methods

Preparing filter paper

Discs of filter paper (qualitative 413, 75mm, VWR International, Radnor, United States)
were placed in a Petri dish. Samples of 1 mL were spotted at the centre of the filter
paper. The filter papers were left to dry at uncontrolled temperature in a hut without
windows. Drying times varied between 30 min and 2 hours depending on the thickness
of the sample. Dried samples were stored in a Petri dish for up to two months before
DNA extraction was performed.

Extraction of DNA

The DNA extraction method was adapted from Ercolini (140) and Schoustra (5). To
extract bacterial DNA from the milk environment, some steps are necessary to break
down the casein structure. The high protein content in combination with the relatively
high percentage of lipids makes the use of the other DNA methods less successful for
milk samples. For DNA extraction from liquid samples, 1 mL of fermented milk was
spun down (2 minutes, 12000 RPM), after which the supernatant was removed. The
cells were re-suspended in a mix of 64 uL EDTA (0.5 M), 160 pL Nucleic Lysis Solution
(Promega, Madison, United States), 5 uL RNAse (100 mg/ml), 120 pL lysozyme (10
mg/ml) and 40 pL pronase E (20 mg/ml). Samples were incubated for 60 minutes at
37°C while being shaken at 350 RPM.

For the extraction of DNA from the filter paper discs, a piece, 2 by 2 centimetres, was
cut from the middle of the filter paper with a sterile pair of scissors. This piece was
positioned at the bottom of a 1,5 mL eppendorf tube with a pair of tweezers. The cells
were thoroughly suspended in @ mix of 132 ul 0.5M EDTA, 320 ul Nuclei Lysis Solution,
1 pyl RNase, 240 ul lysozyme and 80 ul pronase E. Samples were incubated for 24 hours
at 37 °C and agitation of 350 RPM. After the incubation step described above of both
liquid samples and paper samples, a standard DNA extraction protocol was used, see
supplement A.

Bacterial community reconstruction

For validation of the method in the laboratory the DNA of the extractions was amplified
in the PCR and cloned into vectors to identify the DNA fragments in a clone library (see
supplement B). The DNA extracts of the field samples, containing DNA from all
organisms in the community, were sent for bacterial 16S rRNA gene amplicon paired-
end sequencing of the V4 hypervariable region (341F-785R) on the MiSeq Illumina
platform by LGC genomics (Berlin, Germany). For further data processing and statistics
the QIIME pipeline (141), modified from Bik et al. (142) was used (see supplement C).
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Results

Validation of the method in the lab

Before testing the filter paper method in the field, the DNA extraction method was
tested and optimised in the laboratory. Pure Mabisi samples and ten times diluted
Mabisi samples were transferred on filter paper discs. The extracted DNA from these
samples was compared to the DNA extracts from a undiluted liquid Mabisi sample. The
DNA concentration in the paper with the undiluted and diluted Mabisi was 172.9+0.3
ng/pL and 11.8+1.6 ng/pL, respectively. The amount of DNA is comparable to the DNA
obtained from the liquid sample 120.7+16.5 ng/uL. Also the purity of the DNA extracts
from the filter paper is comparable to that from the liquid DNA extracts as judged by
the A260/A280 ratio (1.80+0.05 and 1.83%+0.2, respectively).

The clone library of the DNA extracts was blasted against the NCBI database. The
microbial communities of the two liquid samples and the two paper samples with
diluted Mabisi contain similar species (Supplement Figure 3.S1). Variations can be
found in both abundance, richness and type of species to which these reads blast. The
sample size was not sufficient to make statistical inferences.

Validation of the method in the field

At the field site in Zambia eight samples of Mabisi were split in two equal parts and
subsequently transferred to filter paper as well as stored at 4°C before shipment to
our laboratory in the Netherlands. There the DNA was extracted using the
corresponding methods. The concentration of DNA obtained from these extractions
varied between 25 ng/pL and 125 ng/pL, with a higher average DNA concentration for
the liquid samples (84.5+25.1 ng/puL) compared to the filter paper samples (55.8+35.4
ng/pL). To get similar concentrations of DNA for sequencing, the samples were diluted
based on their DNA concentration to a concentration of 5-10 ng/uL. DNA extracts were
sequenced (16S amplicon sequencing) using MiSeq Illumina sequencing and resulting
reads were analysed to construct bacterial communities based on Operational
Taxonomic Units (OTUs). Comparison of the bacterial communities present in the
samples shows a high degree of similarity between samples processed via the filter
paper discs and those obtained by direct extraction of the fermentation liquid (Figure
3.1). Most communities are dominated by Lactococcus lactis. In some samples also a
high relative abundance of other bacterial species, belonging for example to the
Acetobacter and Streptococcus genus, were found. In all cases, both collection
methods (liquid and paper) show a similar microbial composition with differences in
relative abundance. The differences in richness and diversity can be found in Figure
3.2, where number of OTUs, Shannon index and evenness of all samples are plotted.
This analyses shows no difference in total amount of OTUs that returned, but shows a
difference in OTU distribution. Communities obtained via the paper method showed a
higher Shannon index and a higher evenness.
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Figure 3.1 Microbial communities of paper samples and their corresponding liquid
samples. Liquid samples are indicated with a L. Samples 5 and 8 have 3 technical replicates of
DNA extraction from one filter paper disk. Different colours indicate different OTUs. BLAST results
of the 20 most abundant OTUs are given.

Discussion

The filter paper method described above can be used to determine the bacterial
microbial communities in a fermented milk products produced in areas which have no
access to basic laboratory equipment and cooling facilities. With some minor
adjustments to the DNA extraction method for fermented milk, good quality DNA could
be extracted from the filter paper disks. To a large extent this extraction from filter
paper showed the same microbial community structure as the DNA extracted from the
liquid sample directly. Although the same number of OTUs were obtained from the DNA
extract the distribution was slightly different. The filter paper extraction seemed to
have extracted relatively less of the most abundant OTU which represent Lactococcus
lactis and relatively more of the OTUs present in low amounts. Filter paper is known to
have bias towards preservation of certain species (143-145), and more research
towards this will be necessary to validate this bias.

To analyse all aspects of fermentation it is essential to determine the bacterial
community composition during, or even before, periods of vigorous growth. With our
method, in which the bacterial growth is arrested due to drying of the milk, dynamic
time course samples can be stabilised and subsequently analysed at a later stage. The
samples analysed here are all from fermentation end points. Consequently, no active
growing microbial cells are expected anymore in these samples due to the lack of
nutrients and the low medium pH. Therefore, we can assume that at this particular
stage, the bacterial community composition is already relatively stable. This makes it
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possible to compare DNA extractions from the filter paper with extraction from the
liquid sample. Still the liquid sample cannot be seen as a perfect benchmark. Where
the filter paper method might overestimate bacterial diversity, the DNA extracted from
liquid sample might give an underestimation of the diversity. It is however a promising
observation that the filter paper method was able to return low abundancy OTUs on
top of identifying OTUs with high abundance. The method presented had proven its
value and is sufficiently accurate for our purpose; the characterisation of the bacterial
communities in a traditional fermented product. Besides, this method is easier and less
expensive than the commercially available alternatives.

This method is also used for the characterisation of the bacterial communities in cereal
based fermented foods from Benin, Zambia and Tanzania (unpublished observations,
S. Phiri, S.E. Schoustra and A. Linnemann). Here the method also showed to be reliable
and return a microbial community which is similar to a community where DNA is
extracted directly from the product. The application of the presented method
potentially can be extended to microbial community analysis of liquid environmental
samples.
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Figure 3.2 Number of OTUs, Shannon index and community evenness of filter paper
samples and liquid samples. Comparison of eight samples which were all stored using the filter
paper method as well as cooled to 4°C before shipment from Zambia to the laboratory in the
Netherlands were the DNA was extracted using the corresponding methods. P values are from the
related-samples Wilcoxon signed rank test and show no difference between number of OTUs, but
difference in OTU distribution (in both Shannon Index and evenness).
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Conclusion

The discussed filter paper method for microbial community preservation by DNA
extraction is an interesting tool to use with fermented foods in the field where other
tools are not successful. Besides drying carefully in a clean environment this methods
does not require any high-tech or electrical machines. This makes this method very
effective for the stabilisation and transport of microbial communities in a nutritious
environment like milk.

Limitations

Resulting bacterial communities show slight variation from bacterial communities
constructed using DNA extracted from a liquid sample, but this is not more than
variation which can be found between multiple analyses of the same DNA extracts from
filter paper disks. Unfortunately, there is no golden standard for DNA stabilisation from
fermented milk products to compare with this filter paper method. Another limitation
is the risk for contamination. More developments in finding an optimal stabilising
method for a longer storage time and a complete DNA extraction method could be
done. The biggest risk arises when the papers are not dry enough. The filter paper
disks do not contain any preservatives to prevent spoilage, so when the paper remains
moist it could form a growth environment for both the organisms present in the sample
as well as any contaminants. Regions with a dry climate, like the region in Zambia
where the current study is performed, is ideal for this application, while more moist
climates could cause difficulties in obtaining the right dryness.
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Supplementary material

Supplement 3A Full DNA extraction protocol used for both filter
paper and liquid samples.

For DNA extraction from liquid samples, 1 mL of fermented milk was spun down (2
minutes, 12000 RPM), after which the supernatant was removed. The cells were re-
suspended in a mix of 64 uL EDTA (0.5 M), 160 pL Nucleic Lysis Solution (Promega,
Madison, United States), 5 pL RNAse (100 mg/ml), 120 pL lysozyme (10 mg/ml) and
40 pL pronase E (20 mg/ml). Samples were incubated for 60 minutes at 37°C while
being shaken at 350 RPM.

For the extraction of DNA from the filter paper discs, a piece, 2 by 2 centimetres, was
cut from the middle of the filter paper with a sterile pair of scissors. This piece was
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positioned at the bottom of a 1,5 mL eppendorf tube with a pair of tweezers. The cells
were thoroughly suspended in @ mix of 132 ul 0.5M EDTA, 320 ul Nuclei Lysis Solution,
1 pl RNase, 240 pl lysozyme and 80 pl pronase E. Samples were incubated for 24 hours
at 37 °C and agitation of 350 RPM.

After the incubation step described above of both liquid samples and paper samples, a
standard DNA extraction protocol was used, as follows. 400 pL ice-cold ammonium
acetate (5 M) was added and the mixture was cooled on ice for 15 minutes. The mixture
was spun down and 750 pL of supernatant was transferred to a tube containing 750
ML phenol. This tube was vortexed and its content spun down (2 minutes, 12000 RPM)
and 500 pL of supernatant was transferred to a tube containing 500 pL chloroform.
This tube was vortexed and its content spun down (2 minutes, 12000 RPM) and 400
ML of supernatant was transferred to a tube containing 1 ml 100% ethanol and 40 pL
sodium acetate (3 M). This tube containing DNA was left to precipitate at -20 °C
overnight. The next day, the tube was spun for 20 minutes at 12 000 RPM at 4 °C. The
supernatant was carefully aspirated and the DNA pellet was washed by adding 1 mL
70% ethanol. The tube was spun for 10 minutes at 12 000 RPM at 4 °C, after which
the supernatant was aspirated again. The DNA pellet was left to dry at room
temperature and dissolved in 20 pyL 10 mM Tris pH 7.5. DNA concentration were
measured using Nanodrop 2000/2000c UV-VIS (ThermoFisher, Waltham, US).

Supplement 3B Analysis of community structure using clone
libraries.

For the validation in the laboratory prior to the larger scale field validation experiments,
community profiles were analysed using clone libraries. DNA extracts were amplified
in the 16S region with a PCR with 16S primers 27F-1492R (Biolegio, Nijmegen,
Netherlands) and the following amplification conditions: 94 °C initial denaturation, 10
min; then 34 cycles of 94 °C, 30 sec; 55 °C, 30 sec; 72 °C, 1 min, followed by a 72
°C final extension, 10 min. PCR products were cleaned using a PCR clean-up kit
(Macherey-Nagel, Diren, Germany) according to the manufacturer’'s instructions.
Clone libraries were constructed using the StrataClone PCR Cloning Kit (Stratagene,
San Diego, California, United States) according for the manufacturer’s instructions.
Resulting clone libraries were sequenced using Sanger sequencing (Eurofins Scientific,
Brussels, Belgium) with T3 primer. Sequence data were compared to the NCBI
database using BLAST (146). Matches from the blast search were used to construct
the bacterial community. Results are in Figure 3.S1.

Supplement 3C Analysis of 16S rRNA amplicon sequencing data

for bacterial community reconstruction.

The extract containing DNA from all organisms in the community was sent for bacterial
16S rRNA gene amplicon paired-end sequencing of the V4 hypervariable region (341F-
785R) on the MiSeq Illumina platform by LGC genomics (Berlin, Germany). For further
data processing and statistics the QIIME pipeline (141), modified from Bik et al (142)
was used as follows. Paired-end reads were joined using join_paired_ends.py (with
minimum overlap 10 basepairs) after which sequences were trimmed and filtered using
cutadapt (v1.11 -g 20, -m 400, Martin 2011) using the known primer sequences
CCTACGGGNGGCWGCAG and GACTACHVGGGTATCTAAKCC to trimmed both sides of

42



the sequence. These trimmed sequences were then checked for chimera’s, using
uchime (v4.2.20, gold database, Edgar et al 2014), and sequences with a chimera
score lower than 0.28 were retained. After the trimming and filtering steps sequences
were clustered (UPGMA) into operational taxonomic units (OTUs) after quality check
using pick_open_reference_otus.py (-s 0.1, -enable_rev_strand_match TRUE,
align_seqs_min_length 75, -pick_OTU_similatiry 0.95). Taxonomy of the resulting
OTUs was assigned to representative sequences using the Greengenes (v13.5) rRNA
database. This algorithm gives a representative sequence for an OTU, which were used
to perform a local blast using the gold database from uchime. The taxonomy from the
top BLAST hit was used for further data processing.
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Figure 3.S1. Bacterial composition of liquid and paper samples all originating from the
same Mabisi sample. Different colours indicate different species which could originate from
different reads. Numbers 1 and 2 indicate the two technical replicates of DNA extraction.
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Abstract

Mabisi is a fermented milk traditionally produced in a calabash by uncontrolled
fermentation. Due to high costs and a reduced availability of calabashes, nowadays
more and more plastic containers are used for Mabisi production. However, the effect
of this change in production practice on the properties of the product is unknown.
Therefore, here we aim to determine the effect of fermentation vessels and types of
back-slopping on acidification and microbial communities during fermentation. A series
of fifteen experiments using two types of fermentation vessels (plastic buckets and
calabashes) in combination with different types of back-slopping (no back-slopping,
passive back-slopping, and active back-slopping) were set up at a field site in rural
Zambia. In each of the fifteen fermentations we analysed acidification rate of traditional
Mabisi fermentation and bacterial diversity over time. No significant difference was
found in terms of microbial diversity during and at the end of fermentation between
fermentations performed in buckets or previously used calabashes. Bacterial
communities in general decreased in diversity over time, where the drop in pH
correlated with a decrease in Shannon Index. In case of active back-slopping, the pH
drop started right after inoculation while in the no back-slopping and passive back-
slopping fermentations, there was a clear lag phase before acidification started. All
experimental series resulted in a microbial community dominated by Lactococcus lactis
and a Shannon Index as measure for diversity between 0.6 and 2.0. The use of plastic
buckets for Mabisi fermentation can be a valuable alternative to the use of calabashes
as this study showed no biological and physico-chemical differences between Mabisi
resulting from both fermentation vessels, although the reason for perceived differences
should be further investigated.

Introduction

Traditional products made by spontaneous fermentation are an important aspect of
culture, nutrition and livelihoods in many countries. Mabisi is such a product found in
many rural areas in Zambia. Mabisi is fermented cow milk traditionally produced in a
calabash by uncontrolled fermentation that is dominated by six to ten different species
of lactic acid bacteria (5). Households have their own calabashes that they use for
consecutive rounds of Mabisi production. The methods of producing Mabisi vary
depending on location and can include back-slopping, churning, and other production
methods (8). The ‘Tonga-type’ is the most simple and commonly practiced way of
producing Mabisi, in which milk is sieved before allowing it to incubate statically at
ambient temperature for 24 to 48 hours in a calabash and is stirred right before
consumption (8). The moment of consumption is determined by organoleptic
observations: when the Mabisi is thick and sour enough it is ready for consumption.

Due to high costs and a reduced availability of calabashes, nowadays more and more
plastic and metal containers are used for Mabisi production. The main process remains
unchanged: fresh raw milk is collected in the container and left to ferment for 24 to 48
hours at ambient temperatures. Although this method is accepted nationwide, there is
the general belief that milk fermentation in calabashes results in a Mabisi with better
organoleptic characteristics than Mabisi produced in plastic containers. This perceived
difference might be caused by differences in the bacterial communities present in the
fermenting milk. These fermenting bacteria will form most of the volatile aroma
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compounds and are responsible for other specific product attributes such as viscosity,
which together determine the flavour and overall organoleptic properties of the Mabisi.
A more diverse microbial community might result in a product with a richer flavour
palate as it is likely to produce a higher variety of aromas (147-150) and it increases
the chance of high flavour forming strains being present (151).

In spontaneous fermentation such as in the production of Mabisi, bacteria can enter
the raw milk and start the fermentation from various sources. As the milk is not
pasteurised, all bacteria that were already present or entered the milk via the air or
the milking equipment used, will still be present at the onset of fermentation. This can
be the case in both types of fermentation vessels, calabashes and buckets. A key
difference, however, is the inner surface of both vessel types. Where buckets have a
smoother surface, which can be washed and dried more easily between fermentation
cycles, the calabashes are made of natural material and have a rough inner surface.
The calabash surface provides a great opportunity for bacteria to form biofilms and
hide in small cracks without being removed during washing and drying. Most likely, the
bacteria that remain in the calabashes after a previous fermentation cycle are essential
for starting a new fermentation cycle (152). Without this rough surface, fermentation
using buckets might result in a less diverse microbial community and therefore in a
less rich product. Back-slopping might increase the diversity in the buckets to a level
comparable to calabashes. Here, we define two types of back-slopping: 1) active back-
slopping, where finished product is added to the raw milk to start the fermentation,
and, 2) passive back-slopping, meaning the un-intentional transfer of bacteria between
two rounds of fermentation by using the same fermentation vessel.

There are no studies on the influence of fermentation vessels and types of back-
slopping on the spontaneous fermentation of Mabisi in Zambia. Therefore, a field study
was conducted in rural Zambia to determine the influence of two specific variables on
the rate of acidification and on the microbial community present in the final product of
Mabisi: 1) the type of fermentation container used, a plastic bucket or a calabash, and,
2) the type of back-slopping between different rounds of fermentations. Since we used
traditional methods of spontaneous fermentation, several variables were uncontrolled,
such as temperature and batch volumes. We nevertheless monitored these
uncontrolled variables, to gain insight in the potential effects of these variables on the
overall fermentation trajectory and specific characteristics of the fermentation process.

Materials and methods

Field site

Experiments were performed at the Mondake Dairy Association based in the rural part
of Kabwe town in Zambia (14°19'09.1"S 28°39'59.1"E). Local famers in this region are
supported by Heifer Zambia, an NGO that provides dairy cows and training in animal
husbandry to fight hunger in rural areas. As the morning milk was collected to be sold
to a nationwide operating dairy company, only the afternoon milk was used for this
study (Figure 4.1A). To prevent food waste, all afternoon milk that was made available
was used for the fermentations, which resulted in variations in fermentation volumes
(Table 4.1). As local customs and traditions were taken into account, also the starting
time of fermentation and the sampling regime varied per fermentation. The

47



experiments were conducted in July, and more information about the local community
and the field experiment can be found in Supplement Figure 4.S1 and Supplement 4A.

Figure 4.1 Set-up of the field-experiments. Panel (A) In the afternoon the fermentations
were started. Active backslopping was performed using a pipette. The local community showed
great interest in the study. (B) Fermentation was performed in calabashes and plastic buckets,
with pH meters and temperature probes attached. At night the containers were put inside the
house to prevent temperature drops. (C) Samples of Mabisi at different stages of fermentation
were stabilised on a filter paper.

Experimental setup in the field

In total, we performed fifteen fermentation cycles, producing Mabisi from raw milk
(Table 4.1). Three ways of back-slopping were applied (not, passive, and active) in
two types of fermentation vessels (calabashes and plastic buckets). Passive back-
slopping in buckets was considered to be non-existing, as the buckets were thoroughly
cleaned with water after every fermentation round. This resulted in five different
treatments for fermentation (Table 4.2). The availability of the equipment
(fermentation vessels and pH and temperature probes) and the amount of milk, caused
the experiments to be conducted over the course of 14 days. Five fermentations could
be monitored simultaneously in terms of temperature and pH.
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Three calabashes (about 20 L capacity) were obtained from local markets, two of the
calabashes have been provided to the Mabisi producers two months before the start of
the study to be used for Mabisi production. One calabash has never been used for
Mabisi production before the study which made it possible to perform one non back-
slopped fermentation in that vessel type. The calabashes used for all other
fermentations had been used before and were therefore considered to be a source of
inoculum for the next fermentation cycle via passive back-slopping. According to
traditional practice, calabashes were all filled with water and a mix of grass and cane
and left for a day to prepare to be used for Mabisi fermentations. Between fermentation
cycles, the calabashes were washed with water. All water used was untreated water
from a small stream, according to common practice and availability. Three white
buckets with lids (20 L capacity) were bought from a nationwide grocery store and
brought to the field site. Buckets were cleaned with water before and after fermentation
rounds.

Fermentation volumes were dependent on the availability of milk. The milk production
of the cows was variable, as well as the availability of the farmers that would milk the
cows and deliver the milk to the field location. Milk was obtained from up to six farmers,
but mostly three farmers. The milk was combined into one batch and sieved right
before it was put in the fermentation vessels.

Fermentation vessels were equipped with temperature probes (Thermochron High
resolution 15/46°C, Sydney, Australia) in water tight capsules (Thermochron, Sydney,
Australia) and pH-probes (FiveGo, Mettler Toledo, Schwerzenbach, Switzerland),
continuously placed in the fermenting medium (Figure 4.1B). The starting time of
fermentation was dependent on the milking time of the farmers and was typically
between 1PM and 4PM. For active back-slopping, the absolute amount of finished
Mabisi was dependent on the volume of the new fermentation; the fresh milk was
inoculated with 1% (v/v) finished Mabisi at the start of a new fermentation cycle. For
passive back-slopping and no back-slopping no further actions were taken. During the
day the fermentation vessels were positioned outside in the sun or in the shade. During
the night the containers were stored in a hut which was heated by hot coals. Table 4.3
shows all (un)controlled and (un)measured variables.

Sampling of Mabisi for Microbial Analyses

For the first eleven fermentations (Table 4.1) samples of the fermentation liquid were
taken during fermentation using sterile pipets (Greiner Bio-One, Frickenhausen,
Germany) and a Smoothie pipet filler (VWR/Avantor, Radnor, USA). Sampling times
were typically at Oh, 0.5h, 2h, 6h, 16h, 20h, 24h, 40h and 48h after the start of
fermentation, but varied per fermentation cycle due to circumstances of the field site
(such as cultural obligations and night time). These samples were stabilised on filter
papers as described in Groenenboom et al. (153) to allow analysis of microbial
community composition (Figure 4.1C). Liquid samples at the end of fermentation were
also stored on ice. Samples on ice were picked up once per day and transported to the
Heifer International (Zambia) local office 50 km away, to be stored in a refrigerator at
7°C for two to four weeks. All samples were subsequently air shipped to the Laboratory
of Genetics at Wageningen University, the Netherlands for DNA extraction (140,153).
The extracted DNA is the starting material for the bacterial community analyses.
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Table 4.1. Details of all fifteen fermentations. Time indicates moment at which milk was
poured into the fermentation vessels. This field experiment was performed in 2015.

DATE TIME | VESSEL | BACK-SLOPPING ¥g'tzr/EIIflL\)IESSEL :I:AZ:IJRED
1 16 July | 13:40 | Calabash | Passive 2.5 2.5
2 147 July | 14:40 Bucket | No 6.5 325
3 Bucket Active 3.25
4 18 July | 15:00 | Calabash | Passive 3.5 3.5
5 19 July | 16:15 | Calabash | Active 9.5 9.5
6 20 July | 15:30 | Calabash | No 11 11 yes
7 Calabash | Active 7.77
8 21 July | 15:15 | Bucket Active 23 7.67
9 Bucket No 7.66
10 | 22 July | 16:30 | Calabash | Passive 8 8
11 | 23 July | 15:30 | Bucket No 7 7
12 Calabash | Active 4.63
13 27 July | 13:00 Bucket Active 18.5 4.62 No
14 Bucket No 4.63
15 Calabash | Passive 4.62

Table 4.2 The summary of conditions of all fifteen fermentations. Fermentation are
performed in calabashes or buckets as fermentation vessel and back-slopped or not. An unequal
number of fermentations per treatment was caused by: 1) One new calabash was available to
perform a not back-slopped fermentation. 2) Passive back-slopping is not considered possible in
plastic buckets due to the smooths surface on the inside of the bucket. 3) Due to time constrains
two fermentations with active back-slopping could not be performed.

Passively Actively
N k-sl
ot back-slopped back-slopped back-slopped
Calabash |1 4 3
Bucket 4 - 3

Analyses of Bacterial communities

The extracts containing DNA from all organisms in the microbial community were sent
for bacterial 16S rRNA gene amplicon paired-end sequencing of the V4 hypervariable
region (341F-785R) on the MiSeq Illumina platform by LGC genomics (Berlin,
Germany).

For further data processing and statistics the QIIME pipeline (141), modified from Bik
et al. (142) was used. Paired-end reads were joined using join_paired_ends.py (with
minimum overlap 10 base pairs) after which sequences were trimmed and filtered
using cut adapt (v1.11 -g 20, -m 400 (154)) and using the known primer sequences
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CCTACGGGNGGCWGCAG and GACTACHVGGGTATCTAAKCC to trim both sides of the
sequence. These trimmed sequences were then checked for chimera’s, using UCHIME
(v4.2.20, gold database (155)); sequences with a chimera score lower than 0.28 were
retained. Next, sequences were clustered into operational taxonomic units (OTUs) after
quality check using pick_open_reference_otus.py (-s 0.1, -enable_rev_strand_match
TRUE, -align_seqgs_min_length 75, -pick_OTU_similatiry 0.95). Taxonomy of the
resulting OTUs was assigned to representative sequences using the Green genes
(v13.5) rRNA database. This algorithm gives a representative sequence for an OTU,
which were used to perform a local BLAST using the gold database from uchime (146).
Shannon index (H) accounts for both number and evenness of OTUs present and is
calculated using:

S
H = —Z(Pi Inp;)
=1

in which pi is the proportion of reads belonging to category i, and s is the total number
of categories which can be OTUs, species, or genera depending on the level of
clustering of the reads. The Shannon index can lie between 0 and In s (156), depending
on the distribution of the categories (evenness). The number of identified OTUs (s) in
Mabisi communities ranges from about 40 (typically at the beginning of fermentation)
to 400 (typically at the end of fermentation) per sample, giving a maximal Shannon
index between 3.7 and 6.0 (In s). Pairwise Spearman’s correlation of Shannon index
values and pH was estimated for samples obtained using filter paper method.

Table 4.3 Variables which were (un)measured and (un)controlled during the field fermentations.

Unmeasured variables Measured variables

-Time between milking and | -Temperature during
Uncontrolled ‘start’ of fermentation fermentation cycle
variables -Cows from which the milk | -Fermentation volume

originated -Start time of fermentation
Controlled ) -Fermentation vessel type
variables -Backslopping method

_pH

-Microbial community
composition during
fermentation

Output variables -
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Results

Documentation of uncontrolled variables

Ambient temperatures in July in Zambia are quite predictable. Normal outside day
temperatures are in the range of 22 to 25 °C (Figure 4.2B). The fermentations were
performed outside during the day and inside during the night, allowing temperatures
to increase under the influence of sunlight during the day and tempering the cooling
down during the night when outside temperatures drop to as low as 5 °C. The
temperatures inside the fermentation vessels are not only influenced by the outside
temperature but also by vessel type and volume of the fermented milk. The
fermentation vessels used have a different shape and are made from different material,
resulting in differences in isolation and the ability for evaporation. On average the
temperature of the milk in buckets increased at a faster rate and reached a higher level
than the milk in calabashes (Figure 4.2). During the night the milk in both fermentation
vessel types cooled down to a similar level. After around 24 hours of fermentation the
difference in milk temperature between the two types of fermentation vessels was the
largest. Apart from the vessel type, the volume of the milk can affect the temperature
profile. The average volume in calabashes was a bit higher than the average volume
in the buckets: 7.0£3.1 L and 5.8+2.1L, respectively. When we plot the maximum
temperature difference per fermentation as a function of volume, we see a non-
significant negative correlation (Figure 4.3).

== Calabashes

30 -
—_ = Buckets
£26 -
g 22 | i Chart Area
8 O o
218 7 3 o’
§ | ‘~ st

i e
|_ 14 A T T 1 1 1 1 1 T T 1
0 8 16 24 32 40 48 12 16 20 24
Elapsed fermentation time (h) Hour of the day

Figure 4.2 Temperature during fermentation A) Temperatures measured using a temperature
button in the milk during fermentation. Lines show averages of all fermentations using a calabash
(blue line) and a bucket (red line). Error bars indicate standard error from the average calculated
over 6 fermentations in calabashes and 5 fermentations in buckets. Start of fermentation (t=0h)
happened at different time of the day for all fermentation but was typically between 1PM and 4PM.
B) Daily air temperatures measured inside the hut where the fermentation vessels were stored at
night for the period between 16th and 27th July 2015. Different colours indicate different days.
The temperature buttons could not measure below 14°C.
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Figure 4.3 Temperature change as a function of volume of milk used for fermentation in
calabashes (o) and buckets (m). Temperature change is the difference in temperature between the
minimal (around 16 hours after the start of fermentation) and maximal (around 24 hours after the
start of fermentation) measurement during the fermentation cycle. Pearson correlation: r= -0.568,
p=0.068.

Acidification

The pH was measured during all fermentations in the five different treatments (Table
4.1). Results are given in Figure 4.4 and showed that in all cases the pH had dropped
below pH 5 after 48h. The time elapsed before the pH dropped below pH 5 varied.
When a new calabash or a new or not back-slopped bucket was used, the drop in pH
as measure for fermentation activity had a lag time of about 18 hours. This lag time
was not present in the fermentations that were actively back-slopped; the pH
decreased below 5 within 18 hours. In case of passive back-slopping due to the re-use
of a cleaned calabash the results were mixed; in one case the lag time was even longer
than 18 hours while in other fermentations the pH was below 5 within 24 hours.
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Figure 4.4 pH over time during fermentation with no back-slopping and passive
and active back-slopping in calabashes and no back-slopping and active back-slopping
in buckets.

Microbial community composition

Samples were shipped to the laboratory in the Netherlands where DNA was extracted.
The extracts were sent for 16S amplicon sequencing and the resulting reads were
analysed to construct bacterial community compositions (Figure 4.5). On average the
most abundant species were found to be from the genera Lactococcus, Leuconostoc,
Streptococcus, Acinetobacter and Acetobacter. The most abundant OTU (between 43%
and 96% of all OTUs) returned as a Lactococcus lactis strain from the BLAST analysis.
This OTU was most abundant in all samples towards the end of fermentation (after 40h
or more) for both buckets and calabashes. In samples taken at the beginning of
fermentation (within the first 5h) more diverse bacterial communities are found
containing various genera that were not found at later time points of fermentation,
such as Mycoplasma and Clostridium species.

The Shannon index of the bacterial communities was calculated as a measure for
community diversity (Supplement Figure 4.52). New calabashes stand out in that they
harbour microbial communities of higher diversity than observed in the other
treatments of used calabashes or buckets. Furthermore, there is no difference in
diversity when different ways of back-slopping were used. The end-point samples
obtained from all fifteen fermentations provide an overview of the results of all five
methods (Figure 4.6). No difference in final community structure was found between
different ways of back-slopping or the use of fermentation vessel. Considering active
back-slopping we observed a trend towards a higher microbial diversity in the buckets
compared to the diversity found in calabashes. In buckets, active back-slopping
appeared to increase the communities’ bacterial diversity compared to bacterial
communities of fermentations without back-slopping.
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number of OTU per sample taken as 100%. BLAST results of the most abundant 21 OTUs are given.
*Fermentation round, details in Table 4.3. **Time after start of fermentation in hours. Some

samples could not be included because the field experiment did not allow regular sampling and

Figure 4.5 Bacterial community structure of Mab
some samples were lost due to contamination.
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Figure 4.6 Shannon Index of microbial communities at the end of fermentation in
calabashes () and buckets (m). Only one fermentation was performed in a new calabash and due
to the smooth inner surface, passive back-slopping in buckets was neglected. No significant
differences between fermentation could be found, possibly due to lack of statistical power.

Interestingly, at a lower pH the overall diversity of a community was lower (Figure
4.7). This correlation was uncovered using all available samples obtained via the filter
paper method during fermentation. Although the acidification rate in the different
fermentation methods had different rates, this clearly correlates with the community
diversity.
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Figure 4.7. Shannon index (based on OTU) plotted as a function of pH indicated a
significant positive correlation between the two. The pH lowered as the fermentation progressed
which led to a lower species diversity (Spearman’s correlation coefficient=0.582, df=23, p=0.002).
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Discussion

This study focussed on the spontaneous fermentation of Mabisi using traditional
calabashes and plastic buckets. The overall objective of this study was to assess the
effect of variations in type of fermentation vessel used and in the type of back-slopping
on the pH drop and bacterial species composition during fermentation cycles. In case
of fermentations in calabashes the effect of passive back-slopping, where back-
slopping occurs unintentionally through the transfer of bacteria via the inner surface
of the vessel, was taken into account. Temperature, batch volume, and timing of the
start of fermentation during the day were uncontrolled factors, which effects were
investigated as well.

The effects of uncontrolled factors

The uncontrolled factors are interrelated. The time of day at which the fermentation
was started had an implication for the temperature of the milk during fermentation.
Temperature during fermentation is mainly dependent on the outside temperature;
during the night the temperature of the milk drops below 18°C and during the day
temperatures can rise to values above 30°C. There are indications that fermentation
vessel and the fermentation volume also had an influence on the temperature profile
during fermentation. In calabashes we observed a lower maximum temperature
compared to the maximum temperature found in buckets. As calabashes are plant
material, the isolation and the ability for evaporation through the surface might be
higher, which can buffer temperature changes of the milk. Also, the round shape of
the calabashes might cause the sun to mainly warm the top of the calabash, which is
not in contact with the milk, while the bottom, which had contact with the milk stays
in the shadow. In case of the buckets, the sun can directly shine on the sides of the
buckets, which are in contact with the milk. It seems that the colour of the buckets
(white) did not help in reflecting enough sun to counter this effect.

Acidification

During all fermentation cycles, we observed a drop in pH. The dynamics of this drop
was not uniform among the fermentation cycles that received the same treatment,
likely due to uncontrolled factors such as the exact timing of the start of fermentation
during the day, as this depended on when the cows were milked.

Without active backslopping, acidification had a lag phase of 6 to 18 hours, both in
buckets and calabashes. This variation in lag phase time could be caused by the time
of the day the fermentation started. When active back-slopping was performed, we
observed a strong decrease in lag time for acidification, not depending on the time of
day the fermentation started. Due to the higher number of lactic acid producing
bacteria present at the start of fermentation, the pH started to drop right after initiation
of the fermentation process and continued during the night even when the temperature
of the milk dropped. Without back-slopping the number of bacteria present in the milk
is relatively low. As the temperature of the milk was going down after the start of
fermentation, it took until the next day for lactic acid production to increase.

Fermentation in previously used calabashes showed great diversity in acidification rate.
This is probably due to the inherent randomness of bacterial transfer from the biofilm
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of the calabash into the milk. For instance, the bacterial transfer can be dependent on
the time between successive fermentations in the same calabash, the effectiveness of
cleaning, the handling at the start of fermentation, and the physical properties of every
individual calabash, such as its shape and the amount of cracks. This unpredictability
of the fermentation process with passive back-slopping was also apparent in the
variation in bacterial diversity over the course of fermentation. When a new calabash
was used, a higher diversity was observed at the beginning of fermentation, probably
due to a high influx of bacteria not associated with milk fermentation. However, the
microbial community at the end of this fermentation showed a similar Shannon index
compared the microbial communities of the other fermentation methods.

Community diversity

A diverse microbial community was found in traditionally produced Mabisi. Overall, the
pH decreased over fermentation time, which made the environment generally more
stressful for the microbial community. This resulted in a decrease of bacterial diversity,
which is probably due to selection for only those bacteria that can grow in acidic
environments. As the acidification rate in the different fermentation cycles varied, also
the decrease in diversity showed variation. At the end point of fermentation there was
no difference in diversity anymore. However, there is an indication for a trend towards
a higher diversity in Mabisi from back-slopped fermentation in buckets compared to
the other methods used here.

Lactococcus lactis was the bacterium with the highest presence at the end of all
fermentations, between 47% and 99% of the total bacterial population. The remaining
community had a very diverse character. Earlier research performed by Schoustra et
al. (5) also found L. /actis as the main bacterial species present in the community.
However, the number of different species found in the present study is higher due to
the use of a different sequencing technique. In the study by Schoustra et al (2013), a
high presence of Lactobacillus helveticus, Lactobacillus plantarum, and Acinetobacter
ursingii was found; up to 20.4%, 14.9% and 20.0%, respectively. In the current study,
these species were only found in very low numbers; up to 0.4%, 0.03% and 0.09% of
the total species abundance, respectively. These differences might be due to
production methods of the Mabisi, sampling location, as well as methods of analysis.
Unfortunately, the exact production method of the Mabisi analysed by Schoustra et al.
(2013) is unknown because Mabisi samples were bought on markets. Also, a high initial
growth rate of L. /actis might have caused it to enter the decline phase before the
moment of analyses (157). If this is the case, it influenced the relative frequency of L.
lactis compared to the other bacteria.

Community diversity can be a direct consequence of the number of niches present and
the availability of different organisms. According to the niche exclusion principle
(104,105), niches can only be occupied by one species. Consequently, an environment
with more niches is more likely to have a high diversity. A niche is defined by its
physical characteristics, its chemical composition, and interspecies interactions in the
total bacterial community (106). Due to their smooth surface, buckets are
hypothesised to have less physical niches than calabashes, which have a rough inner
surface. However, on average this study did not find a lower diversity in buckets. Both
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vessels used can have a sufficient number of niches to maintain a diverse community,
due to various characteristics.

In the experiments conducted in this study, the buckets also had a larger opening than
the calabashes, and this might have caused a higher influx of environmental microbes
into the fermentation media before and during fermentation. Temperatures fluctuated
more in buckets compared to the calabashes most likely due to differences in the
opening dimensions and heat conductivity of the materials (see above). These
fluctuations might increase the number of niches present, which could result in a more
diverse community (158,159). The milk in the containers was not mixed, increasing
the possible heterogeneity in temperature and oxygen profiles, resulting again in a
higher number of niches (113). Besides the availability of niches in the environment,
also bacterial interactions can shape niches. More research towards community
function of all species, for example by the analyses of the communities on an RNA level
or reconstructing communities where hypothesised key-species are deliberately left
out, might give insights in the cause of diversity. Diversity may also be explained in
the context of niche specialization of species over time and competition. In the
calabashes, species (co-)exist for prolonged periods of time, at least longer than when
growing only for one fermentation cycle as is the case in the buckets. During the
prolonged growth, species may specialize on the specific niche they occupy (124).
Better adapted strains will outcompete the lesser adapted strains, resulting in a lower
diversity in calabashes. However, when back-slopping is performed in buckets there is
no such competition which can keep the diversity higher than in calabashes.

Overall an effect of the type of fermentation vessel used and the type of back-slopping
on the bacterial diversity was not observed. These results do not match the trends
found in recent surveys of Mabisi by Moonga et al (2017). Here, samples taken from
Mabisi where some form of back-slopping was applied had a lower diversity than those
without back-slopping. The fact that the back-slopping method is standard practice in
that type of Mabisi might cause the difference from the current study. Repeated back-
slopping will put certain selection pressures on the bacteria which changes the species
composition in the communities of the Mabisi. Further studies could show the effect of
back-slopping on microbial diversity as well as on aroma profile and consumer
preferences, for different types of Mabisi.

Implications of microbial diversity

Mabisi is a tasty and nutritious product and part of the cultural heritage. Therefore,
understanding the microbial community can add to the production of a fermented
product of high quality. The microbial community active during fermentation shapes
the aroma profile of the final product as well as produces antimicrobial factors and
prevents contamination.

Low pH and acidification rates have important implications for product safety. Products
with a low pH are generally considered safe because this inhibits the proliferation of
pathogenic bacteria (160). Faster rates of acidification might also influence product
characteristics, such as taste and thickness (161). In terms of acidification, the
spontaneous fermentation of Mabisi shows similarities with fermentations performed
in controlled environments using starter cultures. Moreover, the decrease in diversity
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is comparable to, for example, that in the production of parmesan cheese, where an
undefined starter culture is mixed with raw milk and the microbial community becomes
less diverse during fermentation (12).

A diverse community is hypothesised to result in a product with a bigger variety of
aroma components (162) and therefore potentially a richer taste. Also the chance of
health beneficial bacteria to be present is higher for more diverse communities than
for a product that only contains a few bacterial species (9). These bacteria can produce
vitamins that are of importance to the human body or have a positive effect on the gut
microbiome, which both are important for health. A more diverse community is also
less prone to invasions of pathogens and bacterial spoilers (100,163). This, in
combination with a low pH might make Mabisi a microbial safe product. With bacterial
diversity alone we could not substantiate the general believe that the Mabisi produces
in calabashes is different from that produced in buckets. Likely, the variation of species
in the communities cause this difference.

All the effects of diverse communities mentioned above are highly relevant for the
producer of a fermented product such as Mabisi because one needs a good product for
home consumption as well as a product one can sell for a good price. Compared to
fermented products produced using simple starter cultures with only one on two
strains, Mabisi might have a clear added benefit compared to these products, in terms
of taste, nutritional value, and safety, because of its diverse bacterial community.
Knowing which production steps have an influence on final product characteristics is
therefore important for producers. This is true for Mabisi, but also for other products
from spontaneous fermentation in general.

Limitations

In this study we maintained the process steps as close as possible to the traditional
way of producing Mabisi. While this ensures that our study aligned with actual Mabisi
practice resulting in a valuable overview of what Mabisi can be and how it can be
produced, it also increased the number of uncontrolled and uncontrollable variables
that may influence our ability to draw firm conclusions on the effect of our treatments
on the acidification and microbial community dynamics. Moreover, the number of
experiments that could be performed was highly dependent on the availability of raw
milk and fermentation vessels. Clearly, this had implications for the statistical power
of the described experiments. The indication that active back-slopping results in a
higher diversity in buckets than in calabashes might be confirmed when expanding the
experimental set-up.

It is likely that besides bacteria also yeasts and fungi are members of the fermenting
community in Mabisi. However, as this is a non-alcoholic milk fermentation we choose
to focus on bacteria, and particularly lactic and acetic acid bacteria, as these were
hypothesised to contribute most to the fermentation of Mabisi. In future research, also
the roles of other organisms besides bacteria should be investigated.
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Conclusions

While taking all uncontrollable variables in account, fermentation in the field showed
overall great similarity to a controlled fermentation in terms of pH trajectory and
microbial diversity at the end of fermentation as well as during fermentation. Bacterial
communities in general decreased in diversity over time, where the drop in pH,
irrespective of variation in rate of acidification, correlated with a decreasing Shannon
Index. No difference was found in microbial diversity during and at the end of
fermentation performed in plastic buckets or previously used calabashes. Besides small
differences, all processing methods resulted in a microbial community dominated by
Lactococcus lactis and a Shannon Index, between 0.6 and 2.0. The use of plastic
buckets for Mabisi fermentation can be a valuable alternative to the use of calabashes
as this study showed no biological and physico-chemical differences between Mabisi
resulting from both fermentation vessels, although the reason for perceived differences
should be further investigated. These results are likely to have important implications
for the flavour, microbial safety, and nutritional aspects of Mabisi. Certainly, these
aspects should be further investigated to meet the needs of Mabisi producers and other
related products.
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Supplementary information

Supplement Figure 4.S1. Additional pictures of the field work. Panel (A) In the early afternoon
the cows are milked for the second time that day. This milk was used for the fermentations
described in this study. The time of milking differed per day and per farmer and was dependent
on the other activities on the farm. As the milk was originating from different farmers, also the
time between milking and ‘start of fermentation’ was variable. (B) During the experiments, aspects
of the study, such as pH measurements, were explained to the interested local community. (C)
Milk obtained from the morning milking was brought to the milk collection centre for shipment and
sale to a nationwide operating dairy company. (D & E) Temperature and pH was monitored in the
fermenting milk in the calabashes. Both temperature and pH probes were positioned in the centre
of the fermenting liquid. (F) Fermented Mabisi in a bucket ready for mixing and consumption.
Temperature and pH probes were removed and show thickening of the milk. (G) Field laboratory
for performing simple analyses and sampling. Here the samples were transferred to the filter
paper, the temperature and pH probes were cleaned. (H) During the day all fermentation vessels
were placed in the sun to allow temperature increase.
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Supplement 4A: Information about Zambia and the importance of

Mabisi

In Zambia over 400 dairy cooperatives exist. The Mondake Dairy Association based in
the rural part of Kabwe town in Zambia is a typical local farmer organisation. The
Association expressed that local milk-processing and sales would present excellent
opportunities for women entrepreneurship and financial self-reliance for women and
their households. The Association has adopted an active policy towards improved
gender equality and women'’s leadership.

Five years ago, the Association had around 100 members, of whom 20% were women.
Currently, the membership has increased to 1274 and 60% are women. Members own
7 cows on average and milk 3 of their 7 cows, producing about 15 litres per day.
Combined, the members of the Association produce 900 litres of milk per day. Around
75% of raw milk on a daily basis, especially the afternoon milk, is not collected at the
milk collection centre by the commercial dairy company. The uncollected raw milk
spoils and is discarded, leading to high postharvest losses at the very source of the
milk value chain. Furthermore, the 900 litres are produced from milking only half of
the available cows, as milking more cows would only increase the loss of fresh milk.
Around 10% of milk is used to make Mabisi for household consumption, and excess
Mabisi is sold to local customers. Fresh milk of grade A sells at the local rural market
or commercial milk collection centre, at 4 kwacha per cup (EUR 0.25) and Mabisi at 10
to 15 kwacha per cup (EUR 1 to 1.5).

Currently, there is no option to larger scale Mabisi production due to lack of facilities,
training, and the lack of scaling up of technology. Members of the Association have
been part of a project on traditional Mabisi. This project has generated basic knowledge
on processing standards, on which the Association organised a workshop for its
members jointly with the University of Zambia, Heifer International and Wageningen
University. Furthermore, one of the members has visited the Netherlands for a two-
week workshop on dairy processing in the Netherlands, hosted at Wageningen
University. This trip has been highly motivating and stimulating for the entire
Association. The Cooperative is now looking into how to adopt new technology as well
as develop skills in business development and marketing to transform themselves in a
cooperative that can be an equal partner to other players in the value chain of
agricultural produce.
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Supplement Figure 4.S2. Shannon index based on OTUs as a measure for bacterial diversity
during fermentations in buckets (o) and calabashes (o) with and without back-slopping. Number
next to data points indicate time after start of fermentation in hours. Different fermentations from
one processing method presented next to each other. Letters above the columns indicate
significant difference at the 0.05 level taking all samples from one method together. Some samples
could not be included because the field experiment did not allow regular sampling and some
samples were lost due to contamination.
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Abstract

Background: Microbial ecosystems generally consist of communities with a complex
composition. Repeated propagation cycles in a new environment can change species
composition. Various factors, such as initial species composition and pressure from the
environment, may influence this change.

Research questions: What happens when natural bacterial communities of different
origin are brought in a novel, yet similar environment? Will comparable communities
converge to the same composition, will they remain different or become even more
different from each other over time, and what factors drive these changes?

Approach: Six comparable but different natural microbial communities were each split
into five identical replicates, which underwent 16 repeated propagation cycles in a
novel, common environment. We compared bacterial species composition at the start
and the end of the experiment. The influence of four main factors on species
composition, i.e. initial composition, impact of the environment, changes due to
interaction between species, and random processes in species dynamics, was tested
by modelling hypothetical species compositions. The observed and modelled species
composition were compared to infer the driving factors behind this its dynamics.

Conclusion: Replicate communities that are from the same ancestral community
changed in a similar way in response to the new environment. At the end of the
repeated propagation cycles, communities were either dominated by Lactobacillus
helveticus or by Lactobacillus delbrueckii. Initial species composition seemed to
determine the direction of development, followed by random processes. The nature of
the environment had the least influence on the change in species composition.

Introduction

In natural ecosystems various species co-exist thus forming communities. Species
composition describes what species are present and the diversity of these species, in
terms of number and distribution. Similar ecosystems have similar species diversity,
for instance in the species diversity of Darwin’s finches on similar islands and species
diversity of cichlid fish in African lakes, showing that eco-systems are relatively stable
in terms of their species diversity (37,39). Biotic and abiotic factors are thought to
stabilise eco-systems (104) and species composition can change due to selection
pressures (55,76,164,165). Selection pressures may shift the balance among the co-
existing species favouring the species which are best adapted to the selection pressure,
leading to a process of species sorting (166). Key questions in species sorting include
whether species sorting would lead to parallel or divergent change when these
communities encounter the same change in environment, given that similar species
are present in ancestral communities. Also, analysing the level of repeatability of
species sorting could give insights in how ecosystems are constructed (40).

Here we study how a change of environment can change species composition in a
microbial eco-system derived from Mabisi. Mabisi is a product of spontaneous
fermentation of milk, which is traditionally produced in Zambia and of which the
bacterial community consists of six to ten main species of lactic acid and acetic acid
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bacteria (5). Production methods of Mabisi differ per region (8); in most cases, raw
milk is filled in a container, either a calabash, bucket or milk can, and left undisturbed
for 24 to 48 hours after which it is stirred and consumed. The resulting community is
re-used for the production of the next Mabisi by addition raw cow milk to the containers
in which the community is present. It is interesting that these communities have been
co-cultured up to tens of years or maybe even more. In a food technology context the
serial transfer of material is referred to as backslopping (13).

In this experiment six original Mabisi samples were used. Species composition of each
sample is different, yet very similar. We characterized the samples in terms of their
species composition at the start of the experiment and after 16 repeated transfers in
a common environment. The central question we address is whether initially similar
communities will either become more alike (convergence) or less alike (divergence)
with respect to their species composition. Final species composition could be affected
by the initial composition (history - species present and their relative abundance) and
the selective pressures during the repeated transfers imposed by the environment
(change). If the fact that we place communities in a new, slightly different from the
original, environment is the main driver of change in species composition, the
communities will become more alike. However, should the slight differences in species
diversity between the six original Mabisi samples be the main driver, species diversity
may diverge. By using five replicates of each of the six original Mabisi samples for the
repeated transfers, we will assess how repeatable changes in species composition are
when starting with communities with slight initial difference in species composition and
place them in a new environment. This will show whether there would be an optimum
in species composition in a given environment. This selection at the level of species is
comparable to the process of natural selection acting on standing genetic variation
within one species.

Two traits related to community dynamics, metabolic profile and species composition,
are measured at the beginning and end of the experiment. We used a custom statistical
model to test whether initial community composition and environment were
significantly affecting community dynamics and if so, whether this happened according
to an additive or interactive scenario. For this we used a log-likelihood ratio test with
multinomial probabilities distributions.

Materials and methods

Mabisi samples

For these experiments, fermented milk products from Zambia were collected. This
product, called Mabisi, was purchased on the market of Mumbwa, Kaoma, and
Nangoma in February 2015. In Mumbwa, Mabisi was bought from three producers, and
one producer sold two types of Mabisi. This resulted in six Mabisi products: four from
Mumbwa, one from Kaoma and one from Nangoma. Upon collection, the samples were
stored in the fridge and shipped to the Netherlands at ambient temperatures.

Repeated propagation cycles

After arrival in the laboratory the bacterial communities were incubated in 30 mL UHT
milk (Milbona, Lidl) with 1 mL of Mabisi. The incubation period was 3.5 days at 27°C.
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The resulting communities (considered TO) were used to inoculate the experiments.
Five lines (replicates) were incubated per original Mabisi sample, 750 pyL Mabisi in 75
mL UHT milk, resulting in 30 lines. Also two blank UHT milk lines were transferred, but
not initially inoculated. Every 3.5 days, 750 pL of the fermented milk was transferred
to 75mL UHT milk, pH was measured and samples (1 mL) were taken for DNA
extraction to allow full community profiling. In total 16 transfers were made, resulting
in an average of 106 generations, assuming the bacterial diversity could increase a
hundred fold after the dilution step during transfer (log(100)/log(2) = 6.64 generations
per propagation cycle, gives 6.64*16 = 106 generations in total).

DNA extraction

The DNA extraction method was adapted from Ercolini et al. and Schoustra et al.
(5,140). For DNA extraction, 1 mL of fermented milk was spun down (2 minutes, 12000
RPM), after which the supernatant was removed. The cells were re-suspended in a mix
of 64 puL EDTA (0.5 M), 160 pL Nucleic Lysis Solution, 5 yL RNAse, 120 pL lysozyme
and 40 uL pronase E. After an incubation time of 60 minutes at 37°C and agitation of
350 RPM, 400 pL ice-cold ammonium acetate (5 M) was added and the mixture was
cooled on ice for 15 minutes. The mixture was spun down and 750 pL of supernatant
was transferred to a tube containing 750 uL phenol. This tube was vortexed and its
content spun down (2 minutes, 12000 RPM) and 500 pL of supernatant was transferred
to a tube containing 500 L chloroform. This tube was vortexed and its content spun
down (2 minutes, 12000 RPM) and 400 pL of supernatant was transferred to a tube
containing 1 ml 100% ethanol and 40 pL sodium acetate (3 M). This DNA containing
tube was left to precipitate at -20 °C overnight. The next day, the tube was spun for
20 minutes at 12 000 RPM at 4 °C. The supernatant was carefully aspirated, and the
DNA pellet was washed by adding 1 mL 70% ethanol. The tube was spun for 10 minutes
at 12 000 RPM at 4 °C, after which the supernatant was aspirated again. The DNA
pellet was left to dry at room temperature and dissolved in 20 pyL 10 mM Tris pH 7.5.

Bacterial community profiling: Species composition

The 36 extracts (6 original Mabisi and 6*5 of samples at time point 16) containing DNA
from all organisms in the community was sent for bacterial 16S rRNA gene amplicon
paired-end sequencing of the V4 hypervariable region (341F-785R) on the MiSeq
Illumina platform by LGC genomics (Berlin, Germany).

For further data processing and statistics the QIIME pipeline (141), modified from Bik
et al (142), was used. Paired-end reads were joined using join_paired_ends.py (with
minimum overlap 10 basepairs) after which sequences were trimmed and filtered using
cutadapt (v1.11 -q 20, -m 400, Martin 2011) using the known primer sequences
CCTACGGGNGGCWGCAG and GACTACHVGGGTATCTAAKCC. These trimmed sequences
were then checked for chimera’s, using uchime (v4.2.20, gold database)(155), with
sequences with a lower chimera score than 0.28 were retained. After these trimming
and filtering steps sequences were clustered into operational taxonomic units (OTUs)
after  quality check using pick_open_reference_otus.py (-s 0.1, -
enable_rev_strand_match TRUE, -align_seqgs_min_length 75, -pick_OTU_similarity
0.95). Taxonomy of the resulting OTUs was assigned to representative sequences using
the Greengenes (v13.5) rRNA database. This algorithm gives a representative
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sequence for an OTU, which were used to perform a local blast using the gold database
from uchime. The taxonomy from the top BLAST hit was used for further data
processing. Shannon index (H) accounts for both number and evenness of OTUs
present and is calculated using:

H =-Y{_,(p;Inp;) (1)

in which pi is the proportion of reads belonging to category i, and s is the total number
of categories which can be OTUs, species, or genera depending on the level of
clustering of the reads. The Shannon index can lie between 0 and In s (156), depending
on the distribution of the categories (evenness).

A second sequencing run was performed including intermediate time points.
Unfortunately, we experienced that the first batch of next generation sequencing could
not be compared to the second batch. Samples that were sequenced in both batches
showed much variation in species diversity and evenness. Also, when clustering the
samples in a PCA, the two batches of sequencing clustered together leaving no room
to interpret the data in a combined way. Other studies have experienced the same
(142,167) and the exact reasons for this technical artefact are unknown.

Bacterial community profiling: Metabolic profile

Frozen samples from time points 0 and 16 were defrosted for volatile metabolites
profile analyses using GC-MS. After an incubation of 20 min at 60 °C, volatiles were
extracted using a SPME fibre (Car/DVB/PDMS, Suppelco) for 20 min at 60°C. Volatiles
were desorbed from the fibre for 2 minutes on a Stabilwax- DA-Crossbond-Carbowax-
polyethylene-glycol column (30 m length, 0.25 mmID, 0.5 pym df), PTV Split-less mode
(5 minutes) at 250°C, helium as carrier gas at 1.5 mL/min, GC over temperature at
40°C, 2 min, raised to 240°C (10°C/min) and kept at 240°C for 5 min. Mass spectral
data was collected over a range of m/z 33-250 in full scan mode with 3.0030
scans/seconds. Results were analysed with Chromeleon 7.2 CDS Software
(ThermoFisher) where 32 signal peaks were identified as volatile metabolites according
to their elution time and mass spectral data.

Statistical Modelling

To test whether and how the initial species composition impacts the change in species
composition upon propagation we employed a statistical modelling approach. In this
model we related the initial (TO) and end composition (T16) by a vector of
transformation values that link these two communities. The transformation values link
TO and T16 composition as follows,

OTU;jrr16 = OTUy jroWiju/W (2)

where OTUi ;116 is the frequency of ith OTU from original Mabisi sample j at timepoint
T16, measured for the kth replicate. The transformation values wi jk determine whether
an OTU will increase or decrease. Note that the total sum of the frequencies was scaled
by factor W such that the total frequency of OTUs becomes 1. We modeled five
scenarios (S1-5); the transformation values were dependent on initial species
composition (S1), time (S2), initial species composition + time (S3), the interaction
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between initial species composition and time (S4), and the effect of the interaction of
initial species composition and time + stochasticity (S5). We compare these scenarios
to a null hypothesis, where there are no differences between any samples (S0).

We determined the probability of each scenario by calculating the likelihood of sampling
an OTU table (Sijk1i6 and Sijt0) from the OTU table frequencies (OTUi;«kT16 and
OTUi,;70). To render it possible to calculate the likelihoods of the distributions, we used
a rarefaction in giime to obtain S (rarefaction.py, -m 100). The probability of finding S
from a distribution of OTU frequencies is determined using the multinomial distribution
function dmultinom() in R (R base) for each of the 36 samples. From all possible OTU
models we have taken the one with the highest likelihood, given the modeled scenario.
The likelihood would be highly dependent on T16 samples as for each original Mabisi
sample there are five times more propagated samples compared to non-propagated
(TO) samples. Therefore, we weighted the log-likelihood of each of these samples by
dividing it by 5. We let P(S,;0TU) be the probability that we sample S out of frequency
distribution OTU. Then the log-likelihood summed over all samples of a scenario is
given by,

L= Z?:lln[P(Sj,TO; OTUj,To)] +§Zl§:1 216'=1 ln[P(Sj,k,Tmi OTUj,k,Tlé)] (3)

The frequency distribution with highest likelihood could be determined in all but one
scenario, by averaging the frequencies found; i.e., the most likely scenario for
frequency is the average frequency. For instance, for SO, where the scenario is that of
no difference in distribution between any samples, the most likely OTU distribution is
the average over all the OTU frequencies, i.e.,

1 1
OTUyis0 = 75 [Z?=1 OTUjro + 5212:1 Z?:l OTU;716] (4)

In the second scenario we model the potential effect of initial species composition,
without an effect of propagation (S1). The most likely OTU frequency distribution is
the average over the OTU tables within a sample coming from one original Mabisi
sample.

1 1
OTUML,SL]' = 2 [OTUj,To + EZ!sc=1 0TUj,k,T16] (5)

Third, we model only the effect of time point (S2), where the most likely distribution
is that of the mean over all OTU frequencies within a timepoint. Therefore, this is

OTUpp,s2: = OTU, (6)

where t stands for different timepoints, which can be TO and T16. Then we modeled
the effect of both initial species composition and time, but with similar changes in time
for each original Mabisi sample (S3), i.e, Wi,k = Wi2k= .... Wi6k.

In this scenario, an evolutionary algorithm was used to find the most likely frequency
distribution, as a similar analysis of averaging (eqgs. 3-6) could not lead to the most
likely distribution. This scenario started with the measured OTU tables frequencies at
TO as the starting modeled OTU frequencies. Then we started all values of w to be the

72



mean values of OTU at T16 divided by TO, scaled in a similar way as in eq. [1].
Subsequently we varied the values for OTU at TO and all values for w between
generations by multiplying these by a random number taken from a normal distribution
with mean 1 and standard deviation of a uniform distribution that varied between 0
and 0.05. Therefore, nor the steps, nor the step size were equal every generation. For
the obtained values of most likely OTU distribution eq. 2 was calculated and when this
likelihood was higher than before, the values obtained in the current run became the
newly inherited parameter values for OTU TO, OTU T16 and all values for w. This
simulation was run for 10,000,000 generations, within which the most likely OTU
values showed asymptotic behavior.

Then we modelled the scenario in which initial species composition affected how OTU
frequencies changed during propagation (i.e., interaction, S4), which was again
estimated by taking the mean of the OTU tables, but now per time point per original
Mabisi sample. This was calculated using

OTUML,S4,j,t = OTU],t (7)

Lastly, when we also allowed for stochastic variation (S5), each most likely OTU table
is the sampled table.

Once we had obtained the likelihoods of the most likely distributions, we tested whether
initial species composition significantly affected OTU tables by performing a log likely
ratio test between S1 and SO. Similarly, we performed such tests between the
likelihoods for SO and S2 (for propagation effect), the interaction between initial
species composition and propagation (S3 vs S4) and lastly whether stochasticity
significantly affected the OTU tables by comparing S4 and S5. The value obtained was
tested against x? distribution with difference in parameters as degrees of freedom.

Then we also quantified the relative explaining power for the different factors by
calculating McFaddens Pseudo R? (168). We first calculated these values by

R§; =1 —log(Ls:)/10g(Lso) (8)

The maximum R? is obtained from R2ss. However, this value is still below 1. To calculate
the relative contribution of explanatory power we divided all values of R? by the highest
R? RZss, thereby getting rR?, the relative McFaddens pseudo R? Lastly, to obtain the
added rR? of single factors, such as stochasticity, we had to subtract the value of rR2ss.
We thereby got the relative contribution for each factor.

Results

Species composition

The experiment consists of six initial Mabisi samples. Upon analyses of the microbial
communities of these Mabisi samples 461 different OTUs were identified which blasted
as 47 different species in two main genera, Lactobacillus and Acetobacter (Figure 5.1).
In two samples, those originating from Kaoma and Nangoma, 61-64% of the reads
blast as Acetobacter species and 30-35% as Lactobacillus species. In the other four
samples, that originate from Mumbwa, the microbial communities consisted for about
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60-70% of Lactobacillus and 30-40% Acetobacter species. The main species present
were Lactobacillus helveticus, Lactobacillus delbrueckii, Acetobacter pasteurianus and
Acetobacter orientalis. Lactobacillus fermentum and Lactobacillus kefiri are present in
lower amounts and not in all samples. Shannon’s diversity index of the samples ranged
from 1.75 (Mabisi 4) to 2.11 (Mabisi 3) (Supplement Table 5.51).
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Figure 5.1 The microbial community structure of Mabisi samples at time point 0 and the
average microbial community structure of the samples after 16 repeated propagation cycles (time
point 16). Results of DNA sequencing in the 16S region and shown on species level. Results shown
for the samples after 16 repeated propagation cycles are the average of 5 replicates that were
propagated independently. Microbial community structure of all 5 replicates can be found in
Supplement Figure 5.51.

The six Mabisi samples were split in five replicates and inoculated in a new milk
environment. After 48 h of growth, we transferred 1% of the culture consisting of the
mixed bacterial community to fresh milk and repeated the procedure for 16 repeated
transfers. After 16 transfers the bacterial community structure was analysed again.
The propagated Mabisi communities show differences from the original propagated
samples in terms of species composition (Figure 5.1). On average the relative
abundance of Lactobacillus delbrueckii and Lactobacillus helveticus increased while
both Acetobacter pasteurianus and Acetobacter orientalis decreased in relative
abundance. There is variation between groups of propagated lines. In propagated
communities originating from Mabisi sample 4, for example, the abundance of
Lactobacillus delbrueckii decreases instead of increases. Across all 5 propagated
replicates that originated from this Mabisi sample (Supplement Figure 5.51), this is a
parallel change. Also, for the other replicates originating from one original community
a parallel change can be seen. In most cases, except among propagated communities
originating from Mabisi 5, the Shannon index was lower after propagation (T16) than
before propagation (T0) (Supplement Table 5.51).
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We used a principle component analysis to visualize shifts in species composition after
repeated propagation cycles (Figure 5.2). This analysis shows that species composition
in the five replicates originating from the same original Mabisi sample changed in a
similar way. While replicates coming from the same Mabisi sample still show much
similarities, the bacterial community structure over all the propagated microbial
communities became less similar. Overall, species composition among the propagated
communities shows a higher variability than overall species composition among the six
starting communities. Two clusters are formed, representing two ecological states. One
with Mabisi 1 and 5 (cluster A) and one with Mabisi 2, 3, 4 and 6 (cluster B). Compared
to cluster B, cluster A is characterized by a decrease in relative abundance of
Lactobacillus helveticus and higher relative abundance of Lactobacillus delbrueckii.
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Figure 5.2 Principle component analyses (PCA) of bacterial community structure of all
samples at TO (orange) and T16 (blue). Shapes represent samples originating from the same
original Mabisi sample. Oval orange shades show clustering of TO samples, blue shades show
clustering of T16 samples that had originated from the same TO sample. Oval shades do not
represent results of analysis and are for visual interpretation purposes. Two ecological clusters
were observed among the T16 samples: cluster A characterized by a higher relative abundance of
Lactobacillus delbrueckii, and cluster B characterized by a higher relative abundance of
Lactobacillus helveticus. PCA analyses were based on OTU tables.
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Metabolic profiles

For overall metabolic activity, 32 volatiles were analysed as proxy. Analysing volatiles
is a rapid and simple methods that, even though non-volatile metabolites are not
analysed, gives us the possibility to compare metabolic activity between the different
samples. Most volatiles belonged to the groups of esters, carbolic acids, ketones, and
alcohols (Supplement Table 5.52). We used a principle component analysis to visualize
changes in metabolite profiles of communities before and after repeated transfers. In
this case, the PCA analysis of the results did not show a clear distinction in clusters
(Figure 5.3). Most samples, except for samples from Mabisi 6 show very similar volatile
composition which is not, or only slightly, different from the volatile composition at TO.
Other community characteristics such as pH, phase separation, and product thickness
also did not show a directional change (data not shown).
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Figure 5.3 Principle component analyses of volatile compounds of all samples at TO
(orange) and T16 (blue). Similar shapes represent samples originating from the same original
Mabisi sample. Oval orange shades show clustering of TO samples, blue shades show clustering of
T16 samples that had originated from the same TO sample. Oval shades do not represent results
of analysis and are for visual interpretation purposes. PCA analyses was based on the 32 most
abundant volatiles in the GC-MS analyses as mentioned in Supplement Table 5.S2.

Mechanisms that determine changes in species composition

Changes in species composition after repeated propagation cycles can be due to four
main factors: initial species composition, selection imposed by the environment,
change caused by interaction between species, and random processes in species
dynamics. To statistically test which factor has the biggest influence on the community
structure, we developed a maximum likelihood approach where we add levels of
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complexity to a species composition model. Using the species composition of the 36
samples we modelled six different scenarios and calculated the log likelihood (Table
5.1). Visual representation of this step-wise model on species composition is in
Supplement Figure 5.S2.

Every step increases the log likelihood. Allowing differences between the six initial
samples (S1, Initial species composition) explains most of the variation (46.5%) and
significantly affected the species composition (x%if=60=396.03, p<0.001, Table 5.2).
While time also significantly affected the species composition (12.0% of the variation
explained, x%ir-12=101.87, p<0.001), allowing for interactions between Mabisi sample
and time points (Initial species composition * Time) explains 18.6% more of the
variation then without interaction (Initial species composition + Time, X2d-6=158.20,
p<0.001). The addition of stochasticity (Initial species composition * Time +
Stochasticity) resulted in explaining 100% of the variation, as all possible sources of
variation are incorporated, however due to the many parameters included in this model
(d.f.=288, Table 5.2), the addition of stochasticity did not significantly explain more of
the OUT table variation (p=1.0).

Table 5.1 Log likelihood of scenarios in species composition. The description of the
scenarios and log likelihood are listed. OTU cutoff 0.02, likelihood of time point 16 samples
averaged. Input = rarefaction_100_1.biom. 100000 iterations for estimating S3.

SCENARIO DESCRIPTION LOG
LIKELIHOOD
SO - ALL EQUAL No initial differences,
o . -562.18

No composition changes over time
S1 - INITIAL SPECIES Initial differences,
COMPOSITION No composition changes over time -364.16
S2 - TIME No initial differences,

Equal composition changes over time -511.24
S3 - INITIAL SPECIES Initial differences,
COMPOSITION + TIME Equal composition changes over time -310.83
S4 - INITIAL SPECIES Initial differences,
COMPOSITION * TIME Different composition changes over time -231.73
S5 - INITIAL SPECIES All samples at T16 a different distribution
COMPOSITION * TIME + -134.35
STOCHASTICITY
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Table 5.2. Statistics of maximum likelihood approach using likelihood ratio tests. The log
likelihood ratio test statistic (2*ALL), number of degrees of freedom and p value (from chi square
distribution) and relative McFadden pseudo R2 are listed. OTU cutoff 0.02, likelihood of time point
16 samples averaged. Input = rarefaction_100_1.biom. 100000 iterations for estimating S3.

SCENARIOS LR TEST

TESTED STATISTIC AD.F. P REL. MCF PSEUDO R?

S1VS S0 396.03 60 0 46.5%

S2 VS SO 101.87 12 6.7e-16 12.0%

S4 VS S3 158.20 6 9.8e-10 18.6%

S5 VS S4 194.75 288 1.000 22.9%
Discussion

Changes in species composition and metabolic profile

We used six Mabisi samples from Zambia as starting point for repeated propagation
cycles into fresh milk, splitting each original sample into five replicates. At the genus
level, the six original microbial communities show much similarity, however, when
comparing the communities at the level of species and OTUs, differences between the
communities can be observed (Supplement Figure 5.53). The level of similarity at the
genus level, in combination with a variation in OTUs, made the different bacterial
communities a suitable starting point to study potential change in species composition
upon repeated propagation cycles. The original communities harboured similar species
(although each species could be present at a different frequency) and thus contained
the potential to become the same. The environment used for the repeated propagation
cycles is simpler than the Mabisi environment the bacterial communities originated
from. The new environment might have been selective for only those bacteria that
were most fit for this specific environment. This potentially caused a loss in species
diversity towards retaining only a few species in the microbial community. This is
however not what we observed. The milk environment appeared to provide enough
niches to the bacterial species to maintain species diversity.

We observed a high level of parallel changes in species composition among the
replicates of the same initial sample. Some divergence was observed, but in
comparison with propagated communities originating from other original Mabisi
samples the changes were parallel in direction. Our results showed that due to the new
environment, species composition in communities changed. After 16 repeated
propagation cycles two clusters, potentially representing two ecosystems, emerged
among our propagated communities (Figure 5.2). The two ecological clusters were
characterized by the fact that either Lactobacillus delbrueckii or Lactobacillus helveticus
was the most abundant species. This implies these two species share the same
ecological niche and seem to be interchanging their functionality. Interestingly, both
species remained present in the population; the least abundant species was not
completely outcompeted. They might have an additional role, or we are not at the
endpoint of changes in species abundance yet. The differences we observed could
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potentially also be different stages of the same transition from the ancestor towards a
most optimal species composition. Our results suggest that the change in species
composition towards one of the two ecological states is dependent on the original
Mabisi bacterial community. Predicting which cluster the species composition would
belong to after repeated propagation cycles does not seem straightforward. For
example, original Mabisi 4 and original Mabisi 5 show clear similarities (Figure 5.2 and
Supplementary Figure 5.51), while the communities after 16 propagation cycles belong
to different clusters.

This dependence on the original bacterial community was apparent from our tests on
the species composition model. The scenario that allowed for differences in initial
species composition showed the biggest increase in likelihood. The environment was
found to have the least influence on the change in species composition of the four
tested mechanisms. It is interesting to see that allowing interactions between initial
species composition and time explained an extra 18.6% of the variation, compared to
the additive effect of initial species composition and time. This indicates that in one
species composition a certain OTU increased, while in another species composition the
same OTU decreased. We therefore hypothesise that biotic interactions within the
community have a bigger influence on the fitness of a certain OTU than the selection
of the abiotic environment.

One could hypothesize that the differences in the microbial community composition of
all Mabisi translate into differences in metabolic activity. In contrast to the species
composition, the metabolic profiles of the communities did not show two clusters
representing the two ecological states. The metabolites produced in a microbial
community might be more dependent on the environment than on initial and current
species composition. The metabolic pathways resulting in the formation of the volatiles
measured might be either present in species which are represented in both ecological
states or be carried by different species but expressed in a similar way. Also, in pH,
phase separation and product thickness no directed change during the repeated
propagation cycles were found (results not shown). We conclude that despite clear
differences between the species composition after repeated propagation cycles, the
metabolic functionality of the communities as a whole remained similar.

Factors defining changes in species composition after repeated
propagation cycles

This experiment can also be seen as an analogy to an experimental evolution with one
species starting with standing variation (91,92). In our case, however, we study the
sorting of species rather than the sorting of genotypes. Due to selection pressures, one
or a few individuals with the highest fithess can be selected in an experiment with
standing genetic variation. In case of communities we cannot speak about fitness of
the individual, as the community does not reproduce as one organism, but rather
consists of multiple organisms which all reproduce on their own and therefore have
their own fitness. However, although we cannot use fitness as defined for individual
genotypes within a species, we can study how whole communities may adapt to a new
environment. Although species are often studied in isolation, in nature they interact
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with many other organisms. Therefore, this study is focussed on the dynamics of whole
communities to complement findings of studies focussing on individuals.

New environments can cause communities to change in species composition and
function. These changes are influenced by adaptation, chance, and evolutionary history
(169). Trait that are strongly related to fitness (such as bacterial growth rate) are more
influenced by history, while traits that are weakly related to fitness (such as cell size)
are more influenced by environment and chance. In this study we analysed two traits
of a bacterial community: species composition and metabolic profile. Species
composition was more influenced by the initial species composition, while for metabolic
profile this was not the case. It might therefore be that species composition in itself is
not important for community ‘fitness’ or success, where success is reached by the
highest efficiency in utilisation of the resources by the community. The selection might
be on the level of active genes, independent on the bacteria in which these genes are
present. This can be tested in future research by analysing the RNA profile of the
community and check whether that is more related to the bacterial composition or the
aroma profile. Potentially there are fewer optimal solutions for resource use which can
be achieved by variations in species composition. This makes that community
metabolism and community composition are not directly linked.

Limitations

We assumed that lactic acid bacteria (LAB) are the most abundant species in the
context of milk fermentation. Therefore, in analysing species composition we only
analysed bacteria by sequencing DNA encoding 16S rRNA. As Mabisi is produced by
spontaneous fermentation, the natural community used in this experiment very likely
contained organisms from other taxa. The possible interactions between taxa, such as
with yeasts, fungi, or bacteriophages, might indicate why in some communities
Lactobacillus delbrueckii had the highest presence, while in other communities
Lactobacillus helveticus is most abundant. Further sequencing using primers that
capture this diversity of taxa can give insight in these hypothesis. Another way of
sequencing, such as deep sequencing or sequencing using targeted primers, can also
give more insight in the microorganisms present to a subspecies or perhaps even
lineage level. As subspecies are substantially different in their biology and functionality,
grouping bacteria by their species level is not detailed enough to determine their
function in a certain environment.

Conclusion

When put in a new environment, different natural microbial communities from Mabisi
keep their diversity and did not show simple convergent change towards a microbial
community with only a few species. Even though the species composition from the
original Mabisi communities seem very similar, small differences made that the final
species composition differed between samples from different origin. These changes
were parallel in all 5 replicates of the same original Mabisi community. Initial
composition and interactions were determining factors in species composition.
However, final species composition could not be predicted by initial bacterial species
composition. Despite the changes in species composition, a directed change in function
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was not found. Indicating that different groups of bacteria might have the same
function in this system.

In summary, we saw that bacterial species composition was highly dependent on initial
species composition and to a lesser extent depended on changes caused by the new
environment. The reproducibility in the way these communities changed in their new
environment opens a door for further research towards finding specific causes within
the initial community for the specific compositional dynamics we observed. This would
be an important step towards predicting community structure and function in novel
environments.

Supplementary material

Supplement Table 5.S1 Shannon index as measure for bacterial diversity on OTU
level of all six Mabisi samples, at the beginning of the transfers (T0O) and the average
after 16 transfers (T16).

TO T16 (average)
1 1.92 1.48
2 2.00 1.84
3 2.11 1.86
4 1.75 1.45
5 1.85 1.95
6 2.03 1.75
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Supplement Figure 5.S1 Community structure on species level of all Mabisi samples at time
point 0 and 16. Different colours indicate different species which could consist of multiple
OTUs. Vertical axes indicate percentage of total reads within the sample. The nine species with
highest abundance are indicated in the legend. The aim of the figure is to show the diversity
found in the microbial communities of Mabisi in terms of species variation. For specific
abundances of species and OTU, please refer to the sequencing data provided with this
publication.
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Supplement Figure 5.S2 Hypothetical community structures when allowing various factors in
the construction of the communities from the total OTU pool. SO, all samples equal, no initial
differences no frequency changes; S1, “Initial species composition”, differences between sample,
no changes in frequency; S2, “Time”, similar frequency changes, no differences initially; S3,
“Initial species composition + Time”, equal frequency changes and initial differences; S4, “Initial
species composition * Time”, different frequency changes and initial differences; S5, “Initial
species composition * Time + Stochasticity”, all samples at T16 a different distribution.
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Supplement Figure 5.S3 Initial composition of natural communities from Mabisi. The aim
of the figure is to show the diversity found in the microbial communities of Mabisi in terms of
genus and species variation. Colours differentiate between the four most abundant genera:
Lactobacillus (green), Acetobacter (blue), Bacillus (yellow) and Streptococcus (red). Shades of the
colour indicate different species within that genera, which can consist of different OTUs. Shades
of grey represent different species of other genera.
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Abstract

Spontaneously fermented food products contain a complex, natural microbial
community with potential probiotic activity. The addition of a health-promoting,
probiotic bacterium to these products ensures the delivery of that probiotic activity to
consumers. Here, we assess the microbial community of a traditional Senegalese milk
product produced by spontaneous fermentation, called Lait caillé. We produced the Lait
caillé in a traditional way and added a probiotic starter containing Lactobacillus
rhamnosus yoba 2012 to the traditional process. We found various species that are
known for their ability to ferment milk, including species from the genera Lactobacillus,
Acetobacter, Lactococcus, and Streptococcus. Our results show that the addition of L.
rhamnosus to the inoculum, can result in detectable levels of this strain in the final
product, ranging between 0.2 and 1 percent of the total bacterial population.
Subsequent rounds of fermentation using passive back-slopping without the addition
of new L. rhamnosus led to a loss of this strain from the community of fermenting
bacteria. Our results suggest that the addition of probiotic strains at every fermentation
cycle can enrich the existing complex communities of traditionally fermented Lait caillé
while traditional bacterial strains remain dominant in the bacterial communities.

Introduction

Fermented foods are consumed worldwide and are of increasing interest to the field of
public health. They include (complex) microbial communities of mainly lactic acid
bacteria that are considered beneficial in stimulating a healthy gut microbiota and that
promote food safety (120,170). Most traditional fermented foods are produced by
spontaneous fermentation, meaning that no starter culture is added to ferment the
raw ingredients. Spontaneous fermentation results in products containing diverse
microbial communities. Bacterial strains in these communities can be similar to
probiotics (9). The probiotic properties of these products may be further enhanced by
enriching the microbial communities through the addition of known probiotic strains
to ensure probiotic activity.

In this study, we characterized the microbial community of Lait caillé, a fermented milk
product from Senegal (171-174) using repeated rounds of traditional preparation as
well as preparations including a probiotic starter culture. Lait caillé (“curdled milk”) is
traditionally produced by the spontaneous fermentation of cow’s milk. The milk is first
boiled and subsequently cooled before it is poured into a lahal—a wooden bowl that
serves as the container for fermentation. Because lahals are used in succession, they
contain a biofilm layer with the microbial culture from the previous fermentation cycle
which then starts fermentation of the next batch.

First, we analyzed the composition and batch-to-batch dynamics of the microbial
community in Lait caillé. The microbial community in other spontaneously fermented
milk consist of various lactic acid bacteria (LAB) in combination with other bacteria, as
well as yeasts and molds (5,81-84,139,175,176). In the current study we focused on
the bacterial composition of the final product in relation to the composition of biofilms
in the lahals and the dynamics over multiple rounds of fermentation. Second, we
studied the possibility of enhancing the probiotic properties of the final product,
through addition of a probiotic starter culture to the initial microbial community. This
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starter culture, called “Yoba for Life”, was developed for the production of probiotic
yogurt (120) and consists of a mixture of two bacterial strains, Lactobacillus rhamnosus
yoba 2012 and Streptococcus thermophilus C106. We applied the Yoba starter culture
at the start of fermentation, into lahals containing their own natural, complex microbial
communities and tracked the presence of the two added strains. Additionally, in some
lahals we added millet porridge, as an extra fermentable substrate for the invading
probiotic bacteria, which might give them an advantage over the existing fermenting
community. This laboratory-based research is complementary to the fieldwork of
Parker and colleagues (172), who analyzed microbial communities of Lait caillé
produced in Senegal. The aim of this research was to increase the availability and
accessibility of health-promoting fermented foods in regions with a high prevalence of
undernutrition. Furthermore, we intended to contribute to the general knowledge on
bacterial community stability, and the factors influencing bacterial invasion in existing
microbial communities.

Materials and methods

Bacterial strains and growth media

We used bacterial invaders from the Yoba for Life starter culture for probiotic yogurt
(CSK food enrichment, Leeuwarden, The Netherlands). This starter culture consists of
Lactobacillus rhamnosus yoba 2012 and Streptococcus thermophilus C106 (120). We
used sachets containing one gram of dried starter culture, containing at least 1*1079
CFU/g of each strain (177), to inoculate 1 L Ultra-high temperature (UHT) processed
milk (Milbona, Lidl). MRS (Sigma-Aldrich, St. Louis, Missouri, United States) agar plates
were incubated anaerobically at 28 °C for the CFU count of L. rhamnosus. M17 (Fluka,
Sigma-Aldrich) agar plates were incubated anaerobically at 42 °C for the CFU count of
the thermophile S. thermophilus.

Fermentation in the lahals

Eight lahals were imported from different regions in Senegal (locations are reported in
Supplement Table 6.52) and their biofilm was sampled upon arrival in the laboratory
(Supplementary Table 6.51). From every lahal, 4 cm? of the inside of each lahal was
superficially scraped using a spatula. The obtained wood sample containing the
microbial biofilm (inoculum for the fermentations) in these lahals was suspended in 1
mL of saline (0.8% (wt/vol) NaCl solution). The lahals were filled with 1 L UHT milk
(Milbona, Lidl) and incubated at 28 °C for 3 days to allow the first round of
fermentation. Samples (1 mL) of the resulting fermented milk were stored at -20 °C
and in glycerol (0.5 mL) at -80 °C. After use, the lahals were cleaned with sterile water
and tissue paper. Immediately after the cleaning, a biofilm samples was taken from
the inside of the lahals. The lahals were used for fermentations and regularly sampled
for 4 months. MRS (Sigma-Aldrich, St. Louis, Missouri, United States) agar plates were
incubated anaerobically at 28 °C for the total count of lactic acid bacteria as measure
for total bacterial count.

Standard Yoba yogurt

A standard Yoba yogurt was produced by adding 1 g Yoba for Life starter culture to 1
L UHT milk in a sterile glass bottle. This bottle was incubated at 28 °C overnight to
allow fermentation. At different time points during fermentation samples were
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incubated anaerobically on M17 agar at 42 °C and MRS agar at 28 °C to count
respectively S. thermophilus and L. rhamnosus. Resulting counts were used to
calculate average growth rates in standard Yoba yogurt. The DNA was extracted from
the resulting yogurt for analyses of L. rhamnosus and S. thermophilus concentrations,
which were used as the standard for probiotic characteristics.

Probiotic invasion

In the eight lahals, the following propagation environments were tested: 1) the addition
of 1 g Yoba starter culture to 1 L UHT milk at fermentation cycle 1 and cycle 7 (for
three lahals); 2) the addition of 1 g Yoba culture starter to 1 L UHT milk at fermentation
cycle 1 and cycle 7 and a one portion of millet porridge at all twelve fermentation cycles
(for three lahals); and 3) controls consisting of only 1 L UHT milk (two lahals). To
produce one portion of millet porridge, 50 g millet flour was mixed with 400 mL water
and heated in a microwave (750W). Heating was alternated with stirring every 30
seconds, until the porridge was boiling (typically after 4.5 minutes). The porridge was
left to cool at room temperature for 30 minutes. Lahals were covered with aluminum
foil and incubated at 28 °C for two days and used for fermentation twelve times
consecutively. Community dynamics were analyzed with non-culture based sequencing
methods targeting the 16S rRNA region of the bacterial DNA.

DNA extraction

The DNA extraction method was adapted from Ercolini et al. 2001 and Schoustra et al.
2013 (5,140). For DNA extraction, 1 mL of fermented milk was spun down (2 minutes,
12000 RPM), after which the supernatant was removed. The cells were re-suspended
in @ mix of 64 pL EDTA (0.5 M), 160 pL Nucleic Lysis Solution, 5 yL RNAse, 120 pL
lysozyme and 40 uL pronase E. After an incubation time of 60 minutes at 37°C and
agitation of 350 RPM, 400 pL ice-cold ammonium acetate (5 M) was added and the
mixture was cooled on ice for 15 minutes. The mixture was spun down and 750 pL of
supernatant was transferred to a tube containing 750 uL phenol. This tube was
vortexed and its content spun down (2 minutes, 12000 RPM) and 500 pL of supernatant
was transferred to a tube containing 500 pL chloroform. This tube was vortexed and
its content spun down (2 minutes, 12000 RPM) and 400 pL of supernatant was
transferred to a tube containing 1 ml 100% ethanol and 40 pL sodium acetate (3 M).
This tube containing DNA was left to precipitate at -20 °C overnight. The next day, the
tube was spun for 20 minutes at 12 000 RPM at 4 °C. The supernatant was carefully
aspirated and the DNA pellet was washed by adding 1 mL 70% ethanol. The tube was
spun for 10 minutes at 12 000 RPM at 4 °C, after which the supernatant was aspirated
again. The DNA pellet was left to dry at room temperature and dissolved in 20 pL 10
mM Tris pH 7.5.

DNA sequencing and sequence analyses

The extract containing DNA from all organisms in the community was sent for paired-
end sequencing of the V4 hypervariable region of the bacterial 16S rRNA gene amplicon
(341F-785R) on the MiSeq Illumina platform by LGC genomics (Berlin, Germany).

For further data processing and statistics the QIIME pipeline (141), modified from Bik
et al. (142) was used. Paired-end reads were joined using join_paired_ends.py (with
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minimum overlap 10 basepairs) after which sequences were trimmed and filtered using
cutadapt (v1.11 -g 20, -m 400 (154)) using the known primer sequences
CCTACGGGNGGCWGCAG and GACTACHVGGGTATCTAAKCC to trim both sides of the
sequence. These trimmed sequences were then checked for chimera’s, using uchime
(v4.2.20, gold database (155)). Sequences with a chimera score lower than 0.28 were
retained. Next, sequences were clustered into operational taxonomic units (OTUs) after
quality check using pick_open_reference_otus.py (-s 0.1, -enable_rev_strand_match
TRUE, -align_seqs_min_length 75, -pick_OTU_similatiry 0.95). Taxonomy of the
resulting OTUs was assigned to representative sequences using the Greengenes
(v13.5) rRNA database. This algorithm gives a representative sequence for an OTU,
which were used to perform a local BLAST using the gold database from uchime (146).
The outcome of the top BLAST hit was used for further data processing. Shannon index
(H) accounts for both abundance and evenness of OTUs present and is calculated using
H=-Z pi In pi in which pi is the proportion of species i relative to the total number of
species(178).

Results and discussion

Bacterial composition of Lait caillé

Initial composition of microbial communities in lahals

Upon arrival of the lahals in the laboratory, we analyzed the bacterial composition of
their internal surface. Because the lahals are wooden, they exhibit a rough internal
surface that facilitates the formation of biofilms and the accumulation of residues from
in each fermentation cycle. Species of Lactobacillus and Streptococcus are the most
abundant across all community structures found on the lahals’ surfaces; 56.8% and
16.8% of the total reads respectively (Figure 6.1). However, substantial variation
between lahals was found both in terms of types of species present as well as overall
species diversity. The Shannon index (H) is a measure of diversity based on operational
taxonomic units (OTUs). The Shannon index varied from 1.98 to 3.20 and can be found
per lahal in Supplement Table 4.S1. The community structures we find here are in line
with the findings of Parker et al. (172), who analyzed the same type of lahals in a field
study in Senegal. We found various species that are known for their ability to ferment
milk, such as Lactobacillus helveticus (179,180) and Streptococcus thermophilus
(181,182). Not all species are likely to contribute to the milk fermentation. We found
species that are known for their presence in the environment and animals, including
Pseudomonas libanensis (183) and Buttiauxella warmboldiae (184), which have a high
presence in lahal 1 (18.9% and 10.6%, respectively), and Kurthia gibsonii (185), which
has a high presence in lahal 2 and 4 (33.9% and 11.6% respectively). Presence of
species like Lactobacillus delbrueckii confirmed that the communities in the lahals can
contain probiotic strains (186,187). However, with the analyses used in this study, the
identification of the bacteria at the level of subspecies or lineage is not possible and
therefore no conclusions regarding the presence of probiotic strains can be made.

The spontaneous nature of the fermentation explains our finding that the seven lahals
contain microbial communities of varying compositions. A cluster analysis did not
reveal a relationship between the community structure and the origin, frequency of
use, or age of the lahals (Supplement Table 6.52). However, the lahals were used by
different producers, who might have different methods, which may have influenced the
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influx of various bacteria as well as the selection pressure on the various bacterial
species.

Similarity between lahal biofilm community and microbial composition in the
resulting Lait caillé

Spontaneous fermentation of Lait caillé differs slightly from the process of active back-
slopping, where a sample from a previous fermentation round is used to start a new
fermentation (13,188). We therefore refer to this process as “passive back-slopping”,
because an external starter culture is not intentionally added. The outcome of the first
cycle of spontaneous fermentation is difficult to predict, as it is highly influenced by
chance. Over time, through back-slopping, the fermenting community can stabilize and
generate stable product characteristics (77,79). In some traditional fermented dairy
products, such as Parmigiano Reggiano (12), the back-slopped community must
compete with a microbial community present in the raw milk. For Lait caillé this is not
the case, as the raw milk is boiled before fermentation. We hypothesize that the
communities in the lahals are the inoculum for the milk. Thus, the microbial community
in Lait caillé will be a modified subset of the bacterial community in the lahals’ biofilm.

0, e
o el
M Lactobacillus
80% M Streptococcus
W Acetobacter
0% Pseudomonas
(]
M Kurthia
M Buttiauxella
40%
MW Lactococcus
M Acinetobacter
20% B Gluconobacter
W Weissella
0%
Goumel Walo Gaé Guett-gua Médina Djidiéry  Gaé urbain Pathé Badio
Cheikh
1 2 3 4 5 6 7

Figure 6.1 Bacterial composition of biofilm samples of all lahals upon arrival at the
laboratory. Different colors indicate different genera and can consist of different species and
different OTUs. The ten genera with highest abundance are indicated in the legend. The aim of the
figure is to show the diversity found in the microbial communities of Lait caillé in terms of genus
and species variation. For specific abundances of species and OTU, please refer to the sequencing
data provided with this publication. Lahal numbers are used consistently throughout the
experiments. Locations indicate the origin of the lahals.
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Upon arrival at our laboratory, the lahals were used for several rounds of fermentation.
Each round was initiated by adding 1 L of sterilized whole milk to each lahal, which was
subsequently incubated at 28 °C for 48 hours. We compared the microbial composition
of Lait caillé (the final product) after one fermentation cycle with the microbial
composition of the biofilm in the lahal. Figure 6.2 shows a cluster analysis of the
bacterial biofilm and final product communities of lahals 2, 3, 4, 6, and 7. This shows
that biofilm samples and Lait caillé samples cluster more often together than each Lait
caillé sample clustering with the corresponding biofilm sample. Considering that the
biofilm is the only inoculum in the sterilized milk, we might expect some more overlap.
However, multiple strains present in the biofiim do not grow in milk. The most
abundant OTUs were different for every Lait caillé sample, but for every individual Lait
caillé, the three most common OTUs in could be traced into the corresponding lahal
biofilm samples. However, some OTUs from Lait caillé are not detected in the biofilm
samples. It is plausible that these bacteria were present in the biofilm at a level below
the detection limit and have the chance to grow significantly when milk is added to the
lahal (3).

[ 7 Biofilm
' 6 Biofilm
_I 3 Biofilm
2 Biofilm
4 Biofilm
] 4 Lait caillé
] 3 Lait caillé
—|: 2 Lait caillé
6 Lait caillé
7 Lait caillé
T

Figure 6.2 Hierarchical clustering of bacterial communities from lahal surface and Lait
caillé. Lahal surface samples as well as Lait caillé samples of lahal 2,3,4,6, and 7 are clustered
using Unweighted Pair Group Method with Arithmetic Mean based on beta-diversity of the bacterial
communities.

Changes in the microbial composition of Lait caillé over multiple rounds of
fermentation

To assess the temporal stability of the bacterial communities in the final products of
three lahals, a selection experiment was conducted. These lahals were used in Senegal
to propagate the communities over many cycles, allowing them to adapt to specific
growth conditions. We may assume that the bacterial communities are in dynamic
balance in terms of their species composition. Then, not taking erratic passersby into
consideration, the bacterial frequencies will not change as much between fermentation
cycles, provided that the incubation conditions in the laboratory are not very different
from those in Senegal. The results (Figure 6.3) show that the communities of Lait caillé
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produced in lahals 2, 4, and 7 maintain a high diversity throughout the fermentation
cycles (25 transfers in case of lahal 2). Over time, we see a change in the bacteria
present in the Lait caillé samples. Lait caillé from both lahal 2 and lahal 9 is mainly
dominated by Lactobacillus helveticus, Acetobacter pasteurianus, and Lactococcus
lactis. Lait caillé from lahal 4 is mainly dominated by Streptococcus thermophilus, with
Lactobacillus delbrueckii as the main Lactobacillus species after the first fermentation.
After six fermentation rounds, Lactobacillus helveticus has the highest presence,
together with Acetobacter pasteurianus and Lactococcus lactis. As this is also the main
species present in Lait caillé from lahals 2 and 7, these strains might form a stable
community. When comparing these data to the results reported by Parker et al. (172),
we see that the percentage of Acetobacter species is higher, while that of Streptococcus
species is lower in these Lait caillé samples. This might be due to the difference in
fermentation time; each fermentation cycle in our experiment was 48 hours, compared
to 12-24 in Parker et al. (6). Streptococcus thermophilus is known for its proteolytic
activity and is therefore able to grow from the start of a fermentation (27,52).
Acetobacter species grow through oxidation of the fermentation products from the rest
of the community (189), and will have their growth at a later stage in the fermentation.
During this stage, the relative abundance of Streptococcus species might decrease due
to a relative decrease in growth.

The difference between this selection experiment and most laboratory selection
experiments using bacterial cultures (experimental evolution), is the mode of bacterial
transfer between fermentation cycles (41,190-192). Rather than transferring the liquid
phase of the final product the lahals themselves are “transferred” to the next round of
fermentation, in the sense that each lahal contains a biofilm that acts as the starter
culture. This mode of transfer represents passive back-slopping, that is part of
traditional Lait caillé production methods. As a result, bacteria are under selection not
only to grow fast in milk, but also attached to the lahals’ inner surfaces, either by
formation of a biofilm, or through residing in a deep crevice in the wood of the lahal.

Community diversity

The bacterial diversity of the communities did not decrease throughout the
fermentation cycles in the laboratory (Figure 6.3), which suggests that niches in the
system have all been occupied in a temporally stable way. This may limit the
opportunity for other bacteria such as probiotic bacteria, but also pathogens, to invade
the communities. High diversity can result in a stable functionality of the community
due to a back-up function (17,68,99), causing a lower number of unoccupied niches,
for example due to unused nutrients (100). Under such circumstances, those niches
are not available for any invader, which makes the whole system more likely to keep
its functionality and not destabilise due to a non-cooperator (69). However, the exact
relationship between diversity and stability is still under debate (98,193).
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Figure 6.3 Community composition of bacterial species in Lait caillé of lahals 2, 4, and 7
over time. These lahals were used for fermentation by only adding sterile milk. Data points of
lahal 4 and 7 are not shown as there were other ingredients added in these fermentation. Different
colors indicate different species and can consist of multiple OTUs. Vertical axes indicates
percentage of total reads within the sample. The aim of the figure is to show the diversity found
in the microbial communities of Lait caillé in terms of genus and species variation. For specific
abundances of species and OTU, please refer to the sequencing data provided with this publication.

1

Addition of Yoba starter culture

In the second part of this study, we attempted successful invasion by probiotic bacteria
that were not present in the original community. If these probiotics were to become a
permanent member of the bacterial community of a lahal, all products fermented in
this lahal could have probiotic characteristics.
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Probiotics were added in a dried form; the Yoba for Life starter culture (120), containing
Lactobacillus rhamnosus yoba and Streptococcus thermophilus. This starter culture is
used in Uganda and other African countries to produce Yoba yogurt, a probiotic yogurt,
and has been used before in studies on nutritional enrichment of traditional foods
(194). The probiotic activity of Yoba yogurt and other foods that are enriched with the
Yoba starter culture, is mainly attributed to L. rhamnosus, while S. thermophilus is
necessary because of its proteolytic activity (177).

Presence of L. rhamnosus and S. thermophilus in traditional Lait caillé

Before adding a starter culture, we screened the bacterial communities of traditional
Lait caillé for the presence of L. rhamnosus and S. thermophilus strains. The resolution
of the 16S rRNA encoding DNA amplicon is too low to distinguish between wild L.
rhamnosus strains and the L. rhamnosus yoba 2012 from the Yoba starter culture. The
presence of OTUs representing L. rhamnosus and S. thermophilus in traditional Lait
caillé therefore has an influence on the trustworthiness of the findings in Lait caillé
produced with the Yoba starter culture. All Lait caillé without Yoba starter culture tested
negative for L. rhamnosus OTUs, while the samples from standard Yoba yoghurt and
Yoba-enriched Lait caillé tested positive (Table 6.1). This implies that the OTUs that
did blast as a L. rhamnosus indeed originated from the Yoba starter culture as this
strain is below detection limits in traditional Lait caillé. S. thermophilus was found in
some traditional Lait caillé, which needs to be taken into account when analyzing
bacterial communities of enriched Lait caillé.

Table 6.1 Wild type strains of L. rhamnosus and S. thermophilus in Lait caillé. Percentages
and total numbers of OTUs found in Lait caillé before the addition of Yoba starter culture, standard
Yoba yogurt, and Lactobacillus rhamnosus Yoba isolated from the standard Yoba yogurt that blasts
as L. rhamnosus or S. thermophilus. Column A: average, column S: standard error *values based
on one measurement.

% % # OTUs # OTUs

L. rhamnosus S. thermophilus L. rhamnosus S. thermophilus
Lait caillé from A 0 0.23 0 1
Lahal 3 S 0 0.43 0 1
Lait caillé from " 0 21.96 0 26
Lahal 4
Lait caillé from A 0 19.65 0 46
Lahal 6 S 0 19.67 0 38
Lait caillé from " 0 0 0 0
Lahal 8
Lait caillé from A 0 0.03 0 1
Lahal 9 S 0 0.03 0 1
Standard Yoba | 0.29 99.26 3 286
yogurt
Isolated L.

* 99.73 0 99 0

rhamnosus Yoba

Yoba starter culture concentration after systematic addition of invaders
As the next step, we performed an invasion experiment to assess if the concentration
of Yoba bacteria in Lait caillé can become as high as in standard Yoba yogurt, in this
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way reaching levels for the product to be considered probiotic. Standard Yoba yogurt
has a bacterial concentration of 10° to 107 CFU/mL, and contains mostly S.
thermophilus with approximately 0.3% L. rhamnosus. Because most of the bacterial
communities found in the lahals are relatively diverse, invasions into these
communities will likely be difficult. To mitigate this, we added the invading bacteria to
the community in very high amounts, so the invaders initially outnumber the biofilm-
inhabiting bacteria by a factor of 10. We measured 6.36+2.47 x 10> CFU/mL bacteria
released from the biofilm 10 minutes after the start of fermentation and 6.61+0.13 x
106 CFU/mL invading bacteria. A higher starting frequency of invaders improves their
chances of integrating into the community before being outcompeted for nutrients, and
increases their odds of outcompeting others by drift processes and chance.

After the addition of the Yoba starter culture at the start of the first and seventh
fermentation cycle, we performed multiple rounds of fermentation in the same lahals
without the addition of Yoba starter culture. In this way, we assessed the success of
establishing the probiotic starter bacteria in the lahals’ biofilms, which serves as the
inoculum for all following Lait caillé fermentations in that lahal. The presence of
invading strains was measured after completion of the fermentation cycle during which
they were added (cycles 1 and 7), as well as some of the subsequent fermentation
cycles (cycles 2 and 6; 8 and 12, see Figure 6.4). The average percentage of L.
rhamnosus in Yoba yogurt was used as a threshold baseline value to classify the Yoba-
enhanced Lait caillé as probiotic.

In fermentations where Yoba starter culture had been added, the two Yoba species
made up between 4 and 80 percent of the total microbial population after 48 hours. In
these fermentation cycles (cycles 1 and 7), L. rhamnosus reached concentrations
similar to those found in standard Yoba yogurt (blue dashed line, Figure 6.4), while the
concentrations of S. thermophilus stayed below the standard (orange dashed line). In
the fermentation cycles that followed (cycles 2, 6, 8, and 12), the abundance of both
L. rhamnosus and S. thermophilus had dropped to the level of the negative control
lahals (black dotted line). Lahal 6 underwent 23 fermentation cycles. At this point, both
L. rhamnosus and S. thermophilus concentrations were below the detection limit
(indicated by * in Figure 6.4).

In order to provide the invading bacteria an advantage over the existing community in
Lait caillé, another fermentable substrate, cooked millet porridge, was added at the
beginning of every cycle in two lahals. Both L. rhamnosus and S. thermophilus are
known to grow well when provided with millet porridge (195). The bacteria in the lahal
are not adapted to millet as a substrate. When the community encounters a
disturbance, this might open up the possibility for an invader to take a place in the
community (69,196). Addition of millet porridge is common practice in Lait caillé
production in Senegal, although it is usually added prior to consumption rather than at
the start of fermentation. In Figure 6.4, we see that the addition of millet porridge
does not seem to affect the invasion by these bacteria. The concentrations either of
the two species from the Yoba starter culture are comparable to the invasion without
addition of millet porridge. Further research could investigate other nutrient sources
which provide a more selective environment that benefits the added strains.
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In the field work of Parker and colleagues (172), the addition of Yoba starter culture
to various lahals with Lait caillé resulted in a 20- to 60-fold increase in the total number
of probiotic bacteria in the Lait caillé. These findings are in line with ours. Upon the
addition of Yoba starter culture, we found a concentration of L. rhamnosus strains
similar to the concentration found in standard Yoba yogurt. However, the invading
strains were unable to successfully establish themselves in the lahals in order to
classify the Lait caillé produced in the following fermentation rounds as a probiotic
product. L. rhamnosus was found in some biofilm samples, but in very low
concentrations (results not shown). It is therefore unlikely that this strain established
itself in the biofilm to provide a L. rhamnosus inoculum for the next batch of Lait caillé.
When adding Yoba to a Zimbabwean milk product called mutandabota, Mpofu et al.
(194) found that the concentration of L. rhamnosus yoba at the end of fermentation
was 8.8 log CFU/mI, a considerably higher concentration than found in all samples of
Lait caillé. An important difference between Lait caillé and mutandabota is that in the
latter no original community is present with which the added strains would have to
compete. Further research could include a selection step, to obtain probiotic bacteria
that have the ability to form biofilms.
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Figure 6.4 Fraction of S. thermophilus and L. rhamnosus in total microbial community in
Lait caillé. Yoba: Yoba starter culture addition in lahal 3, 6 and 7 at time points 1 and 7. Millet:
Yoba starter culture and millet porridge addition in lahal 2 and 8 at time points 1 and 7 and addition
of millet porridge at all 12 time points. The striped lines show concentration of S. thermophilus
(orange) and L rhamnosus Yoba (blue) in the Yoba yogurt (produced in standard sterile
conditions). The dotted line shows L. rhamnosus Yoba levels found in controls. * indicates samples
where invader levels were below the detection limit. Standard error is indicated with error bars.
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Influence of Yoba starter on bacterial composition of Lait caillé

After the invasion experiment, the community structures of these five lahals were
analyzed. There was no significant change in the Shannon index following the Yoba
culture addition with or without millet porridge (Figure 6.5). Nevertheless, we see a
trend of increased bacterial diversity as a result of the addition of Yoba starter culture.
In the lahals where millet was added along with the Yoba starter culture, this effect
seems to be greater. Possibly some strains benefit from the disturbance caused by the
invaders and the addition of millet which can lead to greater diversity.
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Figure 6.5 Microbial diversity in Lait caillé during and after the addition of the Yoba
starter culture. Average Shannon index of lahals inoculated with Yoba (lahals 3, 6, and 7) and
lahals inoculated with Yoba starter culture in combination with millet porridge (lahals 2 and 8).
Error bars indicate standard deviation. Yoba starter culture is added to all lahals at fermentation
round 1 and 7, millet was added to lahals 2 and 8 at all fermentation rounds (fermentations rounds
3,4,5,9,10,11, and 13 up to 22 were not measured).

Upon the addition of invaders, the community structure of a lahal can change (Figure
6.6). The increase in one species can cause the abundance of another species to
change (197). Because the lahals all contain a different microbial composition in the
biofilm, also the effects of the Yoba starter culture can be different. As expected, we
see an increase in S. thermophilus in fermentation rounds 1 and 7. In addition to a
diversity change, in lahals 6 and 8 we observe a decrease in L. helveticus. Without the
addition of the Yoba starter culture, this strain has the highest abundance. Besides this
change, the addition of Yoba starter culture seems to influence the presence of
Acetobacter species. In lahal 6 the addition was followed by an increase in Acetobacter
orientalis and Acetobacter tropicalis. As the results shown are all relative abundances,

99



we cannot conclude whether the increase or decrease of a certain species was also
absolute. Comparing the community structures of lahals before and after the second
addition of Yoba starter culture at fermentation cycle 7 reveals that the specific
bacterial community of these lahals does not change greatly upon the addition of Yoba
starter culture. Aroma composition analysis and other sensory analyses can be carried
out to determine whether this translates to stable product characteristics.
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Figure 6.6 Community composition of the bacterial species in Lait caillé of lahal 2, 3, 6, 7,
and 8 during the invasion experiment with Yoba starter culture. Numbers indicate fermentation
rounds. Vertical axes indicates percentage of total reads within the sample. The thirteen species
with highest abundance are indicated in the legend. The aim of the figure is to show the diversity
found in the microbial communities of Lait caillé in terms of genus and species variation. For
specific abundances of species and OTU, please refer to the sequencing data provided with this
publication.
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Overall, both strains from the Yoba starter culture could grow in the lahals and
remained present in the resulting Lait caillé. The values of L. rhamnosus Yoba in Lait
caillé are similar to those found in standard Yoba yogurt. The values of S. thermophilus
are lower than in standard Yoba yogurt. As other bacteria in the traditional Lait caillé
community can perform the proteolytic activity, the presence of S. thermophilus might
not be essential.

The strains in the Yoba starter culture were not able to become members of the Lait
caillé community remaining in the lahals and were unable to successfully invade the
biofilms. The strains might not be able to become part of any biofilm, due to their own
characteristics pertaining to biofilm formation; and/or they were not able to become
part of these specific biofilms due to a combination of competition with other bacteria
and environmental factors. The diversity found in the lahal communities is very high.
This decreases the possibility that an invader will find an unoccupied niche where no
competition is present, or a niche in which it is better adapted than the original
inhabitant. To successfully invade, the invader either must take over the niche of
another player in the community or break up the stability of the community by
interfering with existing stable interactions. For the added strains their niche in the
biofilm is unknown. Species of the Lactobacillus and Streptococcus genera are present
in the biofilm, which suggests the possibility for the added Yoba starter strains to
become part of the community. However, the strains found in the lahals most likely
have had many generations in that environment giving them the opportunity to
optimally adapt to their environment. Furthermore, the growth rate of the starter
culture is much lower than the growth rate of the original bacterial community in the
lahals. Although we added the Yoba starter culture in very high amounts, the time the
starter strains were given to adjust to the environment might have been insufficient to
for them to outcompete the traditional community. The chance of successful invasion
might be increased by selection of Lactobacillus rhamnosus Yoba that have gained the
ability to form a biofilm without losing their probiotic characteristics due to genome
instability (131). Another solution can be sought in back-slopping higher amounts of
Lait caillé produced with Yoba starter culture or standard Yoba yogurt. Alternatively,
probiotic strains originating from the natural community of Lait caillé could be
characterised, isolated and used to enhance the probiotic properties.

Scientific relevance

We studied bacterial community dynamics inside wooden lahals over time to observe
the naturally occurring variations in community composition. In batch fermentations
the fermenting bacteria undergo nutrient cycles. Nutrient levels decrease from a high
level while the environment becomes more harsh, due to a lowering of the pH . Nutrient
cycling occurs often in nature, for example due to tidal or seasonal changes or in
predator-prey interactions. As research on community dynamics is often performed
using synthetic communities (70), adding an element of natural variation can give
further insight into bacterial population dynamics. In this study, we demonstrate that
natural variation is maintained in Lait caillé over several fermentation rounds, while no
bacteria are added to the lahal. The lahal therefore must contain the inoculum for the
Lait caillé, even though the microbial communities found in the lahals do not show
great similarities between to the microbial communities of the Lait caillé they produce.
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Aside from nutritional benefits, the addition of a probiotic strain to an existing natural
community can give insight into bacterial community stability and resilience.
Spontaneously fermented milk products can serve as a model system for research into
microbial ecology and evolutionary adaptation. In this study, we see that the initial
Shannon index is not a good predictor of the success of invasion of the Yoba starter
culture strains. This is not in line with the expectation that a higher initial microbial
diversity comes with fewer unoccupied niches and therefore a lower chance of
successful invasion into the community (100). Most likely, natural communities have
such diverse structures that the Shannon diversity alone is not an accurate indication
for invasion success. Other factors, such as the presence of certain bacterial strains or
interaction networks between species, might be more relevant indicators. Stability of
the microbial community might result in the stability of product characteristics like
taste, nutritional composition, and safety.

Societal relevance

Lait caillé can successfully be enhanced to a probiotic product when Yoba starter culture
is added at the start of every fermentation cycle. The addition of Yoba starter culture
can result in a product with different organoleptic properties and may have positive
effects on the health of consumers in Senegal (120). Probiotic strains can positively
influence the composition of the gut microbiota, leading to diverse health benefits,
especially for vulnerable groups (198). In regions with widespread undernutrition,
increased consumption of traditional fermented food products can provide an
opportunity to improve health.

The lahals used in this study are very important for the households or families that
owns them. Typically, lahals are a wedding gift and provide a household with a unique,
personalised Lait caillé. Due to this, using traditional Lait caillé to enhance nutritional
standards is valuable as well as risky. It is valuable because this product is widely
consumed and accepted, especially compared to other probiotic products. Other
products may be too expensive and/or not well accepted by consumers (83). In
contrast, enhancement is also risky because the producers could fear unwanted
changes in the product characteristics and be unwilling to change their production
method.

To protect the original organoleptic properties of the Lait caillé, changes to the
microbial community should be kept to a minimum. Other important attributes to local
fortified products are safety, cost, and ease of local production. Due to the potential
health benefits of probiotic enhanced Lait caillé, producers of the enhanced Lait caillé
might also benefit economically. However, the addition of probiotic strains will change
production methods and may increase costs. The addition of a starter culture in every
fermentation cycle might not be feasible for a sustainable business model in low- and
middle-income countries. Ideally, this probiotic bacterium should be able to survive
and proliferate in the natural microbial community. Spontaneous fermentation has
lower costs and can result in product characteristics that cannot be attained by
fermentation with one or two strains in a starter culture (199).
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Limitations

Bacterial communities in the lahals are unique. This causes the reproducibility of the
experiments performed in this project to be relatively low. To have the ability to
perform the experiments in duplicates, pieces of the same lahal which include a biofilm
could be distributed over different sterile fermentation vessels. In this way inoculating
various fermentations with the same starter.

The DNA analyses method used was only able to detect a wide variety of bacterial DNA.
However, it is very likely the microbial community consists of different classes of
microorganisms such as yeasts and viruses. Also, this method does not in all cases
allow determination of bacteria to a subspecies level. Other techniques, such as mRNA
analyses and PCR techniques using specific primers for target organisms, such as lactic
acid bacteria, could be used to get a broader view of the total community present in
the lahals and the Lait caillé.

Conclusion

In conclusion, we found that Lait caillé harbors a diverse bacterial community of lactic
acid bacteria that is stable in terms of composition over multiple rounds of
fermentation. Although the biofilm of the lahals is the only inoculum for the Lait caillé
produced in this study, the bacterial composition of Lait caillé differs from that in the
biofiims as some strain in the biofilm grow much better in milk than others. The
addition of Yoba starter culture to every fermentation cycle of a spontaneously
fermented milk product like Lait caillé can result in a probiotic product. It is remarkable
that even a diverse community such as the bacterial community found in the lahals
allows for the temporary inclusion of another species. This knowledge can inform
further research aimed at leveraging the benefits of other traditional and widely
consumed products supplemented with Yoba starter culture. Future research on
traditionally-produced Lait caillé may generate evidence of probiotic properties of the
microbiota in it and hence of Lait caillé itself.
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Supplementary material

Supplement Table 6.S1 Community structure of wall scraping of lahals upon arrival in the
laboratory.

lahal original Blast Shannon index
#0OTUs #Species | #Genera | OTUs Species Genera

1 2 237 87 47 3.20 2.57 2.06

2 3 122 43 30 3.05 2.20 1.74

3 4 112 49 35 2.83 2.06 1.66

4 6 70 28 18 1.98 1.20 0.87

5 7 65 18 7 2.03 1.19 0.47

6 8 73 27 18 2.24 1.22 0.78

7 9 90 29 16 2.35 1.27 0.42

8 0 New lahal, not previously used

Supplement Table 6.S2. Details available of the origin and previous use of lahal 1 to 7.
Hierarchical cluster tree is based on OTUs of the biofilm samples of the lahals.

Lahal number | Urban/Rur | Tribal Size of Frequency | Age of
& Location al group community | of use lahal
7 Pathé Badio | rural Peuhl small twice daily old
5 Djidiéry rural Peuhl medium twice daily old
- 2 Walc’) Gae rural Peuhl small twice daily old
(Gaé rural)
3 GueFt-gua rural Peuhl small twice daily old
o (Gae rural)
Médina . .
— | 4 Cheikh rural Peuhl medium Daily 1 year old
— | 6 Gaé urbain urban Wolof big twice daily new
Goumel ’
1 (Gaé rural) rural Peuhl small Daily old
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Introduction

In this thesis a first step is made towards the use of microbial communities from
spontaneously fermented milk as model systems for ecological and evolutionary
experiments. These communities are unique model systems as they represent a
natural community with limited complexity and a clear function. Working with natural
communities has its challenges, and while I have overcome several of these, after
completion of this thesis questions remain. In this general discussion I reflect on
what we now know about bacterial communities from Mabisi and Lait caillé and their
community dynamics. Moreover, I share my ideas about how to interpret adaptations
and diversity in natural communities. The introduction (Chapter 1) to this thesis and
Chapter 2 highlighted a list of research questions. My thesis described fundament-
building experiments that are essential for future investigations. In this general
discussion I give suggestions for further work, both towards a better understanding
of eco-evolutionary dynamics and towards applied research in the field of science for
development.

In the introduction I presented three disciplines, food fermentation, ecology, and
evolution, which I combined in this thesis. The disciplines can now be further specified
to represent the work that was performed (Figure 7.1). From the side of food
fermentation, I focussed on the spontaneous fermentation of two traditional African
dairy products, Mabisi and Lait caillé. The bacterial community structure of these dairy
products, in terms of species composition and diversity, was the main ecological
characteristic analysed. Changes in species composition over time under the influence
of various biotic and abiotic changes in the environment was the first step towards
analysing evolutionary influences on bacterial community structure.

Spontaneous
dairy
fermentation

Figure 7.1 Linking three
disciplines in one study. Adapted
figure from the introduction; the
three study fields are defined more

Influence
B specifically here. Food fermentation
of biotic .
Eorirt S is narrowed down to spontaneous
Y dairy fermentation, ecology to
structure changes

community structure and evolution
to influence of biotic and abiotic
changes.
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This thesis

Main findings and conclusions

This thesis starts with a perspective on the use of microbial communities of
spontaneously fermented products as model system for eco-evolutionary dynamics
(Chapter 2). In the first part of this perspective we outline what model systems have
been used for experimental testing of evolutionary theory so far, ranging from simple
microbial communities in the laboratory and, more recently, to complex (natural)
communities. In the second part we explain what research questions with an
evolutionary background can be addressed using these microbial communities from
fermented foods. These microbial communities are a suitable model system to study
eco-evolutionary dynamics as they combine the complexity of a natural community
with the ease of analyses of a synthetically defined community.

The focus of this thesis is on the bacterial community of spontaneously fermented
Mabisi. As a first step the natural communities of this traditional fermented product
were analysed in a field experiment (Figure 7.2). A method was developed using filter
paper disks for the preservation of DNA from diverse microbial communities for further
analyses on a later moment (Chapter 3). The microbial community structure obtained
via the filter paper method showed sufficient resemblance to the structure obtained
via traditional DNA extraction from the liquid milk sample. This method could
successfully be used to analyse diverse microbial communities from Mabisi in our
remote field sites in rural Zambia. Field experiments were conducted to determine the
effect of variations in fermentation vessels and types of back-slopping procedures on
acidification and microbial community composition during fermentation (Chapter 4).

. (Complex natural systems)
Complexity
1) Traditional fermentation
> Chapter 4
2) Natural communities in the lab
> Chapter 5
3) Synthetic ecosystems

Control (Single strain experiments)

Figure 7.2 Set-up of experiments to cover translation between single strain experiments
and complex natural systems. Including thesis chapters.
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Due to high costs and a reduced availability of the traditionally used calabashes,
nowadays more and more plastic containers are used for Mabisi production. However,
the effect of this change in production practice on the properties of the product is
unknown. In our work no significant difference was found in terms of microbial diversity
during and at the end of fermentation between fermentations performed in buckets or
previously used calabashes. In case of “active back-slopping”, the pH drop started right
after inoculation. In the “no back-slopping” and “passive back-slopping” fermentations,
there was a clear lag phase before acidification started. All experimental series resulted
in a microbial community dominated by Lactococcus lactis. After the natural
communities of traditional spontaneous fermentation were analysed, the second step
was to bring the natural communities to the laboratory. Here, experiments were
performed with lower complexity and an increased level of control (Figure 7.2). Species
composition and metabolic profile of six comparable but different Mabisi samples were
analysed before and after repeated propagation cycles (Chapter 5). These starting
communities had high similarity in their bacterial species composition and therefore
had the potential to converge towards the same final species composition upon
repeated propagation in a common environment. However, at the end of the repeated
propagation cycles, communities were either dominated by Lactobacillus helveticus or
by Lactobacillus delbrueckii. Replicate communities that are from the same ancestral
community changed in a similar way in response to the new environment. By modelling
hypothetical species compositions, we tested the influence of four main factors on the
species composition: initial species composition, selection imposed by the
environment, change caused by interaction between species and random processes in
species dynamics. We found that the final species composition is mostly dependent on
initial species composition, followed by random processes. The environment showed to
have the least influence on the change in species composition.

We had the opportunity to work with a second spontaneously fermented dairy product
due to a collaboration with Path, an NGO from Seattle, USA. This traditional product,
called Lait caillé (Figure 7.5C), originates from Senegal and is produced in wooden
bowls, called lahals (Chapter 6). In terms of complexity and control, this experiment
would position in between step 1 and 2 (Figure 7.2), as traditional fermentation vessels
were used, containing natural biofilms with bacterial communities. The experiments
were performed in the laboratory. Therefore, many variables, such as temperature and
time in the fermentation process, could be controlled. However, the mode of
propagation was traditional, meaning that the bacteria were transferred via the inside
of the lahals that were used for repeated fermentations. This decreased the control
compared to the laboratory experiment with Mabisi (Chapter 5), where glass bottles
were used. This method also made replication impossible; the microbial community
within one lahal is not the same as the microbial community in another lahal.
Nevertheless, the traditional production method allowed us to study the natural
communities in the lahals and translate our findings to production practices in Senegal.
We analysed the species composition of Lait caillé over time and added a probiotic
starter containing Lactobacillus rhamnosus yoba 2012 to the traditional process in an
attempt to enrich the bacterial species community in the final product. We found
detectable levels of L. rhamnosus in the final product, ranging between 0.2 and 1
percent of the total bacterial population, which is comparable to the concentration
found in probiotic yoghurt. Subsequent rounds of fermentation using passive back-
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slopping without the addition of new L. rhamnosus led to a loss of this strain from the
community of fermenting bacteria. Just as Mabisi it is an important part of the daily
diet of men, women, and children in rural and urban areas. The addition of a health-
promoting, probiotic bacterium to these products ensures the delivery of that probiotic
activity to consumers. The addition of probiotic strains at every fermentation cycle can
enrich the existing complex communities of traditionally fermented Lait caillé while
traditional bacterial strains remain dominant in the bacterial communities.

Microbial communities of spontaneously fermented milk

Although coming from the same product, the microbial communities found in different
Mabisi samples show clear variation. Where in the field experiment (Chapter 4) the
finished Mabisi is clearly dominated by an OTU that was identified by BLAST as a
Lactococcus lactis, in the laboratory experiment (Chapter 5), the communities at the
end of fermentation had a more even distribution and were dominated by one of two
OTUs that came out of the BLAST as Lactobacillus helveticus and Lactobacillus
delbrueckii.

Lactococcus lactis is known to be mesophilic (200), while L. helveticus and L.
delbrueckii are thermophilic (201). Therefore, the difference we see in the microbial
communities could be caused by differences in fermentation temperature. Indeed, the
temperatures in the field experiment (Figure 4.2) are on average below 28°C, which
was the set temperature in the experiment in Chapter 5. Also, temperature
fluctuations in the field fermentation may have significant influence on the community
structure given the mesophilic character of L. /actis. Probably these three species fulfil
about the same ecological function within the community, but OTU data do not provide
enough detail to determine the exact particular species function in the community. If
these two species have the same function in a different community, Lactococcus lactis
leaves less ecological space for other species to become more abundant. In the
communities where L. helveticus and L. delbrueckii have the highest abundance, we
see an more even distributed species composition, indicating that L. helveticus and L.
delbrueckii might be more successful in a relatively low abundance. Alternatively, these
three species compositions could represent three robust clusters in Mabisi
communities. This observation might be analogous to the enterotypes that can be
identified in the human gut microbiome (202).

Another cause of the difference might be the variation in experimental set-up, such as
sampling method or the moment of transfer. Due to dependencies in the communities,
the moment of transfer can have a substantial influence on species sorting during
community propagation (Figure 7.3). In case of milk fermentation, there is often a
succession of bacteria during the process, where bacteria that have a high growth rate
dominate at the beginning of fermentation, while others grow on a later moment, as
they use the metabolites of the first bacteria as resources (12,27). An example is the
abundance of acetic acid bacteria (AAB), as these bacteria gain their energy from
metabolising fermentation products, such as lactic acid (203). AAB only start growing
at a later stage of the fermentation cycle after lactic acid bacteria (LAB) have produced
lactic acid. Doing transfers at the early stages of the fermentation process (i.e. the
moment that LAB are proliferating) will select for LAB, while transfers at a later stage
will select for AAB as well as other bacteria that can remain in acidic environments.
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This effect of preferential selection during propagation can also happen between LAB,
when there are dependencies at the level of metabolite secretion or alternatively due
to different levels of acid tolerance. The result is that the moment of transfer
determines the bacteria that are preferentially transferred, i.e. the bacteria that will be
selected for. Possibly the number of Lactococcus lactis was higher after 24 or 48 hours
of fermentation in the laboratory, but as the transfers were only done after 84 hours,
the relative abundance of L. lactis might have decreased already, increasing the
relative abundance of other species, including species that start growing later and
species tolerant to high acidity.

Abundance
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/7

Elapsed fermentation time
—
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Figure 7.3 Transfer moment determines species selection in a hypothetical fermenting
community. Elapsed fermentation time from the start of fermentation of raw ingredients. Fast
growers will increase in abundance at the beginning of fermentation (A). Other species can use
the metabolites of the fast growers as nutrient source (B and C). Increased acidification over time
can cause some species to decrease in abundance (A and B) while others can persist in acidic
environments (C). Some species might have a very narrow moments of proliferation (D), which
makes the moment of transfer an essential factor in species selection and community composition,
as observed by Spus et al. (unpublished).

The largest difference between the production of Mabisi and that of Lait caillé is the
treatment of the milk prior to fermentation. Where in Lait caillé the milk is boiled
leading to almost sterile environment before fermentation commences, in Mabisi raw
milk is used and the natural communities present in the milk are still present at the
start of fermentation. This makes it possible to perform the fermentations in clean
vessels, such as plastic buckets and bottles or metal cans. Even without the inoculum
of the passive back-slopping via the inside of the calabash, the bacteria present in the
milk will start the spontaneous fermentation process. When pasteurised milk is poured
in the clean vessels, the initial acidification rate might be too low, allowing invaders to
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spoil the milk and cause food safety issues. Assuming that the microbial communities
in lahals and calabashes have co-evolved, they have done so in different environments.
Where the influx of new bacteria in the lahals is minimised and the community present
in the lahal can co-evolve without new competition, the raw milk added to the
calabashes can contain many bacteria that will compete with the co-evolving
community. This difference in the level of competition could have an effect on the co-
evolution in both environments. The communities of Mabisi might be more evolved to
compete for resources and produce antimicrobials. The Lait caillé community might
have co-evolved stronger interactions and the ability to grow in milk of higher
temperatures.

Strong co-operation and dependencies within microbial communities might be a poor
evolutionary strategy as it makes a species dependent on another and therefore more
vulnerable to changes (21). Competition might be the main interaction in microbial
communities and cause it to stabilise (204,205). However, due to the complexity of
the resources in milk, bacteria might need to use each other’s metabolites to increase
their growth, as is the case in many fermentations (206,207). As the communities in
spontaneously fermented foods have been together for long periods of time and in a
relative stable transferring system, the evolution of collaborations might be more
prevalent compared to other natural systems, which experience more fluctuations such
as the human gut and the soil.

Some of the pilot experiments that were performed during this study suggested that
the addition of peptides made the proteolytic bacteria redundant and disappear from
the community. When the metabolites produced by a certain species are not needed
by others anymore, these bacteria cannot maintain themselves in a community. This
raises the question whether species could protect themselves against this, in order to
have a stable existence in a variable environment. In these explorative experiments
we tested these ideas using a synthetic community, meaning that these bacteria were
artificially combined in this community. The bacteria did form a stable community in
normal milk fermentation but did not co-evolve as the natural communities in Mabisi
could have done. During co-evolution, multiple interactions could evolve, safeguarding
the species’ presence in the community. Also due to the low diversity (a combination
of five species), the community might be less stable compared to natural communities.

Community adaptation, is there such a thing?

The changes we observed in microbial community structure, diversity, and composition
when a community is brought in @a new environment, are sometimes describes as
community adaptation. However, the meaning of adaptation can be differently
interpreted by scientists from different areas of biology. Nowadays the focus of our
research is more and more on combining different fields of biology to come to a
complete understanding, such as the combination of ecology and evolution. Clear
communication, including an encompassing definition per concept, is necessary in
multidisciplinary research (proposition in (208)). Deciding what this one definition will
be, especially in words that are embedded in various research fields as well as in
society, is challenging nevertheless very much worth trying and do-able.
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When looking at the results of Chapter 5, one might assume that the communities in
their new environment adapted towards a species composition that is most beneficial
for the community — where most of the available nutrients can be converted to energy.
For Mabisi in this particular environment, we seem to have two ecological states in
which nutrient utilisation would then be most optimal. This is very similar to a fitness
landscape (64) with two optima, where communities have a species distribution
towards one of the two optima dependent on their origin. Defining adaptation as the
ability to survive and multiply due to natural selection acting in random genetic
variation makes that communities cannot adapt, as they cannot multiply as a whole.
Although, through interference of the producer, some communities can be used for
further fermentation while others are discarded due to unwanted characteristic, such
as the production of an off-taste. Taking adaptation in a more general context,
adaptation can include changes in function, structure, or behaviour by which the
chance of survival in a certain environment is maximised. Possibly this is what
happened in the experiment in Chapter 5.

A trait in one species cannot be selected solely for the benefit of another species.
However, in a community with interactions, a trait of a species might be a result of its
interactions with other species’ traits. Therefore a part of the genes that are responsible
for a specific trait might not be present in the species that has the certain trait, but in
another species (33). Selection in this case is not on the individual that carries both
the trait and has the benefit. In this way the selection is not only at a species level but
at a higher level, at least those of the two species combined. Assuming there are many
metabolic dependencies in the community, selection might be on the whole community
(Figure 7.4). Also the interference of the Mabisi producer changes the selection
pressures on the community.

When combining ecology and evolution, a separation is nheeded to connect what we
observe in the community in terms of shifts in species composition to underlying
dynamics caused by changes in individual species (evolution) and by ecological
interactions (and changes in those interactions) (209). We made a start in dissecting
which factors influence changes in a community over time in Chapter 5. To find out
details about what share is caused by evolution, we need to sequence our bacteria and
see what mutations we see in the community and whether they are similar in all
communities.

Community diversity and its functions

For industrial fermentation of milk to yoghurt only two species of bacteria are
necessary. Nevertheless, communities in spontaneously fermented milk are very
diverse. This diversity is possibly a result of the selection pressures on the community
by the producers as it can have an influence on product characteristics and functional
stability.

In this thesis (Chapter 4, 5 and 6), I analysed the Shannon Index of various
communities as a means to compare their relative diversity. Moreover, the analysis
was done to assess effects of the treatments used to obtain a sense of the stability in
terms of species composition and abundance in the communities.
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Figure 7.4 Influences on adaptation during production of spontaneously fermented food.
The cartoon shows hypothetical eco-systems, composed of different bacterial species represented
by the different shapes. Arrows within the community represent interactions. Thick blue arrows
represent repeated propagation cycles. Bacteria adapt to the same environment in repeated
propagation cycles, without (A and B) or with (C) interference of the producer to ensure a certain
metabolic output (preferred product characteristics). Panel A shows how single species in isolation
will adapt to a (new) environment, by optimizing the use of available resources. Panels B shows
how in communities the biotic environment can be shaped by interaction between species, having
an influence on an individual. Upon repeated propagation cycles, individual species may adapt to
the conditions, which will not only lead to more efficient growth of some individual species, but to
an increased productivity of the overall community. In communities where a producer interferes
and acts as a quality controller, this interference may alter the selective pressures towards species
adaptation within this community. One might expect differences in final community structure and
interactions due to a combination on selection on bacterial growth rate and effective use of
available recourses and selection on a community that produces a product with preferred
characteristics, such as a pleasurable aroma and viscosity.
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Overall the number of different species present in these communities remained at the
same high level throughout the experiments. We experienced a slight drop in bacterial
species diversity during fermentation (Chapter 4) or during repeated propagation
cycles (Chapter 5 and 6). The total collapse of a community, where only a few species
were left while the Shannon Index decreased towards zero, was not observed in any
of the experiments. This is an understandable outcome of the repeated propagation
cycles, as they were performed in a relatively simple environment. The maintained
diversity can be explained by negative frequency dependence, where a species with
the highest abundance is also most likely to have enemies such as bacteriophages.
This is also referred to as the ‘kill the winner’ principle (3,101). Stability in a certain
diversity can also be a necessity of a system because the addition of species as well as
the removal of species can destabilize the system due to the (evolved) bacterial
interactions (210).

Community diversity is in many studies directly linked to stability, where stability is
defined as resilience of function and diversity against perturbations (see Chapter 2).
The diversity we find in Mabisi, Lait caillé, and other spontaneously fermented products
is much higher than in the communities frequently used to investigate the diversity
stability relationship, which typically add up to a few dozen species (55). It might well
be that at this level of diversity the exact number of species has no influence on
community function (17). A minimal community could be constructed, where all
redundant species and functions are removed, analogues to the construction of a
minimal cell (211). When constructing a minimal community that should represent the
characteristics of the diverse and stable microbial community, the individual effects of
species on community functioning prevail and should therefore be selected carefully
(212). In this context, diversity in itself might not be meaningful. Rather both diversity
and function are a result of a similar cause, namely presence of species or functional
groups (98,213). Also, there can be a difference between compositional diversity and
functional diversity (193). When we see diversity as a starting point, we can use it to
continue to investigate community function. Microbial diversity is only the beginning.

Challenges

Conducting experiments using natural communities, in the field and in the laboratory,
results in many uncontrolled variables. This might present a challenge and raise
questions at the end of an experiment when a high degree of variation is observed that
cannot be accounted for by the controlled variables. High levels of variation that we
cannot explain directly, most likely results from natural variability linked to
circumstances. Opposed to being a challenge, useless and annoying, this variation can
increase our understanding of natural variability and its impact on experimental
outcomes. That is, just dismissing this variation as a flaw of the experiment would be
a loss, as it can contain much biologically relevant information.

The samples of the various experiments described in this thesis, as well as
experimental results generated in the entire project group, were obtained by high
throughput sequencing in three batches using the same MiSeq Illumina sequencing
method. The only difference between these batches was the size of subunits available,
resulting in slight differences in number of reads per sample. However, the two batches
of sequencing appeared to be incomparable. Samples that were sequenced in two
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different batches did not result in a similar species distribution, and clustering all
samples to see methodological effects only resulted in a clustering of the samples from
the same batch. This phenomenon is observed more often (142,167), but it is unknown
what causes this strong batch effect of MiSeq sequencing. This finding has two
consequences for interpreting the data: 1) only samples from the same sequencing
run can be compared, and 2) differences found between samples of one run only have
relative value.

In my studies I focussed on the analyses of bacteria using 16S rRNA gene sequencing
as lactic acid bacteria are known to be most abundant and important for milk
fermentation. The changes in bacterial compositions analysed in this thesis might be
dependent on organisms of other taxa present in the microbial communities (96).
Analyses of the presence of other taxa, including species such as fungi and yeasts,
should be done to get a broader overview.

Future work

In my set-up of experiments (Figure 7.2), I differentiate between three levels of
complexity, with increasing control and decreasing resemblance with nature. In this
thesis I could only work up until the second level. Nevertheless, for the third level, the
one with most control and least complexity, I performed some preliminary experiments
as well. Here, I will share the results and interpretation derived from these experiments
and discuss follow-up research that would build on these results.

Dissecting community functions

Changes in community structure, such as those observed in Chapter 5, could be better
understood, and therefore predicted, when community functions would be known.
General functions and capabilities of species such as Lactobacillus helveticus,
Lactococcus lactis, Streptococcus thermophilus, and Acetobacter pasteurianus have
been extensively studied. However, as there are many differences between subspecies,
as well as phenotypic plasticity regulating what metabolic networks are active, the
characteristics of similar species in isolation do not translate directly to the specific role
of these species in a natural community.

One way to start dissecting community functions is by looking at the volatiles that are
formed as a proxy for metabolic activity. In Chapter 5 I used this method to analyse
the metabolic profile of the full community, but this method can be further extended
to analyse contributions of certain bacteria to this metabolic profile. Reconstructed
communities with a limited number of species can be used to ferment milk as well as
similar communities where one of the species is left-out (single omissions). The
difference in metabolic profile of these communities gives information about the role
of the omitted species. Another way to assess the functions and activities in the
community is to analyse the messenger RNA in the community showing what genes
are expressed (RNA-seq (214)). Combining RNA-seq data with DNA sequencing data
of a community can give insight into what pathways are active in the community and
what bacteria are present. However, when the active genes are present in multiple
bacteria in the community, one cannot always pinpoint which species actually has this
function.
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The functions in a community are essential for the formulation of a starter culture. This
starter culture should produce a Mabisi that is safe, nutritious, and tasty. The bacteria
of the culture should form a stable community, even when back-slopping in sterilised
milk is performed, where the metabolic output is unchanged over time. This functional
stability results in stable Mabisi characteristics. Compositional stability is linked to
functional stability and can be used as indication for functionality as it is less
complicated to determine. Compositional stability is in itself less important for function,
as communities with various compositions can attain the same function and produce
Mabisi of similar characteristics. If the starter culture can maintain its functional
stability over repeated propagation cycles, this could decrease the cost for Mabisi
producers as they do not have to invest in starter culture for every fermentation round.

I hypothesise that it is necessary to form a community with more than two species. In
that way the flavour richness of traditional Mabisi can be maintained. Also, a more
diverse community can be more stable in terms of resistance against invasions and
maintaining function. Pilot studies have shown that communities of up to five bacteria
can form a stable community, in which all species are still present at the end of
fermentation. This suggests that cross feeding and resource competition can stabilise
co-existence in a community. Industrial fermentations with defined starter cultures of
more than two species are uncommon. However, fermentations using a multi-species
community might decrease contamination and enhance product characteristics (215).

Pinpointing which bacterial species can be designated as key-species - necessary for
typical Mabisi characteristics - requires further investigations. Besides a safe and
consistent product, the bacterial starter culture for Mabisi should produce the right
aroma profile and acidity as well as the right product texture. The desired taste and
consistency of Mabisi can differ from consumer to consumer. We might have to produce
various starter cultures to address the various wishes of consumers. Bacteria could
therefore be selected for one or more of the following characteristics: acidification rate,
aroma formation (direct and indirect via excreted metabolites), exopolysaccharide
formation and proteolytic activity as well as other stabilising factors such as
interactions that can increase or decrease the growth of other bacteria. Species isolated
from Mabisi might be the best starting point as those species have adapted themselves
to the Mabisi environment by co-evolution. Therefore, these bacteria may have
developed the capability to produce the characteristic Mabisi flavour. The outcomes of
competition experiments with small sets of species can be used to predict the
compositional stability of a more complex system (71). This can be used to formulate
a functionally stable starter culture when the necessary functions of the community
are known.

Some key species can be present in the biofilm of a fermentation vessel and cause
Mabisi produced in calabashes to have its district taste. This might be the reason for
Mabisi produced in other vessels to be perceived as less flavourful. As showed in
Chapter 4, no clear difference between Mabisi communities produced in calabashes or
buckets could be found. The question remains whether the perceived difference is a
technical product characteristics or consumer perception. A hypothesis is that these
specific bacteria can only persist through passive back-slopping and the biofilm is their
“basecamp” (207) from which they grow in the milk. Further analyses of the biofilm
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could shed more light on its function. My research on Lait caillé clearly shows that the
biofilm in the lahals provides the inoculum for fermentation (Chapter 6). However,
the biofilm community does not represent the resulting Lait caillé community, which is
also seen in the species distribution in kefir and kefir grains (207).

Community resilience

An aspect of community stability is its resilience after perturbations (204). A resilient
community has the ability to return to the original composition and function after a
perturbation. These perturbations can be of all sorts, from fluctuations in abiotic
factors, such as temperature and nutrient availability, towards biotic factors, such as
an invader. When an invader enters the environment, it needs to either occupy a
vacant niche or take over a niche from another species in order to establish in that
community. In diverse communities all niches will be occupied, resulting in a high
chance of resilience against invasion. As microbial communities found in spontaneously
fermented foods are diverse, they are hypothesised to be rather resilient against
pathogenic contaminations.

Preliminary experiments have shown repeatedly that various pathogens are not likely
to survive in Mabisi. During Mabisi fermentation, the concentration of pathogens
decreased until below detection levels. This could be caused by the acidic environment,
production of antimicrobials by the original Mabisi community, a competitive
environment due to microbial diversity, or a combination thereof. Further research to
ensure the safety of Mabisi should include challenge tests of potential pathogenic
bacteria into raw milk at the start of fermentation and the identification of critical
control points in the processing together with critical limits. With this information,
production can be standardized and formal approval of relevant authorities can be
requested. This will allow scaled-up production and sale of Mabisi.

Mabisi is a safe, tasty, and nutritional product and part of cultural heritage. The
production of Mabisi is therefore of high importance for the family of the producer, who
can consume a filling and healthy product on a regular basis. If the producers would
have the ability to produce Mabisi on a larger scale and find a proper market for their
product, this could also increase their economic status. However, finding the right
market is difficult. Moreover, transport of Mabisi to regional and urban markets is
challenging. On top of that, the local authorities (i.e. the Zambian Bureau of Standards)
currently do not accept the sale of an unpasteurised milk product, which is mostly the
case with Mabisi.

Co-evolution

As explained in the Introduction and Chapter 2, the microbial communities of
spontaneously fermented foods are a useful model system for studies of eco-
evolutionary dynamics. Now that we know more about those communities, we can start
using them for all sorts of experiments, such as those suggested in Chapter 2. Also,
we could repeat the experiment in Chapter 5 with more propagation cycles and
analyses of active genes and mutations to analyse similarities in species adaptations
and determine the proximity towards the evolutionary ‘end-point’. The selection
pressure on this system could be increased, for instance by minimising the available
nutrients, in order to see how selective the environment needs to be to overcome the
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influence of the initial community composition. In previous experiments, as part a of
student project, we observed a total collapse of a community, where only one species
was left after repeated propagation cycles (unpublished data). Possibly the selection
pressures in this experiment were much higher, causing the observed difference.

The same experiment can also be executed with natural Mabisi samples of which the
origin is known; produced in calabashes or buckets, using back-slopping or not. This
can give insight into how different levels of co-evolution (co-culturing) before the
controlled experiment influence the species composition at the end of the experiment.
Also diluted natural communities or reconstructed Mabisi communities can be used, in
order to study the stability, functionality, and dynamics in less diverse communities.

Science for development

Mabisi is an important subject for science for development. It is a safe, popular,
affordable, traditional fermented dairy product. Fermented products can provide much
of the needed proteins, vitamins, and micronutrients to its consumers, including young
children (216,217). Besides, traditional fermented products are rooted in the local
context and have high social and cultural value (218) (Figure 7.5).

Nutritional studies with Mabisi analysed by Optifood linear programming (219) showed
that the addition of this fermented milk to the diet of children between 0 and 5 years
old would increase the intake of essential vitamins to the daily recommended levels
(220). Effects of the diet on the composition and metabolic profile of the microbial
community in the human gut can be analysed using an artificial gut system, called
SHIME (221). When Mabisi was included in the artificial diet of the SHIME in a MSc
student project, the gut microbial communities showed an increase in short chain fatty
acid (SCFA) production. Clinical studies showed a similar increase in SCFAs in stool
samples of children that consumed Mabisi (222). As SCFAs are important metabolites
in maintaining intestinal homeostasis (223), Mabisi is hypothesised to have a positive
effect on human gut health.

In this thesis, science for development goes hand in hand with more fundamental
studies in ecology and evolution. Findings in community dynamics and functional
stability are important both for understanding ecological interactions as well as
characteristics of the fermented product. Being able to predict community composition
in @ new environment and over time can be used to increase our understanding of eco-
evolutionary dynamics in general along with outcomes of traditional fermentation with
passive back-slopping. In other words, the headings above could have been different.
Instead of “dissecting community functions”, it could have said “starter culture
development”, and “community resilience” could have been called “product safety and
stability”. The research would have been the same, but the interpretation of the results
would have differed.

During the PhD research conducted at the University of Zambia and Wageningen
University, we have actively collaborated with local communities, NGOs, and
institutional stakeholders in Zambia to design and carry out the research.
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Figure 7.5 Producing and consuming your own fermented milk. In Zambia, Senegal and
many other African countries the production and consumption of spontaneously fermented milk is
embedded in the culture. A) Two women in Senegal hold the lahals that they use for Lait caillé
production. These lahals are often part of a wedding gift. B) Family and friends in Zambia join
together to discuss business and pleasure over a cup of Mabisi. C) A lahal filled with milk will be
covered and left to ferment to become Lait caillé. Pictures A and C by Megan Parker, Path.

The potential of Mabisi to alleviate poverty, food insecurity at household level, and
malnutrition is currently underutilised due to a non-optimised food value chain (224).
Optimizing the Mabisi value chain provides a promising means to overcome problems
of hunger and malnutrition of both rural and urban low-resource consumers by
promoting their nutrition security and health, while generating opportunities for
women entrepreneurship. As a follow-up of the current project, I intend to:

(1) disseminate our scientific results and insights to both institutional stakeholders and
local farmers who have been involved in the research;

(2) translate previous research findings to practical applications together with local
producers and discuss options to promote women entrepreneurship. Optimisations in
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Mabisi production should be amendable for use by current small-scale producers,
usually women, and can result in a definition of best practices;

(3) perform pilots of up-scaled and standardized Mabisi production, thereby
implementing technological innovations, which lead to a higher quality product and a
more efficient production process for local producers. A start will be made for the
production of starter cultures that result in the nutritionally best and most appreciated
Mabisi;

This three-month project is to be performed in collaboration with the Zambian
partners. The focus will be on collaboration with two focal dairy cooperatives with which
we have long-standing relationships. The main deliverable of this project will be an
action plan on the possibilities of improving current practices and implementation of
improvements.

Concluding remarks

The first aim of the thesis was to provide the first step towards the use of microbial
communities of Mabisi as model system in studies towards eco-evolutionary dynamics.
Now that the bacterial communities in Mabisi are known, including insights in diversity
and changes in species composition over time, further studies towards the function
and co-evolution of the species can be carried out.

The second aim was to provide ecological and evolutionary insights in Mabisi
fermentations as part of a research for development project. We increased our
knowledge of traditional spontaneous milk fermentation and gained knowledge about
effects of common practices, such as active back-slopping and change of fermentation
vessel, and uncommon practices, such as the addition of a probiotic starter culture.
Furthermore, we gained understanding about the resilience of microbial communities
against invasion of a pathogen. Improving production and increasing consumption of
traditional, spontaneously fermented products will contribute towards tackling several
sustainable development goals, in particular nutrition security, public health as well as
woman entrepreneurship from a bottom-up approach.
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Summary

Traditional fermented products are an important part of the diet in many African
countries. These products can provide much of the needed proteins, vitamins and other
micro-nutrients to its consumers, which include young children. Also, traditional
fermented products are rooted in the local context and have high social and cultural
value. Increasing our understanding of these spontaneously fermented products can
be used to increase the value chain of these products in order to increase economic
stability of producers as well as nutritional intake in rural and urban areas.

Most traditional fermented products are produced by spontaneous fermentation,
meaning that there is no starter culture added to initiate fermentation. As a
consequence these products contain a diverse microbial community, which are
responsible for the characteristics of the product. Often a back-slopping method is
used, where a portion of previously fermented product inoculates fresh raw material.
Unknowingly, producers of these products have domesticated these bacterial
communities and allowed the species to co-evolve within their community.

In this way, these bacterial communities form a model system for ecological and
evolutionary research. Historically, experimental evolution was mainly performed with
single organisms. In recent years the interest in how individuals evolve in the context
of ecosystems is growing. This eco-evolutionary research needs model systems that
can represent natural communities in their interactions and complexities, while still
being a tangible model system.

In this thesis I investigated the microbial communities that are responsible for the
fermentation and used the constituting bacteria to learn about bacterial community
dynamics over time. This was done by combining three disciplines: 1) Food
Microbiology, on the conversion of compounds by bacteria during spontaneous
fermentation; 2) Evolution, on the changes in the fermenting community over time
under selection pressure; 3) Ecology, on the roles and niches bacteria take within the
fermenting community. This thesis had two aims. The first aim was to provide the first
step towards the use of microbial communities of spontaneously fermented milk, such
as Mabisi and Lait caillé, as model systems for studies on eco-evolutionary dynamics.
For this, I performed a series of experiments with an increasing level of control and a
decreasing level of complexity. These experiments started with producing Mabisi in
traditional ways in the field to allow a study of bacterial dynamics, which resulted in a
low level of control of variables. Later, I brought the microbial communities to the
laboratory and used controlled environments without changing the diversity of the
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natural communities. The second aim was to provide ecological and evolutionary
insights in Mabisi fermentations in the context of research for development. Here, the
focus was on the practical application of bacterial dynamics for dairy fermentation. The
potential use of the outcome for producers and consumers of spontaneously fermented
foods by taking into account when constructing and interpreting the studies.

This thesis starts with a perspective on the use of microbial communities of
spontaneously fermented products as model system for eco-evolutionary dynamics
(Chapter 2). We outline what model systems are used for experimental testing of
evolutionary theory so far, ranging from simple microbial communities in the laboratory
and, more recently, to complex (natural) communities. Microbial communities from
spontaneously fermented products bear several intrinsic advantages for executing
evolution experiments: short generation times, small size and ability to be stored
frozen and defrosted to perform competition experiments (fithess tests) between
evolved and ancestral lines. Moreover, these natural microbial communities have a
limited number of players and form an island of microorganisms that does not have a
lot of influx from outside the confined system boundaries. There are several research
guestions with an evolutionary background that can be addressed using these microbial
communities from fermented foods. This includes questions on changes species
frequency in space and time, the diversity-stability relationship, niche space,
fluctuating environment and community coalescence. Hypotheses on the influence of
these factors on community evolution are described as well as a short descriptions of
the experimental approach of such studies when microbial communities of
spontaneously fermented foods are used.

Natural communities of Mabisi were analysed in a field experiment. A method was
developed using filter paper disks for the preservation of DNA from diverse microbial
communities for later analyses (Chapter 3). The bacterial species composition
obtained through DNA extraction via the filter paper method showed sufficient
resemblance to the composition obtained via traditional DNA extraction from the liquid
milk sample. This method could therefore successfully be used to analyse diverse
microbial communities from Mabisi in our remote field sites in rural Zambia. Field
experiments were conducted to determine the effect of variations in fermentation
vessels and types of back-slopping procedures on acidification and bacterial community
composition during fermentation (Chapter 4). Due to high costs and a reduced
availability of the traditionally used calabashes, nowadays more and more plastic
containers are used for Mabisi production. However, the effect of this change in
production practice on the properties of the product is unknown. Together with the
local community, I have performed 15 fermentations, using two types of fermentation
vessels (calabashes and plastic buckets) and three levels of back-slopping (active
back-slopping, passive back-slopping and no back-slopping). In passive back-slopping,
the bacteria that start the fermentation are transferred from the previous fermentation
round via the fermentation vessel. During active back-slopping, finished product is
transferred to raw material to inoculate the fermentation. Overall, bacterial
communities decreased in diversity over time, where the drop in pH correlates with a
decreased diversity, although the rate of acidification showed variation. In case of
active back-slopping, the pH drop started right after inoculation. In the ‘no back-
slopping’ and ‘passive back-slopping’ fermentations, there was a clear lag phase before
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acidification started. No difference was found in bacterial diversity during and at the
end of fermentation performed in plastic buckets or previously used calabashes.
Besides small differences, all processing methods resulted in a microbial community
dominated by Lactococcus lactis.

After the natural communities of traditional spontaneous fermentation were analysed,
the next step was to bring the natural communities into the laboratory. Here,
experiments were performed with lower complexity and an increased control. The
species composition and metabolic profile of six different Mabisi samples were analysed
before and after repeated propagation cycles (Chapter 5). These communities had
similarity in their bacterial species composition and therefore had the potential to
converge towards the same final species composition upon repeated propagation in a
common environment. Species composition in all replicates propagated from the same
original samples changed in a parallel way, yet that groups of communities derived
from different original samples did not change in the same way. We observed that
communities at the end of the repeated propagation cycles were either dominated by
Lactobacillus helveticus or Lactobacillus delbrueckii. By modelling species compositions
we tested the influence of four main factors on the species composition: initial species
composition, selection imposed by the environment, selection caused by interaction
between species and random processes in species dynamics. We found that the final
species composition is mostly dependent on initial species composition, followed by
random processes. The environment showed to have the least influence on the change
in species composition.

We had the opportunity to work with a second spontaneously fermented dairy product,
called Lait caillé. This traditional product originates from Senegal and is produced in
wooden bowls, called lahals (Chapter 6). In terms of complexity and control, this
experiment would position in between the field and laboratory experiments with Mabisi.
The mode of propagation was traditional, meaning that the bacteria were transferred
via the inside of the lahals that were used for repeated fermentations (passive back-
slopping). This traditional production method allowed us to study the natural bacterial
communities in the lahals and translate our findings towards production practices in
Senegal. We analysed the species composition of Lait caillé over time and added a
probiotic starter containing Lactobacillus rhamnosus yoba 2012 to the traditional
process attempting to enrich the bacterial species community in the final product. We
found detectable levels of L. rhamnosus in the final products, which were dominated
by Lactobacillus helveticus and Acetobacter species. The abundance of L. rhamnosus
ranged between 0.2 and 1 percent of the total bacterial population, which is
comparable to the concentration found in probiotic yoghurt. Subsequent rounds of
fermentation using passive back-slopping without the addition of new L. rhamnosus
led to a loss of this strain from the community of fermenting bacteria. Just as Mabisi it
is an important part of the daily diet of men, women and children in rural and urban
areas in Senegal. The addition of a health-promoting, probiotic bacterium to these
products ensures the delivery of that probiotic activity to consumers. The addition of
probiotic strains at every fermentation cycle can enrich the existing complex
communities of traditionally fermented Lait caillé while traditional bacterial strains
remain dominant in the bacterial communities.
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In conclusion, the bacterial communities found in the spontaneously fermented
products show high diversity independent of production method. Our results show that
even in a simple propagation environment and when confronted with new bacteria
entering, these communities are able to stay diverse. The next step towards
understanding these natural communities would be to construct simple communities
based on combinations of individual species, while aiming to generate communities
with similar characteristics, for example in terms of stability and aroma formation. The
diversity we observed in the bacterial communities leads to functional stability as well
as high levels product safety compared to fermented products with a lower species
diversity. We found no differences in species diversity between Mabisi resulting from
plastic buckets compared to calabashes, suggesting that other fermentation vessels
are suitable to replace calabashes. Further, we found that the addition of a probiotic
starter can enhance the nutritional value of the fermented product without losing the
original fermenting community. These results will be used for improvements in
production of traditionally fermented milk to ensure widespread availability of these
products thereby improving public health.
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