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Abstract

The rapid rise in allergic diseases has been linked to urbanization and Westernization. Recent
observational studies indicate a significantly lower prevalence of allergic disease in children exposed
to farming environments during the ante- and postnatal period. Consumption of unpasteurized and
fermented cow’s milk have been hypothesized as independent protective factors against allergy. Lack
of microbial diversity and low levels of lactic acid producing bacteria (LAB) in infant diets may be
predisposing factors to developing atopic eczema, allergic sensitisation and asthma. In South Africa,
rural communities with a low prevalence of allergy consume unpasteurized and traditional fermented
milk products on a regular basis. The objective of this study was to characterize and compare the
microbiome of differently sourced cow’s milk samples. Raw, unpasteurized cow’s milk was collected
from farms in an urban and rural setting, respectively. Another sample, collected from a cow on a rural
farm, was left to naturally ferment (amasi) while three different brands of commercially fermented milk
samples were obtained from a local retail shop. The variable V3 and V4 regions of the 16S rRNA gene
were amplified and diversity and abundance plots were constructed and analyzed. Clear differences in
the diversity and abundance of especially LAB in the differently sourced samples were demonstrated.
Urban, and rural fresh cow’s milk samples were the most diverse, and commercially bought products,
the least. The commercially fermented products were similarly dominated by LAB, belonging to the
phylum Firmicutes (more than 98% abundance) and the phylum Proteobacteria (less than 2%
abundance). The homemade fermented milk (amasi) comprised approximately 50% Firmicutes and
approximately 50% Proteobacteria. At the family member level, Leuconostocaceae dominated in all
three the commercially bought samples. At the species level, Lactococcus lactis (AB100803) dominated
in all the milk products, with less abundance in the fresh cow’s milk samples. Lactobacillus paracasei
(D79212) and Streptococcus infantis (AY485603) were abundant in amasi and absent in the
commercially fermented products. Statistically significant difference between fermented and
unfermented cow’s milk samples at species level were demonstrated. Lactococcus chungangensis
(EF694028), Leuconostococcus mesenteroides (AB023247) and Leuconostococcus
pseudomesenteroides (AB023237) were abundant in the commercially fermented products, but absent
in amasi. Important pathogens were identified in fresh cow’s milk and amasi. We concluded that
commercially fermented milk, although of low diversity, may be utilized as a safe allergy protective
weaning food in infant diets. The microbiome of homemade amasi is more diverse than commercially
fermented products and important allergy protective lactic acid producing organisms were identified in
this study. However, the safety of amasi remains a concern. This information can be used in future
research to produce important allergy protective ‘starter cultures’ and to appropriately shape the gut

microbiome early in life.
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Chapter 1: INTRODUCTION AND LITERATURE REVIEW

The prevalence of IgE-mediated allergic diseases increased dramatically after the Second World War —
it occurred too rapidly to be explained by genetic influence alone. For instance, a sudden rise in allergy
has been demonstrated in individuals from African descent (with a low prevalence of allergic disease
in their countries of origin), migrating to western parts of the world.! More so, it is estimated that up to
23% of children suffer from asthma and/or other allergic disease, without any first degree relative with
allergy.? Westernization and the loss of protective environmental factors against allergy are being
explored worldwide. Research is beginning to focus on antenatal and early life environmental

exposures, leading to epigenetic ‘programming’ of the immune system in protecting against allergy.

In parallel, a rural versus urban gradient in allergy prevalence has been observed in children worldwide.
Data from cross sectional studies, mostly Europe, indicate an allergy protective effect provided by ante-
and postnatal farm-environment exposure. Important information comes from the GABRIEL Advanced
Surveys (GABRIELA) and the Allergy and Endotoxin (ALEX) studies.®** The GABRIELA group
studied children from rural Switzerland, Austria and Germany and found that raw milk consumption
was inversely associated with asthma (adjusted odds ratio [aOR], 0.59; 95% Cl, 0.46-0.74), atopy (aOR,
0.74; 95% CI, 0.61-0.90), and hay fever (aOR, 0.51; 95% CI, 0.37-0.69). This protective effect was
independent of other environmental exposures on farms. Interestingly, boiled farm milk did not protect
against allergy and asthma.® In the ALEX cohort, unpasteurized milk consumption during pregnancy
and in the first year of life, were also independently associated with significant lower prevalence of
asthma (0.8% vs. 11.8%), allergic rhinitis (0.8% vs. 16.0%) and atopic sensitisation (8.2% vs. 32.9%)
in children. In the Prevention of Allergy-Risk Factors for Sensitisation in Children Related to Farming
and Anthroposophic Lifestyle (PARSIFAL) study and GABRIELA surveys, the allergy protective
effect of drinking raw milk was found to be independent of family history of allergy. More so, raw milk
consumption also significantly protected children against allergy, even if they were not exposed to a

farm environment.®

From South Africa, similarly to European studies, the protective effect of rural environmental exposure
against allergy was demonstrated. In the South African Food Sensitisation and Food Allergy (SAFFA)
study, children (aged 1 to 3 years of age) living in an urban environment had higher rates of allergic
diseases compared to their rural counterparts. In this study, the prevalence of food allergy in rural and
urban black Africans were reported as 0.5% (95% CI, 0.1% to 1.8%) and 2.7% (95% ClI, 1.5% to 4.5%;

P=.006) respectively. Furthermore, statistically significant lower rates of asthma (1.0% vs.
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6.0%), atopic dermatitis (1.8% vs. 19.6%), allergic rhinitis (3.3% vs. 16.0%) and skinprick test proven
aeroallergen sensitisation (3.7% vs. 12.8%) were demonstrated between the two population groups.’”
By studying a single ethno-linguistic group in urban and rural settings respectively, the SAFFA study

further highlighted the non-genetic influence of urbanization on allergy prevalence.

Homemade traditionally fermented milk, (isiZulu - ‘amasi’), is consumed daily by certain rural African
communities. Previous knowledge also indicates that unpasteurized bovine milk (isiZulu - ‘ubisi’), is

consumed more regularly by traditional rural communities.

The SAFFA study surprisingly highlighted an important finding: although the intake of fermented milk
is thought to be a rural tradition with more rural black Africans consuming amasi during pregnancy,
significantly more urban black African children (between 1 and 3 years of age) were regularly (>4 times
per week) exposed to amasi compared to rural children of the same age. Furthermore, the consumption
of fermented milk in urban black African children was associated with lower rates of allergic rhinitis
(16.8% vs. 31.3%; p<0.001), atopic dermatitis (21.3% vs. 28.6%; p=0.01) and self-reported asthma
(5.3% vs. 11.5%; p=0.003) compared to children who did not consume fermented milk. The
consumption of fresh unpasteurized cow’s milk was also associated with lower rates of atopic dermatitis

in urban black Africans.?

The association of the intestinal microbiome and allergic sensitisation, asthma and eczema, have been
highlighted in an extensive review by Zimmerman et al.l® The role of early diversification of the
infant’s gut microbiome and the abundance of LAB are some of the anti-allergy role players being
explored.** The composition of an infant’s gut microbiome is highly dependent on the pre- and
postnatal exposome. Geographical location, diet, outdoor and indoor environmental exposures (e.g.
pets, microbes, dust, mode of delivery and antibiotics) are some important influential factors being
investigated.'* Furthermore, clear evidence now exists, indicating that changes to the composition and
response of the human gut microbiome can be induced by the intake of specific fermented milk

products.>16

New 16S rRNA metagenomics techniques allow researchers to use culture independent methods to
describe the human microbiome. These studies can be applied to study the microbiome in food products
(e.g. fresh and fermented milk). Metagenomic studies targets the prokaryotic 16S ribosomal RNA gene.
This gene is approximately 1500 base pairs long and contains nine hypervariable regions, interspersed
between conserved regions. Compared to traditional culture-based identification methods,
hypervariable regions are highly species specific and allow for a more comprehensive identification
and description of taxa and organism function. On the other hand, conserved regions of the RNA gene,
can be used as primer binding site for PCR-amplification.” Hypervariable loci are amplified by multiple

polymerase chain reaction (PCR) steps with the subsequent formation of index reads. These are



The biodiversity and description of microbiota
in traditionally fermented milk products

demultiplexed while similar nucleotides are clustered to form Operational Taxonomic Units (OTUs).
Traditionally, a pragmatic 97% cut-off value in similarity of these nucleotides, is used.’® Computer
software programs are utilized to generate taxonomy data. These are then compared with existing global
databases to identify (and quantify) the microbes within a sample (alpha diversity) and to compare the

microbiome of different samples with each other (beta diversity).1%2

The aim of this study was to identify the microbiome present in differently sourced cow’s milk samples,
using 16S rRNA metagenomic analysis. The influence of milk fermentation on the microbiome (at the
species level) was also explored. To date, this is the first study from South Africa to use metagenomic
techniques in comparing the microbiome of raw cow’s milk (collected from suburban and rural farms)

to that of home and commercially fermented milk products.
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Chapter 2: METHODS

2.1 Ethical and safety considerations

This study received ethical approval from the Animal Research Ethics Committee (AREC) of the
University of Cape Town (AREC approval number: 018 033). Permission under Section 20 of the
Animal Diseases Act (Act No 35 of 1984) was obtained from the Department of Agriculture, Forestry
and Fisheries to collect, safely transport, and store milk samples for analysis. All samples were
discarded immediately after analysis. A registered and contracted waste disposable company was used
by the analysing laboratory (Centre of Proteomics and Genomic Research (CPGR), Cape Town). A
certificate was obtained from Environmental Affairs and Development Planning, Western Cape
Government, certifying that CPGR is registered as a ‘Hazardous Waste Generator’. Concerning the
rural samples, a letter from the State Vet was obtained, confirming that the Mthatha State Veterinary
Area (OIE code 706), particularly the Mganduli Area (OIE Local Municipality Code 757), was not
placed under quarantine. The area was declared free from Bovine Brucellosis and Tuberculosis for the
past 12 months. No harm was inflicted on the animals while fresh samples were collected. Normal
lactating practices, as per usual routine on the farms, were followed. Samples were collected by the

farmer or farmworkers themselves, to ensure that the animals were not stressed at the time of milking.

2.2 Sample collection and delivery

2.2.1 Rural fresh cow’s milk samples
During March 2019 fresh cow’s milk samples were collected from three different farms in the
Maganduli rural area. Mganduli is a town in the OR Tambo District Municipality, located in the
Eastern Cape province of South Africa. This location was chosen because of preexisting
knowledge, specifically patient profile, obtained during the aforementioned SAFFA study. This
population lives closely to nature. Cattle farming, milking and consumption of unpasteurized
cow’s milk form part of their daily activity. After verbal informed consent was obtained from
the owner of each farm, the animals were randomly chosen by the farmer of each farm and
milked in a kraal. Sterile powder and latex free gloves (NUZONE®, Adventa Health), to
prevent human microbiome contamination, were used by the farmers while milking was done
by the farmers themselves. Before milking commenced, the cows and the udders were declared
in a ‘heathy state’ by each farmer. To ensure daily milking routine and procedures were

followed, farmers were not instructed on how to milk the cows. Two samples (three milliliters
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2.2.2

2.2.3

each) of hind-milk were collected from each farm at ambient temperatures for that day. Milk
was collected directly from the teats into sterile, screw top urine sample containers and sealed
immediately after collection. The udders were not cleaned or washed prior to collection, as
these procedures were not included in the normal milking routine on the farm. For overnight
storing, samples were frozen shortly after collection in a household freezer. Samples were then
transported by road to the nearest airport, after which they were transported by air to Cape
Town. For transport, samples were kept in cryoboxes to ensure frozen delivery at the laboratory.
After DNA-extraction, only two of the three samples passed the quality control (QC) step.
These samples were labelled as Rural firesh cow’s milk 2 and Rural fresh cow’s milk 3. (Picture

1 and picture 2)

Home fermented (amasi) milk samples

To produce traditionally fermented milk (amasi), rural folk leave unpasteurized milk for 3to 5
days to naturally ferment at room temperature in plastic containers. At the same time of our
rural fresh milk collection (March 2019), one sample of milk (about two hundred millilitres)
was delivered to us by a farmer in the Mganduli district, from a separative farm as where the
other rural milk samples were collected. This sample of unpasteurized milk, delivered to us in
a plastic cooldrink bottle, was kept unfrozen and sealed while it was transported. It was left to
stand for 5 days at ambient temperature in Cape Town to allow natural fermentation. After this,
it was transferred into two separate sterile urine sample containers (about three milliliters of
fermented milk each), before it was delivered unfrozen to the laboratory. This sample was

labelled as Home fermented milk (amasi).

Urban fresh cow’s milk samples

In May 2019, from a randomly chosen suburban farm at the outskirts of Cape Town, fresh urban
cow’s milk samples were collected. This farm is located in the suburb of Philippi (about twenty
kilometres southeast of Cape Town). The owner sells unpasteurized, cooled down fresh milk
to local customers. The cows on this farm are routinely immunised and considered ‘healthy’,
as declared by the owner of the farm. These cows are milked by hand in a stable and no lactation
equipment or machines are used. This farm is also frequently inspected during routine health
inspector visits. For our study, the udders and teats of cows were cleaned by water, as per
routine milking procedure on this farm. Sterile latex and powder free gloves (NUZONE®,
Adventa Health) were used by the farmworker before milking commenced. This prevented
human microbiome contamination of the samples. Milk was sampled from 3 different cows
(each cow was sampled in duplicate). Each sample, about three milliliters of hind-milk, were

collected directly into separate sterile, screw on urine sample containers at ambient temperature.
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Samples were sealed, and frozen in a household freezer, before they were delivered to the
laboratory the next day. Frozen transportation of these samples was ensured by using
cryoboxes. The duplicate samples were pooled by the laboratory to be analyzed as three fresh
urban cow’s milks samples. These samples were labelled as Urban fresh cow’s milk 1, Urban
fresh cow’s milk 2 and Urban fresh cow’s milk 3. (Picture 3)

2.2.4 Commercially fermented milk samples

In May 2019, three different commercially fermented bottled milk products (Othando®,
Amyoli® and Maas®) were bought at a local retail store, near the laboratory in Cape Town.
One bottle from each brand was randomly chosen from the store and immediately transported
to the laboratory. In the store, these products are normally kept unfrozen but refrigerated. They
were bought before their ‘sell by’ dates. One sample of each of the brands were poured directly
from the container bottles upon arrival at the laboratory for analysis. These samples were
labelled as Com-othando, Com-maas and Com-amyoli.

Samples were analyzed by the Centre for Proteomic and Genomic Research, Upper Level, St Peter’s
Square, Corner Anzio and Main Road, Observatory, Cape Town, South Africa. All milk samples were
frozen to below minus 20°C upon receival at the laboratory. The project was conducted under the project
identity number: 1161INGS_A LEVIN_MIL.

Picture 1:

One of the rural farms where milk was collected. These communities live close to nature and farm
animals. Nowadays, the blue containers (on the righthand side of the picture), replace traditional
calabashes and clay pots for home fermentation of unpasteurized milk.
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Picture 2:
The farmworker from one of the rural farms, catching the cows inside the kraal, to be milked for our
study.

i, g

Picture 3:
The suburban farm, near Cape Town where our urban cow’s milk samples were collected with
Table Mountain in the background.
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2.3 Sample preparation and laboratory analysis

DNA was extracted from the milk samples using the ZymoBIOMICS® DNA Miniprep Kit (Zymo
Research, Irvine, CA, USA).

The variable V3 and V4 regions of the 16S rRNA gene were amplified from 2.5 ng to 25 ng of purified
DNA by limited cycle PCR and barcoded for multiplexing using the Nextera® XT Index kit (Illumina,
USA) and KAPA HiFi DNA Polymerase (Roche®, Pleasanton, CA, USA), according to Illumina’s 16S
sample preparation guide. The nine milk product samples, a positive control (ZymoBIOMICS®
Microbial Community DNA standard (Zymo Research)) and a negative control (DNA suspension
buffer) were included in library preparation.

The size of the libraries was verified using an Agilent® 2100 Bioanalyzer (Agilent, Santa Clara, CA,
USA). Library concentration was evaluated using the KAPA Illumina Library Quantification Kit
(Roche). The libraries were sequenced on MiSeq at the Centre for Proteomic and Genomic Research
(Cape Town, South Africa), using a MiSeq v2 reagent kit (Illumina®) to produce paired-end 250 base
pair reads. Indexed reads were demultiplexed and individual FASTQ files were generated from each
sample. Reads were filtered and trimmed and amplicon sequence variants (ASVs) generated using the
dada2 pipeline and the Refseq-RDP database for taxonomic annotation.

2.4 Statistical analysis

Illumina MiSeq read quality assessment and taxonomic profiling were performed on a high
performance computer cluster using a custom Nextflow pipeline, available at:
https://github.com/h3abionet/16S-rDNA-dada2-pipeline.

Quality was assessed with FastQC and MultiQC, primers were removed by trimming the first 17 and
21 bp from the start of the 251bp forward and reverse reads, respectively (--trimFor 17 and --trimRev
21).2122 Default settings were used for the remainder of the pipeline, which uses the DADA2 method to
group reads into amplicon sequence variants (ASVs).2 The main difference compared to the older
operational taxonomic unit (OTU) clustering methods is that the DADA2 method detects exact ASVs,
which unlike OTUs consist of a single unique sequence as opposed to a cluster of closely related (most
commonly 97% identical) sequences. This is made possible by DADA2’s error correction capabilities,
which relies on sequence quality information to build a machine learning error model, alternating info
on sample composition and error rates until convergence. This allows assignment of all relevant reads
to an error-corrected sequence. Taxonomic assignment was performed against the RefSeq-RDP 16S
database (v3 May 2018).%


https://github.com/h3abionet/16S-rDNA-dada2-pipeline
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Downstream statistical analyses were performed in R, using the packages phyloseq for alpha and beta
diversity analyses, MetagenomeSeq for differential abundance testing, vegan for principal coordinates
analysis (PCoA) and NMF for annotated heat maps.?>28 For PCoA and heatmaps raw reads were
standardized so that all samples had equal total read counts. An abundance filter was applied to remove
ASVs with less than 10 counts in less than 10% of samples or that made up less than 0.1% of the total
read count for a given sample, leaving 599 of the original 2952 ASVs. For the heatmap samples were
clustered using complete linkage clustering of the Bray-Curtis dissimilarity matrix. Per-sample genus-
and phylum-level bar plots were constructed using the bar plots function available in the public Github
gist https://qgist.github.com/kviljoen/97d36¢689¢5¢9b9¢39939¢7a100720b9, excluding low-abundance
taxa for ease of interpretation.

Differences in microbial compositions between fermented versus unfermented milk samples were
assessed using the MetagenomeSeq MRfulltable function, applied to raw reads merged at the lowest
available taxonomic level; a custom filter was applied to identify high quality, significant features, as
implemented in the super.fitZig.kv function, which can be found in the aforementioned Github gist.
Taxa were deemed significantly different (in terms of abundance and/or absence/presence) between
fermented versus unfermented samples if they exhibited a fold change (beta coefficient) of > 1.5 and
had an adjusted p-value of < 0.05 and if at least one of the two groups compared had > 60% of samples
with the given ASV/taxon, or, if the result of Fisher’s exact test was significant (after multiple-testing
correction by the Benjamini-Hochberg method.?® ASVs were first merged at the lowest available
taxonomic level (e.g. for ASVs with Lactobacillus as the lowest available taxonomic annotation counts
were summed, while ASVs with additional species-level annotation, e.g. Lactobacillus acidophilus,
were summed at the species level instead). This taxonomic merging was performed using the

tax_glom.kv function available in the aforementioned Github gist.
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Chapter 3: RESULTS

3.1 Operational Taxonomic Units (OTUs)

The lllumina 16S metagenomics pipeline on the MiSeq Reporter software was used to calculate OTUs.
The number of OTUs listed in each commercial fermented sample’s text file were: 9, 12 and 13 (average
of 11.3), while the homemade amasi sample had 44 OTUs listed. The number of OTUs found in the
rural fresh cow’s milk 2 sample was 83, and 609 in the rural fresh cow’s milk 3 sample (average OTUs
in rural fresh cow’s milk samples was 346). The number of OTUs found in the urban fresh cow’s milk
1 sample was 521, with 583 in the urban fresh cow’s milk 2 sample and 557 in urban fresh cow’s milk
3 (average OTUs in urban fresh cow’s milk samples was 553.6). Overlapping OTUs indicate a high
degree of convergence between OTUs leading to a decrease in microbial diversity within a sample.
There were 317 overlapping OTUs within the urban fresh cow’s milk group and 27 overlapping OTUs
within the rural fresh cow’s milk group. These data are summarized in table 1, figure 1 and figure 2.

Table 1: Number of OTUs in different milk samples

Rural fresh cow’s milk 3 609
Urban fresh cow’s milk 2 583
Urban fresh cow’s milk 3 557
Urban fresh cow’s milk 1 521
Rural fresh cow’s milk 2 83
Home fermented milk (amasi) 44
Commercially fermented milk products (average between the three samples) 11

600
Figure 1: Bar graph of averaged

500 OTUs in urban and rural milk
samples.
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Figure 2: Bar graph of overlapping OTUs in
urban and rural milk samples.
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3.2 Alpha- and beta diversity

3.2.1

Simpson alpha diversity

The Simpson alpha diversity index was high in urban fresh cow’s milk. The three samples were
clustered together on the Simpson alpha diversity plot. The commercially fermented milk had
the lowest Simpson alpha diversity and were relatively dissimilar from each other. The Simpson
alpha diversity of the two rural fresh cow’s milk samples, was also high and relatively dissimilar

from each other (figure 3).

Standardized to total reads, N=10

Alpha Diversity Measure
Q ]
b0
()

Commercially fermented milk '
positive_control
Rural fresh cow's milk
Urban fresh cow's milk

Home fermented milk (amasi)

Description

Figure 3:
Simpson alpha diversity of different cow’s milk samples. (Positive control: ZymoBIOMICS®
Microbial Community DNA standard (Zymo Research)).
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3.2.2

3.2.3

Shannon alpha diversity
The Shannon alpha diversity were high in the three urban fresh cow’s milk samples. The
commercially fermented milk samples were very similar and low in diversity. The Shannon

alpha diversity of the two rural fresh cow’s milk samples, was markedly dissimilar (figure 4).

Standardized to total reads, N=10
Shannon
57 -
-
= -
= 4
@ -
S
—
= 31
s
=2 - - -
(=1
<
-_—
=-
=T 1 -
e —
1 g
= s = =
= = — = =
= = = - w
£ = S = =
Py - - =Y L=
- = . = =
= = = o> o
= = = = =
= £ w = =
= = 2 = =
= as = =
= = o =
= =1
[ ==
Description
Figure 4.

Shannon alpha diversity of different cow’s milk samples. (Positive control: ZymoBIOMICS®
Microbial Community DNA standard (Zymo Research)).

Principle coordinates analysis (PCoA)

Principal coordinates analysis was used in calculating the Bray-Curtis distance between
different cow’s milk samples. The four differently sourced milk groups (rural fresh, urban fresh,
amasi, and commercially fermented) were strikingly dissimilar from each other. The three
commercially fermented products had almost no dissimilarity from each other, but as a group,
were markedly dissimilar from the other milk samples. The three urban fresh cow’s milk
samples were also remarkably dissimilar from all the other samples. The home fermented milk
sample amasi and the two rural fresh milk samples, were uniquely dissimilar from each other

and from all the other milk products groups (figure 5).

12



The biodiversity and description of microbiota
in traditionally fermented milk products

PCoA of 16S microbiome,Bray-Curtis distance
0.24
0.0 -
Description
§ ¢ Commercially fermented milk
& A Home fermented milk (amasi)
o =02 B positive_control
'3% @ + Rural fresh cow's milk
@ Urban fresh cow's milk
-0.44
061 ®
-025 0.00 025 050
Axis.1 [34.2%]
Figure 5:

Principle coordinates analysis (PCoA) of different cow’s milk samples.

3.3 Phylum identification

The commercially fermented products were similarly dominated by LAB, belonging to the phylum
Firmicutes (more than 98% abundance) and the phylum Proteobacteria (less than 2% abundance). The
amasi sample comprised approximately 50% Firmicutes and approximately 50% Proteobacteria. Rural
fresh milk 1 comprises almost completely Proteobacteria with small percentages belonging to the phyla
Bacteroidetes, Firmicutes and Candidatus_Saccharibacteria. Rural fresh milk 2 appeared remarkably
similar at phylum level to the urban fresh cow’s milk samples, comprising Firmicutes, Actinobacteria,

Proteobacteria, Bacteroidetes with small percentages belonging to the phylums Chloroflexi and

Candidatus_Saccharibacteria. (Figure 6)

13



The biodiversity and description of microbiota
in traditionally fermented milk products

Phylum—level 16S . Ns = 3,2,1,1,3

Urban fresh cow's milk 3

Urban fresh cow's milk 2 4

Urban fresh cow's milk 1 4

Rural fresh cow's milk 2 4
Phylum
Actinobacteria
Rural fresh cow’s milk 14 Bacteroidetes
Candidatus_Saccharibacteria

Chloroflexi

Sample

Paositive control 4
Firmicutes

Proteobacteria
Home fermented milk (amasi) 1

Commercially fermented milk 3 4

Commercially fermented milk 2

Commercially fermented milk 14

[=L
-
=L

25 50 75
Percentage of Sequences

0

Figure 6:
Bar plot of relative abundance of organisms in the different cow’s milk samples at phylum level.

3.4. Genus identification (figure 7)

Commercially fermented products (Othando®, Amyoli® and Maas®)
These products appeared remarkably similar at genus level, with the genus Lactococcus (more than

75%). The genus Leuconostococcus, was present to a lesser extent.

Amasi

This sample appeared more diverse than commercially fermented milk, but less diverse than the fresh
milk samples. The genus Lactococcus dominated. The genus Leuconostococcus was absent. The genus
Kluyvera and Citrobacter were present in almost equal percentages. The genus Streptococcus,
Lactobacillus and Salmonella, although less abundant than other organisms at the genus level, were

present in almost equal amounts.
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Rural fresh cow’s milk

The two rural fresh cow’s milk samples were markedly dissimilar at the genus level. Salmonella,

Citrobacter, Kluyvera and Pseudomonas dominated in rural fresh cow’s milk 1, while Lactobacillus,

Lactococcus and Bacillus dominated in rural fresh cow’s milk 2.

Urban fresh cow’s milk

Urban fresh cow’s milk 1 were dominated by the genus Staphylococcus and Lactobacillus. Urban fresh

cow’s milk sample 2, were dominated (in almost equal amounts) by Lactococcus, Anoxybacillus, Rothia

and Lactobacillus. Urban cow’s milk 3 appeared more evenly distributed at genus level with

Lactobacillus, Escherichia/Shigella, Faclamia, Psychrobacter, Corynebacterium, Dietzia, Listeria,

Rothia and Romboutsia present in almost equal amounts.
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Figure 7:

Bar plot of relative abundance of organisms in the different cow’s milk samples at genus level.
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3.5 Bray-Curtis distance (merged taxa)

Merged taxa were identified, using the Bray-Curtis distance of abundance. Heatmaps were then

constructed at both the family and the species level.

3.5.1

Family merged taxa (figure 8)

Streptococcaceae dominated uniformly in the commercially fermented milk products but also
occurred in high abundance in amasi. Leuconostocaceae was abundant in the commercially
fermented products. This family was absent in amasi. Furthermore, Staphylococcaceae was
absent in the commercially fermented products and amasi samples, while of low abundance in
all the fresh milk samples. Enterobacteriaceae was abundant in one of the rural fresh cow’s
milk and the amasi sample and of low abundance in all the urban fresh cow’s milk samples. It
was absent in the commercially fermented products. Pseudomonadaceae had low abundance in
urban fresh cow’s milk, amasi, and commercially fermented samples — it was abundant in rural
fresh cow’s milk. Lactobacillaceae had uniquely high abundance in amasi, while being absent
in commercially fermented products. It was of low abundance to completely absent in all the
other milk samples. Important findings at the family member level are summarized in table 2.

Table 2: Family member merged taxa
Commercially Amasi Urban fresh Rural fresh
fermented milk cow’s milk cow’s milk
Leuconostocaceae Abundant Absent Low abundance Low
abundance -
absent in one
sample
Streptococcaceae Dominated Abundant Low abundance Low
abundance
Staphylococcaceae Absent Absent Low abundance Low
abundance
Enterobacteriaceae Absent Abundant Low abundance | Abundant in
one sample -
low abundance
in the other
sample.
Pseudomonadaceae Low abundance | Low abundance | Low abundance Abundant
Lactobacillaceae Absent Abundant Low abundance Low
—absent in one abundance -
sample absent in one
sample.
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Family-level taxa, Bray=Curtis distance
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Figure 8:
Family member merged taxa (Bray-Curtis distance).
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3.5.2

Species merged taxa (figure 9)

Rural fresh cow’s milk 2 and all three the urban fresh cow’s milk samples were more diverse
than the other samples. Rural fresh cow’s milk 1 and amasi appeared similar in diversity while
the commercially fermented milk samples were the least diverse and contained highly similar

species.

Lactococcus lactis (AB100803) was the most abundant organism in amasi and in the
commercially fermented products, and less abundant in the fresh milk samples.
Leuconostococcus mesenteroides (AB023247), Leuconostococcus pseudomesenteroides
(AB023237) and Lactococcus chungangensis (EF694028) were abundant in all three the
commercially fermented samples. These were absent in amasi and had low abundance to

complete absence in the fresh milk samples.

Salmonella enterica (AE006468) was abundant in amasi and in one of the rural fresh cow’s
milk samples. It was of low abundance in the other fresh cow’s milk samples. It was absent in

the commercially fermented products.

In amasi, Pseudomonas, Citrobacter, Kluyvera cryocrescens (AF310218), Enterobacteriaceae,
and Raoultella ornithinolytica (U78182) were abundant. Pseudomonas and Citrobacter were
also abundant in one of the rural fresh cow’s milk samples. Streptococcus infantis (AY485603)
was absent in the commercially fermented milk, abundant in amasi, and of low abundance in
the fresh milk samples. Bacillus was of low abundance in the fresh milk samples, and absent in

the commercially fermented products and amasi.

Staphylococcus epidermidis (D83363) and Anoxybacillus were abundant in one of the urban
fresh cow’s milk samples. Lactobacillus paracasei (D79212) was abundant in amasi, but
almost completely absent in all the other milk samples. Rothia endophytica (KC806052) was
uniquely abundant in one of the urban fresh cow’s milk samples and had low to no presence in

all the other milk samples.

Prevotella copri (AB064923) and Prevotella (unspecified) were absent in all the milk samples,

except in urban fresh cow’s milk, where they were of low abundance.

Numerous other organisms, mostly occurring in low abundance, were identified in fresh cow’s
milk, and not in the fermented products. Important findings at the species level are summarized
in table 3.
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Table 3: Species merged taxa

Commercially
fermented milk

Amasi

Urban fresh
cow’s milk

Rural fresh
cow’s milk

Lactococcus lactis (AB100803)

Most abundant

Most abundant

Less abundant

Less abundant

Prevotella (unspecified)

organism organism
Leuconostoccus mesenteroides Abundant Absent Low abundance Low abundance
(AB023247), Leuconostococcus to absent to absent
pseudomesenteroides (AB023237)
and Lactococcus chungangensis
(EF694028)
Salmonella enterica (AE006468) Absent Abundant Low abundance | Abundantin one
sample — low
abundance in the
other sample
Pseudomonas, Citrobacter, Kluyvera Pseudomonas - Abundant Low abundance Pseudomonas
cryocrescens (AF310218), low abundance. and Citrobacter
Enterobacteriaceae, Raoultella Other species abundant in one
ornithinolytica (U78182) absent. sample — absent
in the other
sample
Streptococcus infantis (AY485603) Absent Abundant Low abundance Low abundance
Bacillus Absent Absent Low abundance | Low abundance -
absent in the
other sample
Staphylococcus epidermidis Absent Absent Abundant only in Absent
(D83363) one urban sample
Anoxybacillus Low abundance Absent Abundantinone | Low abundance
in one sample sample — low —absent in the
abundance in the other sample
other sample
Lactobacillus paracasei (D79212) Absent Abundant Low abundance | Low abundance -
in only one absent in the
sample — absent other sample
in the other
samples
Rothia endophytica (KC806052) Absent Absent Abundant in one Absent
sample. Low
abundance to
absent in the
other samples.
Prevotella copri (AB064923) and Absent Absent Low abundance Absent

19




The biodiversity and description of microbiota
in traditionally fermented milk products

Merged taxa, Bray=Curtis distance

N N e Description

i

Description
I 14 ECommercially fermented milk
EHome fermented milk (amasi)
12 ORural fresh cow's milk
10 B Urban fresh cow's milk
Opositive_control

L

W

LR

|

AR

|Imli|

i

I

Ll

e - v Y v ==y S

itz

TRV

TR
BEEUEEEERE
SERRRRRR
s it 1 tFRB

distance | rows: euclidean / average

Figure 9:
Species level merged taxa (Bray-Curtis distance).
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3.6 Fermented versus unfermented milk samples

Species level comparison was performed between fermented (home and commercially) versus
unfermented milks. Because of the relatively small N used in this study, all fermented milk samples
(fermented group) were combined for statistical comparison against the unfermented milk samples
(unfermented group). Taxa were deemed significantly different if they had at least a compared 1.5-fold
change between the two groups (fermented versus unfermented) and an adjusted p-value of 0.05 or less
and if at least one of the two groups compared had 60% or more of a given ASV/taxon, or, if the result
of the Fisher’s exact test was significant. A heatmap was constructed, illustrating organisms, some down

to species level, with statistically significant occurrence between the two groups of milk (figure 10).

Some of these findings, are summarized in table 4.
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Fermented vs. Unfermented cow's milk
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Figure 10:

Differential relative abundance testing of organisms (mostly down to species-level) in the fermented

versus unfermented sample groups.
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Results for differential abundance testing clearly show significant difference in Lactococcus and

Leuconostococcus species between the fermented and unfermented milk groups.

Furthermore, from the heatmap, the fresh urban cow’s milk samples were strikingly more even
(closeness in number of each species compared to each other), contributing to a higher diversity
compared to rural and fermented milk samples. There are several taxa that uniformly dominated in

commercially fermented milk, contributing to its unevenness and decreased diversity.

Lactococcus lactis (AB100803) dominated in the fermented samples, including amasi. Lactococcus
chungangensis (EF694028) had strikingly similar abundance in the commercially fermented products.
It was absent in amasi and were exceptionally low to absent in the fresh cow’s milk products.
(AB023247)
(AB023237) were absent in amasi. Lactobacillus paracasei (D79212) was abundant in amasi, with low

Leuconostococcus  mesenteroides and Leuconostococcus pseudomesenteroides
to no occurrence in all the other samples. Prevotella copri (AB064923) was present in only the urban

cow’s milk samples, with complete absence in fresh rural, commercially fermented and amasi samples.

Potential milk pathogens were identified. Salmonella enterica (AE006468) was present in high numbers
in amasi, and less so, in fresh cow’s milk (urban and rural). It was absent in commercially fermented
products. Escherichia/Shigella (unidentified species) were present in only urban fresh samples and

absent in rural and fermented milk samples.

Table 4: Species level comparison of fermented and unfermented milk products
Unfermented milk Fermented milk

Diversity Increased Decreased
Lactococcus lactis (AB100803) Present High abundance (dominated)
Lactococcus chungangensis Present Commercial products: high
(EF694028) abundance. Amasi: absent
Leuconostococcus mesenteroides Present Commercial products: high
(AB023247) and abundance. Amasi: absent
Leuconostococcus

pseudomesenteroides (AB023237)

Lactobacillus paracasei (D79212)

Urban fresh: present.
Rural fresh: absent.

Commercial products: absent.

Amasi: high abundance

Prevotella copri (AB064923)

Urban fresh: present.
Rural fresh: absent.

Absent

(AF310218)

Salmonella enterica (AE006468) Present. Commercial products: absent.
Amasi: present
Kluyvera cryocrescens Present. Commercial products: absent.

Amasi: high abundance.

Escherichia/Shigella (unidentified
species)

Urban fresh samples: present.

Rural fresh samples: absent

Absent
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Chapter 4: DISCUSSION

4.1. The human gastrointestinal microbiome: an early window of opportunity for
allergy prevention

In 1908, llya llyich Mechnikov (1845 — 1916), a Russian zoologist, received the Nobel Prize for his
work done on natural immunity. He recognized fermented dairy products and other intentionally
fermented foods as beneficial to human health. He is now considered as the ‘father’ of the probiotic
theory. The word ‘probiotic’ is derived from combining the Latin preposition ‘pro’ (for) and the Greek
adjective ‘bios’(life). In 2001, almost a century later, the World Health Organization (WHO) redefined
probiotics as: ‘live microorganisms which, when administered in adequate amounts, confer a health

benefit on the host’.%°

Early life microbiome composition and the microbiome-immune interaction are nowadays considered
as one of the main contributors towards not only short term but also long-term health. It is recognized
as a key role player in the Developmental Origins of Health and Disease (DOHaD).3-* Allergic disease
is one of many conditions currently being investigated to have its origin determined by early-life

microbiome influences.

One of the most extensively investigated human microbiome niches is found in the gut. Being highly
sensitive to its environment, early life influences, including antenatal exposures, mode of delivery, early
infant diet, exposure to oral antibiotics and environmental exposures, can cause dyshiosis (imbalance
in a microbial ecosystem), can lead to a dysregulated immune system and ultimately, in the genetically
susceptible individual, to allergy.1®343% These influences, through an optimized diet, can be utilized
early in life to shape a well-balanced gastrointestinal microbiome.**3” The human gut microbiome is
furthermore a very dynamic ecosystem with an enormous inter-personal compositional variation. It also
varies significantly at a population level, with exposure to human breastmilk being one of the most
important drivers of variation and diversity early in life.®3 However, the role of other milk sources
(e.g. bovine fresh milk and fermented milk) in shaping the gut microbiome, cannot be overlooked, as
many children from certain population groups are exposed to these from a very young age. Our study
investigated the microbiome of cow’s milk, either consumed unprocessed or as a fermented product
and frequently being introduced before the age of one year in certain population groups with a low

prevalence of allergy.

Research shows that between the age of 2- and 3 years, the human gastrointestinal microbiome starts to

resemble an ‘adult-state’, with the phyla Firmicutes and Bacteroidetes dominating.*’ Looking at the bar
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plot from our study (figure 6), these two phyla were present in all the fresh cow’s milk samples -

Firmicutes dominated.

Zimmerman et al. report neonates and children with low intestinal microbiome diversity to have a
higher allergic sensitisation and eczema rate. In this systematic review, eczema was more common in
children with a low abundance of intestinal Bacteroidetes at 1 month of age and Proteobacteria at 12
months of age.'® Studies also associate a lower abundance of intestinal Proteobacteria at an early age
with early life allergic sensitisation.*! In the Copenhagen Prospective Study on Asthma in Childhood
(COPSAC) study, Bisgaard et al. illustrated an inverse relationship between both 1 and 12-month old
children’s gut bacterial diversity with allergic sensitization, allergic rhinitis, and peripheral blood
eosinophilia risk. However, this inverse relation could not be demonstrated for asthma or atopic
dermatitis risk.*? In the Canadian Health Infant Longitudinal Development (CHILD) study, a subset of
children with low gut microbiota richness, lower abundance of Bacteroidaceae and higher abundance
of Enterobacteriacea, were associated with food sensitisation.*® In our study, amasi comprises 50%
Proteobacteria and 50% Firmicutes at the phylum level. Worth noting, there was almost a complete
loss of Proteobacteria in the commercially fermented products, consisting of almost 100% Firmicutes.

In South Africa, the gut microbiome of rural children (aged 12 to 36-months) has been shown to be
more diverse compared to urban children, possibly explaining the lower prevalence of atopic dermatitis.
More so, the enrichment of Prevotella copri in the gut microbiome of rural black South African (Xhosa)
children, were also found to be inversely related to atopic dermatitis.** In an earlier study by De Filippo
et al. a difference between the fecal microbiota of European and rural Burkina Faso children was
demonstrated. This study concluded that rural African children's gut microbiome were enriched with
the phylum Bacteroidetes and depleted in the phylum Firmicutes. The authors mentioned the genus
Prevotella and Xylanibacter, uniquely abundant in rural African children. The importance of a unique
set of genes, present in these organisms, capable of hydrolysis of cellulose and xylan, to produce short-
chain fatty acids (SCFA), were highlighted.* However, our study failed to demonstrate a significant
abundance of the phylum Bacteroidetes and the genus Prevotella in any of the milk samples obtained

from a rural environment.

Manipulating the gut microbiome through dietary interventions, to achieve the desired health outcome,
is certainly worth exploring. Veiga et al. demonstrated a clear change in the gut microbiome of adult
subjects with inflammatory bowel syndrome (IBS), by introducing a fermented milk product, containing
dairy starters and Bifidobacterium animalis.®® An increased production of colonic SCFA and
improvement in patient-related IBS symptoms were detected in patients receiving the fermented milk

product. Unfortunately, reproduction of similar interventional studies involving probiotics and other
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dairy products to manipulate the gut microbiome in allergy prevention, have been published

anecdotally.#6-%0

4.2 Describing the microbiome: the importance of Operational Taxonomic Units (OTUs),

microbiome diversity and dissimilarity

Conventional metagenomic microbiome analysis amplifies the hypervariable regions (typically V1 to
V3 or V3 to V5) of the prokaryotic 16S ribosomal RNA (16S rRNA) gene and uses these gene
sequences for taxonomical identification. Similar gene sequences are clustered together to form OTUs,
allowing the reduction of millions of sequence-reads to more statistical interpretable numbers. Every
OTU represents a single 97% similarity in genetic sequence.'®2%51 However, due to the possible
overestimation of gene sequence similarity at this cut-off value, criticism about the conventional 97%
threshold value, has been published.®! In our study, the variable V3 and V4 regions of the 16S rRNA
gene were amplified after DNA-purification. The 97% threshold overestimation error was eliminated
by using DADAZ2’s error correction capabilities. This ensures DADAZ2 detection of exact amplicon
sequence variants (ASVs), which unlike OTU calculation, consist of a single unique sequence as
opposed to a cluster of closely related sequences. Our research demonstrated that the average OTU of
urban fresh cow's milk was the highest of all the milk samples. Commercially fermented milk had the
lowest average OTU. Home fermented milk had a strikingly low number of OTUs (figure 1). However,
urban fresh cow's milk had more overlapping OTUs than rural fresh cow's milk, contributing to an

increased diversity in the rural fresh milk samples (figure 2).

The early life human gut microbiome richness, abundance and diversity, and how these pertain to
especially allergy prevention, are being explored extensively.21:405253 One common theme emerges
from the literature: a diverse gut microbiome protects against allergy. In our study we used popular
microbiome diversity measurements, namely the Simpson and Shannon indexes to determine species
alpha diversity within our different samples. These indexes are quantitative mathematical measurements
and are based on richness (number of species present in a sample) and evenness (relative distribution

of each species in a sample).1154%%

In our study, the Simpson index (considered to give more statistical weight to dominant species) was
the highest in urban and rural fresh cow's milk samples. The commercially fermented milk products had
the lowest Simpson index (figure 3). The relatively similar alpha diversity between all three the urban
fresh cow’s milk samples are worth noting. These samples were taken from three cows grazing on the

same suburban farm.
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One disadvantage of the Simpson index is rarer species, with only a few representatives in a sample,
might be missed. Therefore, we added the Shannon alpha diversity index to also account for evenness
of species in each sample. This confirmed the high diversity of urban and rural fresh cow's milk in our
samples. The two rural fresh cow's milk samples differ substantially from each other in terms of
Shannon index measurement (figure 4). These were taken from two different rural farms, relatively far
apart. In addition, the rural cows were milked differently from the urban cows, with no cleaning of the
cow’s udders prior to milking. Thus, environmental contamination of milk samples is more likely to
occur with milk obtained from the rural environment, adding to diversity within these samples. The
lowest diversity was detected in the processed, commercially fermented milk products. Environmental
influences (e.g. grazing patterns and udder health) and the effect of milk processing on the composition
of the microbiome will be discussed later.

For measuring dissimilarity (beta diversity) between the sample groups, a Bray-Curtis principle
coordinate plot (Principle Coordinates Analysis (PCoA)) was performed after raw reads were
standardized. This ensured all samples had equal total read counts (figure 5). PCoA is an ordination
statistical method and commonly used in microbiome studies to measure the Bray-Curtis distance
between samples. It serves as a form of non-linear multidimensional statistical reduction. It also helps
to identify outliers in a data set when evaluated on scatterplots.2’ The immediate striking absence of
dissimilarity of the microbiome of the three commercially fermented milk samples is apparent. The
three urban fresh cow's milk samples also appeared less dissimilar. The two rural fresh cow’s milk
samples were strikingly dissimilar from each other and differed remarkably from the urban fresh cow’s
milk samples. This reiterates the variability of microbiome composition of cow's milk if collected from
different farms (different herds of cattle) and if different milking techniques were used, allowing higher

levels of environmental contamination.

Although small in sample numbers, it is clear from our study that the milk microbiome from herds of
cattle grazing close together and staying on the same farm, appeared remarkably similar in terms of
alpha diversity. When looking at beta diversity, fresh cow’s milk samples, amasi, and commercially

fermented products were all highly dissimilar from each other.

4.3 Human breastmilk microbiome: complexity and the role of breastfeeding in allergy

prevention

When exploring the possible anti-allergy effects of bovine milk, it may be a good idea to investigate

the probiotic ‘golden standard’, as determined by human breastmilk, first. Breastmilk contains
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approximately 10%to 10° live organisms per milliliter. Although numerous health-promoting and anti-
infective properties of breastmilk are well known, the exact role of the human breastmilk microbiome
and its immune-modulatory mechanisms involved in allergy protection, are less clear. More so, whether
breastfeeding and the duration thereof, prevents allergy, is not known. In a systematic review and meta-
analysis, Lodge et al. indicated a reduction of asthma risk in children 5 to 18 years of age, only in
children exposed to prolonged periods of breastfeeding. A reduction in eczema risk in children aged 2
years and younger was also reported if they were exclusively breastfed for 3 to 4 months (OR 0.74;
95% CI, 0.57-0.97). The protection against asthma and eczema were found particularly in low- to
medium-income countries. However, breastfeeding was not shown to be protective against food allergy.
The authors concluded studies generally to be of low methodological quality.>® Furthermore, although
limited, evidence exists that -3 polyunsaturated fatty acids (n-3 PUFAS) in breastmilk decrease the
odds of eczema and other atopic diseases in childhood.®’

Unfortunately, many factors, are known to cause variations in the breastmilk microbiome composition,
making clear, scientific conclusions difficult. For instance, a higher abundance of Lactobacilli has been
reported in breastmilk from Finnish-, Taiwanese-, Chinese-, and South African women who gave birth
via cesarean section. However, higher breastmilk Lactobacilli abundance was reported in Taiwanese
women who gave birth via normal vaginal delivery, illustrating the inconsistency of microbiome study
findings across the globe.%®%® Transition from colostrum (more diverse microbiome) to mature
breastmilk (less diverse microbiome), the infant's oral microbiome, maternal nutritional status, diet,
postnatal psychological stress, and body mass index have also been shown to alter the milk
microbiome.®%! Maternal mastitis (apart from the influence of antibiotic administration during active
infection) has been shown to decrease the breastmilk microbiome diversity, change its composition at
the phylum level, and decrease the abundance of anaerobic breastmilk organisms.®? The influence of
maternal Human Immune Deficiency Virus (HIV) status on breastmilk, has also been extensively
studied in the African and South African context.53-%° Reverse causation and selection bias (because of
the inability to randomize patients to breastfeeding) complicate breastmilk research even more. Despite
all these, many authors are of opinion that the perfect microbiome 'cocktail' of a healthy breastfeeding

mother, is determined independently from environmental influence.5°%

The gut microbiome of breast and formula-fed infants differ remarkably. The gut microbiome of
breastfed infants is dominated by Bifidobacteria and Lactobacillus species while formula-fed infants
have a more diverse microbiome, which resembles an ‘adult’ state. In our study, Bifidobacteria and

Lactobacillus were of low abundance, to completely absent in fermented and fresh cow’s milk samples.
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Compared to formula-fed infants, breastfed infants have lower concentrations of fecal short-chain fatty
acids (SCFA) and higher concentrations of fecal lactate. Especially stool acetate levels were found to
be higher in exclusively breastfed infants, compared to formula-fed infants.®”% Research highlights the
role of human milk oligosaccharides (HMOs), contributing to an important difference between the gut
microbiome of breast and formula-fed infants.®® HMOs are complex indigestible sugars (short-chain
and long-chain oligosaccharides present in a unique ratio within breastmilk). They provide energy to
colonocytes, thereby promoting gut mucosal integrity. They also serve as an energy substrate for
fermentation by especially anaerobic bacteria, present in the gut.*8526870."1 HMOs furthermore serve as
an antiadhesive agent — inhibiting pathogen adhesion to gastrointestinal mucosal surfaces.”? Their
uniqueness in breastmilk is largely attributed to the genetic influence of the human secretor
fucosyltransferase2 (FUT?2) and Lewis (FUT3) genes. Regulation of HMOs takes place by the glycosyl-
transferases enzymes, found within the human breast.®*” In recently published results of the Canadian
Healthy Infant Longitudinal Development (CHILD) cohort, 3-month old children who developed atopy
later in life, had deficiencies in HMO enzyme encoding-genes and lower gut butyrate (a by-product of
fermentation) levels.” The allergy protective role of butyrate and other SCFAs in the human gut, will
be discussed later.

There are, without any doubt, still many unanswered questions regarding the breastmilk microbiome
and its allergy protective properties. Nevertheless, the World Health Organization (WHO) and the
European Academy of Allergy and Clinical Immunology (EAACI) still recommend exclusive
breastfeeding for the first 4 to 6 months of life and promote combined multifaceted (dietary and

environmental) interventions to prevention allergy 337577

4.4 The microbiome of human breastmilk and bovine milk: similar or not?

The nutritional differences between human and cow’s milk have been well described, with probably the
protein content (casein and whey fractions) of each species’ milk being uniquely adapted to suit the
requirements of the suckling. Human milk contains considerably less protein than ruminant milk.
Lactoferrin, a lactalbumin, and lysozyme are major anti-infective role-players found in breastmilk.
However, lactoferrin and lysozyme only occur in trace amounts in ruminant milk. Therefore,
substituting human milk with unmodified cow's milk early in life carries major infection and nutritional
risks. Early life gut immaturity with the inability to handle high protein and lactose concentrations

(present in cow’s milk) are other concerns.”
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Human milk and milk from ruminants are far from sterile and the origin of each individual’s
microbiome, multifactorial.”® As mentioned before, the gut microbiome of healthy human individuals
consists of mainly four phyla: Bacteroidetes and Firmicutes, while Proteobacteria and Actinobacteria
are less commonly encountered.?’ Interestingly, the urban fresh cow’s milk samples collected in our
research, consistently comprised a mixture of Firmicutes, Actinobacteria, Bacteroidetes, and
Proteobacteria, while the fermented products were dominated by the phylum Firmicutes (figure 6) —

the same abundant phyla described in the healthy human gut.

At the genus level, human and cow's milk seem to differ more substantially. Most next-generation
sequencing studies report the presence of a ‘core set 'of microbiota present in healthy human breastmilk
— this microbiome is not population or individual-specific and not influenced by confounding factors.
These organisms belong to the genera: Streptococcus, Staphylococcus, Propionibacterium, and
Pseudomonas.®’ Other studies also highlight the abundance of Lactobacillus and Bifidobacterium
spp.”*8! The most common LAB generally found in raw cow's milk, belongs to the genera Lactococcus,
Lactobacillus, Leuconostococcus, Streptococcus, and Enterococcus. The presence of these genera was
also highlighted in our study. Compared to studies on human breastmilk, our study identified the
presence of Lactobacillus in amasi and all urban fresh cow’s milk samples. Lactobacillus was absent

in the commercially fermented products (figure 7).

Human and bovine milk microbial communities are without any doubt, remarkably diverse and
dynamic, making the identification of specific organisms (down to strain, species, and even genus level)
exceedingly difficult. Enormous research work (from 38 countries) has been published by Togo et al.,
illustrating the presence of more than 800 bacterial species in human breastmilk. Staphylococcus
aureus, Staphylococcus epidermidis, Streptococcus agalactiae, Propionibacterium acnes,
Enterococcus faecalis, Bifidobacterium breve, Escherichia coli, Streptococcus sanguinis, Lactobacillus
gasseri, and Salmonella enterica were the most prominent species.®? In our cow’s milk analysis,
Staphylococcus epidermidis (D83363) was abundant in only one fresh urban cow’s milk sample and
Salmonella enterica (AE006468) was abundant only in amasi. In global comparative research, common
microbiotica taxa, shared between human and cow’s milk are: Staphylococcus, Streptococcus,
Pseudomonas, Bacteroides, Bifidobacterium, Corynebacterium, Enterococcus and
Propionibacterium.®® From our study, Streptococcus infantis (AY485603) and Pseudomonas were

abundant in amasi.

Remarkable similarities between the influencing factors on the microbiome of human and bovine milk
are being described. In humans, the entero-mammary pathway explains how organisms (mainly

anaerobes) from a mother's gastrointestinal system, are also present in her breastmilk and ultimately
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become available for 'seeding' of the infant's gut during the first few months of life. For instance, the
presence of Enterobacteriaceae in breastmilk is not regarded as a consequence of environmental
contamination, but rather a consequence of maternal gut transportation of these organisms into
breastmilk.>® This process is believed to be facilitated by dendritic cells (DCs) and macrophages, acting
as microbial transporters from the gastrointestinal lymphoid tissues to the mammary glands.®* Also,
retrograde flow of breastmilk occurs during breastfeeding, suggesting an interplay between the infant’s
oropharyngeal and the lactating mother’s mammalian microbiome.®® The entero-mammary pathway,
the retrograde flow of milk during sucking and the suckling’s oropharyngeal microbiome have also
been shown to influence the milk microbiome in bovines (figure 11).26 The abundance of the family
Enterobacteriaceae, especially in rural fresh cow’s milk and amasi, may reiterate the presence of an
entero-mammary pathway in shaping the bovine milk microbiome of our samples (figure 9 and table
2).
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Figure 11:
The entero-mammary pathway’s contribution to the bovine
milk microbiome (from Addis et al.®).

Maternal health and diet, mastitis, geographical location, lactation stage, and antibiotic exposure are
multifactorial intrinsic and environmental factors having dynamic influences on the breast milk
microbiome. The effect of breastmilk refrigeration on the microbiome has also been published.
Giribaldi et al., in line with previous research, demonstrated that milk refrigeration, over 4 days, at
mean temperatures of 6.8°C plus/minus 1.1°C, had no effect on lysozyme-, lactoferrin-, IgA,
Enterococci and other LAB concentrations in human milk. A reduction in coagulase-positive organisms
was reported.8” However, concerns about the growth of harmful bacteria during cold storage, especially
psychrophilic microorganisms (organisms thriving at temperatures of 20°C or below e.g. Acinetobacter,
Aeromonas and Pseudomonas spp.) were also highlighted.® The effect of milk processing,
refrigeration, intrinsic, and environmental factors, as well as seasonal variation, have also been shown

to dramatically influence the milk microbiome of ruminants.®

31



The biodiversity and description of microbiota
in traditionally fermented milk products

Striking similarities in immunological markers, cytokines, and other immune molecules are found
between human- and bovine milk. Some of these include transforming growth factor B (TGF-p),
interleukin 10 (IL-10), and soluble cluster of differentiation-14 (s-CD14) molecules. Interestingly,
previous studies found higher concentrations of TGF-f (with isoforms TGF-B1 and TGF-B2) in
breastmilk from mothers living in a farm environment.*® In human studies, TGF-p induces IL-10, which
leads to the conversion of naive peripheral T cells into FoxP3+ regulatory T cells. IL-10 further leads
to the formation of allergen-specific 1IgG4 (considered a marker of allergen tolerance) and inhibition of
T-helper 2 cell proliferation.®* The 100% homology between human- and bovine milk TGF-B, may
suggest a similar immune function.® A major resemblance (about 80%) between human- and bovine
IL-10, is also worth mentioning.®® Even more intriguing, the presence of bio-active exosomal
microRNAs (miRNA), identified in high amounts in both human- and bovine milk, may suggest a

similar epigenetic modulation of the immune system.

The immunological importance of PUFAs (found in both breast- and bovine milk) and conjugated
linoleic acids in protecting against eczema and asthma have been highlighted.®**® Furthermore, although
in much lower concentrations and less extensively researched than HMOSs, bovine milk
oligosaccharides (BMOs) have also been identified in cows’ milk as an important energy substrate for
LAB in the bovine gut.®

To summarise, although quite different in nutritional composition, the overlap between human- and
bovine milk microbiota, at a functional level, is worth appreciating. Similarities in fermentative LAB,
as well as similarities in immunological markers and cytokines, may indicate a closer relationship
between us and ruminants than previously appreciated. The influence these organisms have on thymic
maturation and the development of FoxP3+ and Treg cells via kynurenine and tryptophan production

are some exiting new immunomodulatory and allergy protective mechanisms being investigated.’6:9%

4.5 The allergy protective characteristics of raw cow’s milk: more than just the

microbiome

The interaction of raw cow’s milk immune-constituents with the human immune system are more
complex than previously thought.®” Compelling evidence from cross-sectional European studies,
identifies raw cow's milk exposure, both ante- and postnatally, as an independent protective factor
against allergy. To highlight this, further evidence of the allergy protective effect of unprocessed milk
consumption comes from the GABRIELA study, where raw milk consumption was associated with a

reduction in asthma and atopic sensitisation risk of up to 50%. Interestingly, the GABRIELA study
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found an inverse relation between asthma (not atopy) and the heat-labile whey proteins in raw milk.®
During the first year of life, consumption of unprocessed cow's milk was also protective against rhinitis,

respiratory infections and otitis in the rural PASTURE birth cohort.%

Globally, the majority of studies found cow’s milk to have no inflammatory to clear anti-inflammatory
effects in humans.®® Bordoni et al. concluded in a large meta-analysis that dairy products indeed have
anti-inflammatory effects and reassured that low-fat dairy products were not found to be pro-

inflammatory.1%

The immune-modulating effects of raw cow's milk have been well documented.*®! For instance, bovine
IgG has also been found to block IgE-mediated mast cell activation.®* The protein component of cow's
milk consists of casein (about 80%; heat stabile), whey (about 20%; heat labile), and bovine serum. The
whey component comprises o lactalbumin, 8 lactoglobulin, immunoglobulins, lactoferrin, enzymes,
serum albumin (BSA), and important cytokines. In the GABRIELA survey, an inverse association
between asthma and a lactalbumin, B lactoglobulin, and BSA were demonstrated.® Lactoferrin, a whey
protein, has be found to stimulate the production of IL-10 and TGF-B. Furthermore, lactoferrin is an
iron-binding glycoprotein and promotes the intestinal growth of organisms with low iron requirements
(e.g. SCFA producing Bifidobacteria and Lactobacilli). Lactoferrin has also been shown to have

antimicrobial properties.®

In the PASTURE cohort, higher levels of w-3 PUFAs (more abundant in milk with a high-fat content),
were found to be anti-inflammatory. Higher milk fat levels were also found to have a protective effect
on milder asthma.** From the Netherlands, the PIAMA birth cohort indicated a protective effect on
recent asthma at 3 years of age when full cream milk, daily versus rarely (aOR, 0.59; 95% ClI, 0.40 -
0.88) and butter, daily versus rarely (aOR, 0.28; 95% CI, 0.09 - 0.88) were consumed.'%? Together with
w-3 PUFAs, ruminant trans-fatty acids (vaccenic and rumenic acid), have been demonstrated to provide
additional protection against especially atopic dermatitis, and to a lesser extent, atopy. These conjugated
linoleic acids (CLAS) are produced by biohydrogenation, a process that occurs in the rumen of animals,
by bacteria converting unsaturated fatty acids to saturated fatty acids.® In human breastmilk, vaccenic
and rumenic acid are derived mainly from dietary fat intake, with only a small amount being produced

by the human breast itself.1%

SCFAs (butyrate and propionate) are found at high levels in bovine milk. They are mainly produced by
lactic acid bacteria in the gut during the fermentation of fiber and have been shown to operate on an
epigenetic level by inhibiting histone deacetylation. This leads to the proliferation of regulatory T cells,

increased 1L-10 production and FoxP3+ expression.® In a subgroup of the PASTURE cohort, children
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with the highest levels of stool propionate or butyrate, at 1 year of age had lower food and/or inhalant
sensitisation by 6 years of age. Higher levels of butyrate were also associated with a lower trend in

asthma, allergic rhinitis, and food allergy risk.1%

The microbial content, being highly dependent on the exposure from the environment, contributes to
the lipopolysaccharide (LPS) and other endotoxin levels of raw cow’s milk. However, older data from
the PASTURE study did not find any difference in farm versus non-farm endotoxin levels in raw
milk.1% LPS is the major component of the outer membrane of Gram-negative bacteria and interact with
the human innate immune system.'% By recognizing LPS and other bacteria endotoxins, the cluster of
differentiation-14 (CD14) receptor (found in both human and bovine milk) has been demonstrated to
act as an important pathogen recognition receptor (PRR).1%” Bieli et al. found an inverse relation
(independent of farm exposure) between polymorphisms in the CD14 promotor gene and asthma,
allergic rhinoconjunctivitis, and wheezing. This may partially explain a genetic origin in farm milk
protection against allergy.®

On an epigenetic level, miRNAs, are involved in the demethylation of FoxP3+ associated thymic
regulatory T cell maturation, and a decreased prevalence of atopic sensitisation and asthma in
children.?® Multiple other candidate genes (including the interleukin 13-gene, responsible for
eosinophil activation and survival) targeted by interfering miRNAs, have been published.!® The
important role of epigenetic influences, was further highlighted in a pilot study by Michel et al. Cord
blood DNA from European farmers’ and non-farmers’ children, illustrated statistically significant

difference in hypermethylation of asthma genome-wide association study (GWAS) genes.!!

It is clear that the microbiome alone does not fully explain the anti-allergy properties of unpasteurized
cow's milk. Multiple unaltered immunological constituents, present in raw milk, seem to operate not
only on genetic but also on an epigenetic level and may complement the microbiome in allergy
protection. These mechanisms are far from being understood and should be important aspects explored

in future research.

4.6 Consumption of raw cow’s milk: immune protective, but what are the health risks?

Consumption of raw, unprocessed milk can be hazardous to human health. Due to this, raw milk
consumption, especially in children, cannot be recommended in global nutritional
recommendations.>*%8 This is certainly also applicable to a developing country, like South Africa,

where malnutrition and other immunosuppressive conditions are common.
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Bovine mastitis, a common inflammatory infection of the mammary gland tissue, has been shown to
have a major impact on the cow’s milk microbiome and is an important source of milk pathogens. More
s0, the prevalence of subclinical mastitis (inflammation of the udder without clinical signs) is much
higher and of greater health concern. When compared to milk produced from cows with mastitis,
Oikonomu et al. described the presence of the genera Fecalibacterium, unclassified Lachnospiraceae,
Aeribacillus and Propionibacterium as 'core’ microbiota present in milk obtained from non-mastitic
udders. Streptococcus uberis and Staphylococcus aureus, were furthermore present in milk from healthy
udders, indicating the possibility that these bacteria could be part of the normal flora found on the
udder’s skin or inside the gut of healthy cows. Some of the most common pathogens identified in
clinical bovine mastitis were: Escherichia coli, Klebsiella spp, Streptococcus uberis, Trueperella
pyogenes, Streptococcus agalactiae, and Staphylococcus aureus.*? It is speculated that a dysbiosis in
udder microbiome rather than the primary invasion by a pathogen, may lead to mastitis.!*® In their study,
Faletin et al. determined by pyrosequencing, that the alpha diversity was reduced and severe alterations
in the milk microbiome taxonomic profiles were present, even if there was a distant history of clinical

mastitis. The contribution of antibiotics (given during active mastitis) to these alternations, is unclear.!*

In our study, layman's physical inspection of the cow's udder (by the farmers milking the cows), was
the only screening done to exclude active mastitis before sampling commenced. It was also impossible
for us to determine whether subclinical mastitis was present. Our study also did not calculate somatic
cell count per milliliter of milk, which is commonly used to determine the presence of an inflammatory
response in udders.®® The presence of Escherichia/Shigella, in especially our urban fresh cow’s milk
samples (figure 7) was worrisome. The abundance of other pathogen species, namely Salmonella
enterica, Pseudomonas, and Kluyvera cryocrescens, in rural fresh cow’s milk and amasi (figure 10),
are other concerns. Noteworthy, these organisms, at the species level, were absent in the commercially
fermented products (figure 10 and table 4) and brought us to the conclusion that these are safer for

human consumption than amasi and fresh cow’s milk.

Unimmunized cows in rural areas carry a higher risk of being infected with Brucella, Salmonella, and
other pathogens. Bovine tuberculosis is reported at significantly higher rates in cows from developing
countries.!® Despite this, the aforementioned SAFFA study (conducted in the same location where we
collected our urban fresh cows’ milk), indicated traditionally fresh milk consumption from about 6-
months of age. Surprisingly, in the SAFFA-study study, urban children were more exposed to
unpasteurized milk cow’s milk than rural children.” In our study, before we collected any rural cow’s
milk, we obtained clarification from a state vet, declaring the area free from Bovine Brucellosis and

Bovine Tuberculosis for the past 12 months.
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4.7 Environmental factors altering the microbiome of cow’s milk

Apart from udder health, numerous other environmental factors have been described that can
dramatically influence the milk microbiome. The type of the cow’s breed, the udder’s skin microbiome,
feces, sheds, grazing (indoor versus outdoor) patterns and milking practices have been highlighted.
Furthermore, contamination from humans (while milking), milking machines, transport by tanker
trucks, storage facilities, refrigeration, water- and even air contamination, have been identified as
influencing factors.8! The seasonal influence and the influence of geographic locational of cattle are
also described.!® Kable et al. published results from the USA, indicating species diversity and median
OTUs in their milk samples to be higher when milk was collected in the spring. The richness of the
phylum Firmicutes was also lower when samples were collected in the spring while the phylum
Bacteroidetes was significantly richer in milk collected during the autumn.!*” Undesirably high numbers
of E. coli, were highlighted in regularly consumed milk collected from peri-urban farms in the Free
State, South Africa. These counts were significantly lower, when milk was collected during the winter
season.™® From Shanghai, Li et al. demonstrated the month to month variation of the milk microbiome
and determined temperature and humidity to be the most influential factors at the phylum level.!*® In a
study from Italy, raw cow’s milk, collected in the summer or autumn, had higher levels specific
Lactobacilli, with antifungal properties.’?® Furthermore, significant between-breed differences in the
microbiome were demonstrated in milk collected from Indian Holstein Friesian and Rendena cows.
These differences remained significant, even if these cows were raised on the same farm and under the

same conditions.t?!

Our rural and urban milk samples were collected during the South African autumn (March to May).
The rural samples were collected from a coastal area in the Eastern Cape, considered more humid than
Cape Town, where the urban samples were collected. Similar grazing and milking patterns on the same
urban farm may explain the striking similarity (e.g. overlapping OTUs) between the three urban cows’
milk samples. Both the urban and suburban cows, in this study, were free, outdoor, wild grass grazers,
which received no special diet. The rural cattle were of mixed breed, while the urban cattle were of

indigenous South African Friesian breed.

As highlighted in human breastmilk studies, more research is needed to study the effect of these
confounding factors down to species level. To complicate matters even further, milk processing has
also been shown to dramatically influence the microbiome and may even hamper some of the health-
promoting properties of raw cow's milk. The influence of milk processing therefore warrants further

discussion.
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4.8 Milk processing and its milk altering properties

To qualify as a 'probiotic', a high number of viable organisms must reach the duodenum after oral
ingestion. Many probiotic organisms do not survive a low PH environment in the stomach, oxygen
exposure during refrigeration, and heat exposure during milk processing.'?? In the milk industry, milk
is typically stored at temperatures of 4°C, before transport takes place to dairy plants.®? Although
processing makes milk safer for human consumption, evidence exists that these processes hamper some

of the health-promoting and allergy protective characteristics of dairy products.

Milk undergoes various processing methods before it is commercially sold. On arrival at the dairy plant,
fresh milk is centrifuged, thereby separating the milk fat, and leaving skimmed milk. These are then
recombined to form semi-skimmed milk (about 2% fat) and full fat (>3% fat) milk.°>12® Heat treatment
normally follows this process and is classified based on the temperature level, time of heat exposure,
and subsequent cooling. Pasteurization (71°C to 74°C for 15 to 40 seconds), sterilization (110°C to
120°C for 10 to 20 minutes) and ultra-high temperature (UHT) processing (135°C to 145°C for 0.5 to
4 seconds) are commonly used. High-temperature Short-Time (HTST), also known as flash
pasteurization, uses temperatures of 71.5°C to 74 °C, for about 15 to 30 seconds, followed by rapid
cooling to about 4 °C. HTST pasteurization is particularly used to kill bacteria and can keep milk fresh
for up to 2 weeks, without refrigeration. It is then sold commercially as "pasteurized milk". UHT, less
commonly used, can extend the shelf-life of milk for up to 9 months. These kinds of milk are sold as

"ultra-pasteurized".%

Milk is an emulsion and therefore requires homogenization, either before or after heat treatment.
Homogenization is a physical process and entails heating, and passing milk under high pressure, through
a tiny orifice, after which it is rapidly cooled. This leads to the breakdown of fat globules and by
increasing their density, allows milk fat to stay integrated as an emulsion, rather than rising to the
surface as cream. Reduction in the size of milk fat globules leads to an increase in the total droplet
surface area with the subsequent inclusion of casein proteins on the fat droplet surface - possibly a cause

for cow' milk allergy.**

Apart from killing harmful organisms, numerous studies have been published on the unwanted effects
of heat, homogenization, centrifuging, and pasteurization on raw milk. Lower levels of especially w-3
polyunsaturated fatty acids and heat-sensitive bioactive whey proteins (e.g. lactoferrin, lactadherin, a
lactalbumin, B lactoglobulin, and bovine serum albumin) were reported after heat treatment. When

denaturized by heat (generally accepted to occur at temperatures of above 60°C), these proteins lose
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their immunological and anti-infective properties. The potential loss of miRNAs during heat treatment
and storage of cow's milk is another concern.®2125126 Heating also affects immunoglobulin-, TGF-2
and IL-10 levels.®? The importance of these cytokines in immune tolerance induction, has already been
highlighted.

Evidence also exists on how milk processing can influence the microbiome of raw cow’s milk. For
instance, lower lactose levels (in processed milk) decrease levels of certain advantageous organisms. %
Denaturation of lactoferrin (an iron-binding protein), may prevent the growth of health-promoting
bacteria with low iron requirements in the gut (e.g. Lactobacilli and Bifidobacteria).?? Our study may
reiterate this, with Lactobacilli absent in the commercially processed (fermented) milk samples but

present in the fresh cow’s milk samples and in amasi.

Sipka et al. found unprocessed milk to harbor not only more bacteria but also higher levels of LPS,
which may partially explain the allergy protective trend seen when raw cow’s milk is consumed
regularly.’?” From the GABRIELA study, the authors found total bacterial counts to be higher in
unheated versus heated (pasteurized) milk.> Interestingly, no effect of total bacterial counts on asthma

and atopy were demonstrated.%:105127

As previously mentioned, from our study, a remarkable decrease in both alpha and beta biodiversity
were detected in processed (commercially fermented) milk compared to the fresh unpasteurised
samples. All three the commercially fermented samples appeared remarkably similar in diversity
indexes. When compared to fresh and home fermented milk, a decrease in diversity could be noticed
from the phylum down to species level. However, the commercially fermented milk samples, appeared

‘safer’ for human consumption, compared to amasi and fresh cow’s milk.

The need for minimally processed, yet safe milk, are apparent. Unfortunately, immunologically
unaltered milk after commercial heat processing, does not seem to exist. Milk fermentation, another
form of milk processing, may partially overcome this problem. Although decreasing the diversity of the
raw milk microbiome, fermentation still has the benefit of harnessing (even enhancing) its anti-allergic
properties. The benefits of fermented milk, either homemade or commercially prepared will be

discussed below.
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4.9 Fermented milk and its allergy protective characteristics

In traditional African communities, milk fermentation is probably the oldest and most accepted method
to prevent spoilage. Unpasteurized milk from cattle, known as ubisi is obtained by manual lactation of
cows. After traditional fermentation, it is consumed by South African and Zimbabwean rural
populations as a nutritiously rich staple food, known as amasi. Traditionally, calabashes and clay pots
were used as containers. These might have been smoked before the addition of milk, to prevent mold
growth.128-130 Interestingly, in our study, rural folk told us that modern, ordinary plastic containers
largely replaced traditional calabashes and clay pots for home fermentation (picture 1). These containers
are left to stand indoors, at ambient temperatures (>20°C) for 3 to 5 days. During the fermentation
period, the separated thin, watery liquid is periodically removed from the top layers of milk in the
container while new freshly lactated, unpasteurized milk is continuously added. Traditionally, the
fermentation duration and temperature can be modified, to produce a desired taste and consistency. The
thick layer at the bottom of the container will be the final product after fermentation.

Microorganisms actively involved in milk fermentation are LAB. These are found naturally in human
breastmilk and milk from ruminants (including cows). LAB are Gram-positive, anaerobic, or facultative
aerobic cocci or rods, which produce important by products and end products during the catabolism of
carbohydrates (complex milk sugars).t3 Broadly, depending on their production of end products during
fermentation, LAB can be divided into homofermentative, heterofermentative, and facultative

heterofermentative organisms.

Homofermentative LAB, utilize the Embden Meyerhof pathway, to produce lactic acid as a by-product
during the fermentation of milk lactose. Lactococcus spp., are examples of homofermentative LAB,
and are commonly used in commercial dairy starter cultures. Strains commonly used in yogurt
production, include rods (Lactobacillus delbruckii subsp. bulgaricus, Lactobacillus acidophilus) and
cocci (Streptococcus salivarius subsp. thermophilus). Examples of thermophilic LAB (organisms that
thrive at higher temperatures i.e. between 41°C and 122°C) include Lactobacillus helveticus and are

also homofermentative.

Heterofermentative LAB produce lactic acid, acetic acid, ethanol, methanoic acid, and carbon dioxide
during fermentation. These organisms include Leuconostococcus spp. (cocci) and Lactobacillus brevis,
Lactobacillus fermentum, and Lactobacillus reuteri (rods). Heterofermenters are generally mesophilic
and can grow at a wide range of temperatures (2°C to 53°C).1*? Other Lactobacillus species are

“facultative” heterofermentative, meaning they produce end-products such as lactic acid, acetic acid,
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and carbon dioxide, like heterofermentative bacteria, or only lactic acid (depending on the type of

sugars and substrate available). (Figure 12).

Some LAB can produce gas from other substrates including citrate, gluconate, and certain amino acids.
Citrate fermenters can be used as a dairy starter formula to provide flavor. These include
Leuconostococcus mesenteroides subsp. cremoris and Lactococcus lactis subsp. lactis biovar

diacetylactis - commonly used in buttermilk.

Homofermentative LAB
Lb. acidophilus,
Lb. delbrueckii, Lb. helveticus, Lb. salivarius,
Lb. gasseri
Other:
Lc. lactis subsp. lactis biovar diacetylactis
Enterococcus,
Streptococcus and Pediococcus spp.

Facultatively heterofermentative LAB FERMENTED MILK

Lb. casei, Lb. curvatus,
L. plantarum, Lb. sakei
Other:

Pediococcus pentosaceus, P. acidilactici,
P. claussenii

Obligately heterofermentative LAB: Heterolactic Lactic acid, CO2
Lb. brevis, Lb. buchneri, fermentation Ethanol

Lb. fermentum, Lb. reuteri
Other:
Oer

IS,

Led

Figure 12:
Heterogeneous fermentation processes and end-products produced by LAB (from Macor et al.'*3; Lb.
— Lactobacillus, Lc. — Lactococcus.).

In our study, at the genus level, Lactococcus was abundant in all the fermented products, more so in
commercially fermented milk. Leuconostococcus dominated in the commercially fermented products
but was absent in amasi. At the species level, Lactococcus lactis (AB100803) were most abundant in
both commercially fermented milk and amasi, with extraordinarily little presence in the fresh milk
samples. Leuconostococcus mesenteroides (AB023247), Leuconostococcus pseudomesenteroides
(AB023237), and Lactococcus chungangensis (EF694028) dominated the commercially fermented
milk, with no presence in amasi, probably indicating the abundance of these organisms in commercial
dairy starter cultures. Noteworthy, Lactobacillus paracasei (D79212) and Streptococcus infantis
(AY485603) were abundant in amasi, while being absent in commercially fermented milk.

Flourishing LAB enhance the flavour of milk, while the fermentation process adds nutritional quality,
preserves (by lowering its PH to below 4), detoxifies (e.g. inhibits aflatoxins from molds), and has
antibiotic properties (e.g. against Gram-negative pathogens).**1%¢ The presence of large amounts of
yeasts, found in African fermented products, with a possible synbiotic effect between these and LAB,
needs future exploration.™®” In older studies, the nutritional properties of fermented and raw milk, are

similar. Additionally, LAB produces lactate and lowers the PH with the provision of subsequent anti-
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infective properties.’3° Compelling evidence for the health benefits of fermented food products
around the world, has led to the inclusion of fermented foods in global food guidelines.*%14 In the
South African SAFFA study the regular consumption of commercially fermented milk, was protective

against asthma, atopic dermatitis and allergic rhinitis in urban children, but not in rural children.®

Probiotics most extensively evaluated in allergy prevention include the genus Bifidobacteria and certain
Lactobacilli species.>? Apart from our amasi sample, Lactobacillus was of low abundance to completely
absent in all our other milk samples. Furthermore, Bifidobacteria (Bifidobacterium pseudolongum
(D86194)) was present in low abundance in fresh milk and absent in all the fermented milk samples
(figure 9). This may indicate an important need to investigate other, possibly unique South African
species in allergy protection, apart from those being highlighted in mostly European research.

As mentioned before, during the fermentation process, important by-products are produced. Some of
these by-products include short- and long-chain fatty acids, vitamins, and amino acids.'*> We are just
at the beginning stages of exploring how these products interact with the immune system in allergy
protection. For instance, long-chain fatty acids (especially -3 fatty acids) have been demonstrated to
interact with various innate gastrointestinal receptors to increase IL-10 (an immunomodulatory
cytokine). In a systematic review and meta-analysis by Vahdaninia et al., pooled analysis did indicate
a protective effect of -3 fatty acids on allergic sensitisation to egg and peanut in the offspring when

administered in pregnancy and to the infant after birth.14®

SCFAs (acetate and butyrate), inhibits mucosal-associated invariant T-cells (MAIT-cells) — important
innate immune cells responsible for producing the pro-inflammatory cytokine IL-17. Another SCFA,
propionate, interacts with mucosal dendritic cells in the gut, leading to the deviation away from a Th2-
cytokine milieu. Vitamin B9 and the amino-acid tryptophan, have been found to upregulate anti-allergic
Treg cells in the intestinal lumen. Tryptophan simultaneously suppresses Th2-cells (an important driver

of allergic inflammation).*88%144 (Figure 13).
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Figure 13:

The potential immune mechanisms of favorable gut microbiota involved in milk fermentation and
allergy protection — from Hirata et al.*® (LCFA - long-chain fatty acids; IL — interleukin; GPR - G
protein-coupled receptor; DCs — dendritic cells; Treg cells — regulatory T cells; MAIT cells — mucosa-
associated invariant T cells; PPAR - peroxisome proliferator-activated receptor).

410  Traditionally fermented milk products in Africa and South Africa

In an extensive review of African fermented dairy products, Jans et al. highlight the dominant
Lactococcus lactis, Streptococcus infantarius subsp. infantarius (Sii), Lactobacillus spp. and yeasts in
raw and fermented milk products. In this review, a novel Sii, with several unique African variants, were
highlighted. The pheno- and genotypical characteristics enables African Sii to survive environments,
otherwise favorable for pathogens. This review also highlights the safety and importance of potentially
including African Sii lineages in future starter cultures for milk fermentation.*> Although Lactococcus
lactis (AB100803) was the most abundant organism in our amasi sample, we did not detect any

Streptococcus infantarius in our study.

Other well-documented studies from the African continent, come from the Kenyan product, kule naoto,
produced from raw cow's milk fermentation in traditional calabashes. At the genus level, Lactobacillus
dominated in kule naoto, while Lactococcus, Leuconostococcus, and Enterococcus were also reported
in high numbers. Dominant species included: L. fermentum, L. paracasei, and L. acidophilus. Kule
naoto was regarded as safe because of the absence (< log 2.0/ml) of Enterobacteriaceae in a low PH
(<4.5) environment.®! From Ghana, the traditionally fermented milk product nunu, yielded
Lactobacillus fermentum as the dominant LAB throughout the fermentation process, while

Lactobacillus plantarum and Leuconostococcus mesenteroides were found to play an important role
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during the first few hours of fermentation.*> When comparing kule naoto with amasi from our study,
Lactobacillus was only found in small numbers. Furthermore, in contrast with kule naoto,
Enterobacteriaceae was abundant in amasi. Leconostococcus and Enterococcus were almost absent in
amasi. However, as with kule naoto, L. paracasei was abundant in amasi. When comparing amasi with

nunu, Leuconostococcus mesenteroides was absent in our amasi sample.

Research on LAB in amasi has been published before. From South Africa and Namibia, an earlier study
by Beukes et al. investigated amasi by using culture-dependent methods. The genera Leuconostococcus,
Lactococcus, and Lactobacillus were abundant. The dominant species were Lactococcus lactis subsp.
lactis and Leuconostococcus mesenteroides subsp. dextranicum. Potential pathogens were
Staphylococcus aureus.’® In another study, from the EkuPindiseni Community, KwaZulu-Natal
Province, amasi was collected during the South African mid-summer month of December, and analyzed
by using 16S rRNA clone library and Denaturing Gradient Gel Electrophoresis. In this study,
Lactococcus, Lactobacillus, and Leuconostococcus were major genera identified, while Lactococcus
lactis, Enterococcus faecalis, Lactobacillus casei, Lactobacillus paracasei, Lactobacillus plantarum,
and Leuconostococcus pseudomesenteroides, were the most abundant species present. 6 These findings
were relatively similar to ours, concerning Lactococcus, Lactococcus lactis, Lactobacillus paracasei,
and Leuconostococcus pseudomesenteroides abundance. However, the genus Lactobacillus and

Leuconostococcus were of less abundance in our amasi sample.

Although daily consumption of homemade fermented milk is reported worldwide, the safety of this
remains a concern. This is probably the biggest reason why these products are not sold commercially
without industrialized milk processing.}4"1%¢ Growth inhibition of the pathogens Escherichia coli and
Salmonella enteritidis have previously been shown to occur in amasi.’*® However, in our study,
although no Escherichia/Shigella were present in amasi, the high abundance of the species Salmonella
enterica (AE006468) could be potentially hazardous. Evivie et al. stress that LAB do not eliminate
harmful pathogens to a satisfactory ‘safe for human consumption’ level and safety cannot be assured

by milk fermentation.1221%

The abundance of the genus Citrobacter and other potential pathogens (e.g. Kluyvera cryocresence) in
unpasteurized milk were noted by authors from Zimbabwe.’® From our study, Citrobacter and
Kluyvera cryocresence, naturally occurring in water, soil and sewage, were also present in amasi.
Possible water contamination from inside the container used for fermentation, should be considered.
The cows’ udder may also be contaminated with soil or sewage. It should be noted that the aim of our
study was not to analyze fermented milk collected from a sterile environment but to ensure a

representative sample of milk was obtained by using traditional milking and fermentation processes.
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Our only pre-requisite for this study was to prevent human microbiome contamination and hence sterile

gloves were worn when the milk samples were collected.

In summary, although some similarities exist, the above highlights the dissimilarities between
traditionally fermented milk products from different rural communities, even if they were collected
from the same continent. These dissimilarities become even more apparent when these products are
compared to commercially fermented milk. These findings further highlight the diverse outcome in
microbiome studies published in the literature, even within the same country, making it difficult to make
firm conclusions. However, the message remains clear, traditionally fermented products contain

pathogens and cannot be promoted as safe.

411  Amasi, Maas and other South African commercially fermented products

Since the 1980s, Maas® has been commercially produced by dairy companies, by using either 'in
container' or 'tank' fermentation. Standard mesophilic starter cultures, typically including Lactococcus
lactis subsp. lactis, Lactococcus lactis subsp. cremonis and Leuconostococcus mesenteroides subsp.
cremonis are used for this purpose.?® A landmark change from the 2001 South African Food-Based
Dietary Guidelines, was published in 2012, with the inclusion of the recommendation: “have milk, maas
or yogurt every day”.?*> Maas® was included mainly because of its health-promoting fat content, low
lactose concentration, and associated energy-dense properties - factors important for addressing
malnutrition, lactose intolerance, and non-communicable diseases, especially in developing countries,
like South Africa. It has a shelf life of about 21 days but should be kept refrigerated, as per
manufacture’s recommendation. This may not be possible for all socioeconomic and rural population

groups in South Africa, where access to electricity is not always within reach.

In the recently updated "Road to Health"-booklet for South African children, the inclusion of maas in
the weaning diet of non-breastfeeding children from 12-months of age, is recommended. From other
parts of the world, fermented milk was also highlighted as a complementary feed, in as young as 3-

months of age.!®
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Picture 4 and 5:
Full cream Maas®, sold at local retail stores in South Africa. A snapshot from the recently updated
South African Road to Health-booklet.

An important aim of our study was to compare the microbiome (at species level) of fermented versus
unfermented milk products, to indicate whether fermentation (either commercially or home fermented)
had a significant influence on the occurrence of certain taxa. We chose three commercially fermented
products namely, Othando®, Amyoli®, and Maas® because these are readily available in all urban and
rural shops in South Africa. Furthermore, the South African Maas® product was studied before. Only
taxa with > 60% abundance in either (or both) of the two groups were compared in our statistical
analysis. Lactococcus lactis (AB100803) in the fermented group, reached the highest statistical
difference between the two groups. Furthermore, in the fermented group, the abundance of Lactococcus
chungangensis (EF694028), Leuconostococcus mesenteroides (AB023247), Leuconostococcus
pseudomesenteroides (AB023237) and Lactobacillus paracasei (D79212) were also statistically
different from the unfermented milk group, but less so than Lactococcus lactis (AB100803). Salmonella
enterica (AE006468), Anoxybacillus, and Staphylococcus in unfermented milk were also of differential
importance. Some of these findings are summarized in table 4. Numerous other organisms, reaching
statistical differences in abundance between the two groups, are illustrated on the heatmap in figure 10.
Some of these taxa include important pathogens. The three commercially fermented products appeared

to be free of well-described human pathogens.

In a South African case study on commercial maas, Du Plooy et al. published interesting data, obtained
from the South African consumer database, product-related database Ipsos-Markinor (2014), and the
Target Group Index database (2014). At the time of the study, about 80 different maas products were

available commercially, with only about 10% of South African households, consuming maas daily.*>
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These surveys indicated that 90% of maas consumers were black, adults, and from the lowest socio-

economic income groups in South Africa.

Chelule et al. published important reasons for rural caregivers of children under 5 years of age not
giving fermented milk products. Some of these reasons include: no information on fermented products
was conveyed to them by community healthcare workers, lack of knowledge on how to prepare
traditionally fermented products, lack of knowledge on the nutritional and health benefits of fermented
products, and concerns about safety and taste (sourness). Although well known to them (used by their
parents and grandparents), these products are no longer uniformly or regularly prepared and
consumed.® Another South African study highlighted South African dieticians not adhering to
especially the updated “maas’ food guidelines, leading to poor patient enforcement to consume these
products regularly.t*®

Changing times and modernization should be considered when constructing feeding policies. Paradigm
shifts in population characteristics are noted globally, even in our study. An example from our study is
the apparent change in the method of preparing home fermented milk in plastic containers as supposed
to clay pots or calabashes. Home fermentation is also time-consuming. Knowledge is therefore lost with
urbanization and modernization, preventing younger generations from continuing with an ancient rural
tradition of fermenting milk at home.** Based on these findings, ideally future recommendations should
be based on research harvested from studies like ours, to design starter cultures and to produce an
accessible 'dry"' probiotic, which is unable to spoil. The role of starter cultures and enzymes for safer
milk fermentation are extensively reviewed by Bezie et al. These starter cultures typically include
Lactococcus lactis, Lactobacillus species, Streptococcus thermophilus, Bifidobacterium species, and
Leuconostococcus species, which can be added to pasteurized milk and left to ferment at controlled
temperatures and for a certain amount of time, to produce the desired end product. Special growth media
(not milk) should be used when developing these starter cultures, mainly to prevent potential harmful

organisms (e.g. bacteriophages) from thriving.*’

412  What about viruses, fungi, and other organisms present in bovine milk?
If there is insufficient exposure to a variety of microbes, the human immune system, according to the
‘old friends hypothesis', will fail to mature, leading to hypersensitivity towards often harmless, every

day encountered stimuli. This led to the appreciation of organisms (bacteria, viruses, fungi, parasites,

and other unicellular eukaryotes) involved in 'training' the immune system to develop tolerance.*®
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Apart from bacteria (the ‘bacteriome’), the most abundant organism in the human microbiome, are
viruses (the ‘virome') which outnumber bacteria in the gut. Although lower in abundance, other
inhabitants, across different human body sites, are fungi (the 'mycobiome’) and helminths (the
‘macrobiome’).’®® Based on metagenomic studies, the human ‘virome’, mainly consists of
bacteriophages, with Caudovirales (Siphoviridae, Myoviridae, and Podoviridae) and Microviridae, the
most well described. We currently know very little of the intriguingly complex interaction of these

organisms with one another and the human immune system.

Probably one of the most puzzling ‘friend or foe’ phenomena, is the human immune system’s response
towards exposure to parasites and anthelminthic treatment.*®® From West Africa (considered to be an
endemic area of parasitic infection), Gabonese children, carrying this infection, had lower rates of
skinprick test reactivity to house dust mites, compared to controls. Studies conducted in Brazilian and
Ecuadorian children also reported lower allergy occurrence with co-existing parasitic infection.6! On
the other hand, in a study from South Africa (the SAFFA-study), children between the age of 1 and 3
years old, and regularly dewormed, had significantly lower rates of atopic dermatitis, allergic rhinitis,
and self-reported asthma.’

Parasites co-evolved with humans and while evidence exists of human parasitic infection leading to
innate immune system stimulation and production of FoxP3+ expression in naive CD4+ T cells, other
well-described immune features, including the production of a pro-allergic Th2-mediated immune
profile upon exposure to parasites, do exist.'®? Interesting to note, parasites are also known to produce
SCFAs (e.g. acetate) - the immunological importance of this by-product has already been highlighted
before. The complex microbiota-parasitic cohabitation, with a possible bidirectional influence on one
another in the human gut, has been explored. For example, studies have been published, indicating
Lactobacillus may promote helminth infection.’® However, the role of host-specific commensal
protozoa (e.g. Entamoeba histolytica) found largely in relation to parasites, is uncertain.’®® The
particular state of symbiosis versus dysbiosis of all these collective gut inhabitants, seems to be an

important factor in determining whether their existence will be pro- or anti-inflammatory.

Approximately 10%°, predominantly dsDNA viruses, inhabit the healthy human gut. Plant-derived RNA
viruses (believed to have their origin exclusively from the diet), also inhabit the gut and are less well
researched.’®® ! The human ‘virome’, comprises largely viruses that parasitise bacteria
(bacteriophages), and use it for its replication. Much like the microbiome, the human ‘virome’ seems to
decrease in diversity from birth to about 2 years of age, with a shift from Caudoviridae to an increased
Microviridae abundance.’® In the adult steady-state, this remains highly stable in each individual.!®> A

complex viral-bacterial-immune interaction on the gut mucosal surface exists. For instance, viruses can
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bind to bacterial structures (e.g. flagellin or pili) or molecules (e.g. LPS) and lead to synergistic
induction of immune tolerance cytokines (e.g. IL-10). LAB may also protect against viral invasion, by
not only lowering the environmental PH through the production of lactic acid but also by producing
reactive oxygen species and defensins. Bifidobacterium breve has been shown to induce interferon-
gamma, tumor necrosis factor-alpha and interleukin 4, aimed against combatting viruses.®® The innate
immune system seems to play an important role in either limiting or promoting viral growth and
virulence.®417 These findings open a new world of opportunity for harnessing viruses to create a
favourable microbial gut ecosystem and to use bacteriophages to deliver an 'on-site' immunomodulation

treatment through the gastrointestinal system.

Of all the ‘biomic’ research, the least is known about the human gut ‘mycobiome’. Described as the 'rare
biosphere', studies found diverse fungal communities in all sections of the human gut. Although some
fungi, especially Candida albicans, are described as commensal flora, constant attempts from other
organisms (especially favourable bacteria) are made to keep fungi at bay in the gut. The Lactobacillus-
Candida antagonism describes the phenomenon of Candida, preventing Lactobacillus growth (and vice
versa) after, for example, oral antibiotic exposure.'%® Protective mechanisms of commensal microbiota
against Candida albicans gut invasion, are believed to be mediated through short- and medium-chain
fatty acids, as well as gas (e.g. hydrogen and methane) production during natural fermentation.6°

The most extensively investigated yeast in food and beverages is Saccharomyces cerevisiae (used in
brewing, winemaking, and baking i.e. brewer's yeast and baker's yeast). Yeasts are not normally added
to starter cultures for commercial fermentation of milk and are thought to originate from environmental
contamination (e.g. industrial equipment and air). Pasteurization has furthermore been shown to
dramatically lower yeast counts in commercially prepared milk. However, natural fermentation, leads
to increased numbers of yeasts, indicating a possible symbiotic relation between yeasts and LAB in a
low PH environment.}” Yeasts have also been shown to be relatively resistant to sanitizers and cleaning
agents used in commercial dairy plants. Interestingly, from the African continent, S. cerevisiae was the
most dominating yeast in Ghana’s nunu fermented milk product. Although small in numbers, a study
from Italy, illustrated the absence of S. cerevisiae in raw cow’s milk, even after they received feeds
with yeast supplementation. This indicates that S. cerevisiae may find raw cow's milk, an unfavorable
habitat.}™

Yeasts support LAB by lowering the environmental PH and through the production of CO2 and
essential growth metabolites (e.g. vitamins and organic acids). They also prevent spoilage by
filamentous fungi and bacteria (e.g. Escherichia coli, Staphylococci, Vibrio cholera, Clostridium

difficile, and Salmonella). Furthermore, in the traditionally fermented milk product kule naoto, from the
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Maasai in Kenya, the numbers of yeasts and Enterobacteriaceae were found to be inversely
related.311% Enterobacteriaceae was uniquely abundant in our amasi sample and completely absent in

commercially fermented milk. It was furthermore abundant in one of the rural fresh cow’s milk samples.

Katakura et al. described Lactococcus lactis 1L1403 surface proteins, involved in recognizing yeast
membrane mannan, and thereby promoting adhesion of LAB to yeasts.'’? Research by Xie et al.
reported proteins on the cell surface of Lactobacillus paracasei H9 and polysaccharides in the cell wall
of Saccharomyces cerevisiae involved in co-aggregation of these two organisms, thereby enhancing the
probiotic potential of Lactobacillus paracasei. The yeast Williopsis saturnus var. saturnus was also
shown to enhance the survival of Lactobacillus burgaris and Lactobacillus rhamnosus in fermented

milk.17?

Our study did not include the identification and description of viruses, helminths, fungi, and yeasts. The
contribution these organisms play in shaping the microbiome of cow's milk and the human gut after
milk ingestion, needs future exploration. More specifically, the interaction between LAB and S.

cerevisiae in milk seems noteworthy.

4.13 Bovine milk research: potential problems, pitfalls, and future research

Studying a highly bioactive and complex substance, like cow's milk, is difficult, and the interpretation
of research results should appreciate the influential role played by intrinsic and environmental factors.
Global standardization of milk specimen collection, storing of samples, the time between sample
collection and analysis, DNA extraction, PCR bias, trustworthy bioinformatic pipelines, and quality of
existing databases are some major concerns in current microbiome research. The importance of
underestimating the contribution of unassigned taxa, found in studies, is also highlighted.?®'™* Some
microorganisms are resistant to cell lysis (e.g. Gram-positive bacteria), applied during the DNA
extraction process, and may, therefore, be absent in the final taxonomic assignment. Despite these
potential pitfalls, the concordance rate between conventional culture-positive identification techniques

and metagenomic studies, are reported to be high (91.8%, with a sensitivity rate of 52.7%).17°

DNA cross-contamination (e.g. with human commensals or instrument mismatch, known as ‘index
hopping’) between samples with low microbial biomass, is another concern. This can be partially
eliminated by using standardized mock communities as positive controls during analysis. Positive
controls further enable the monitoring of DNA extraction efficiency and determine the lower limit of

organism detection.’’® In our analysis, numerous quality control steps were included (as per the
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IHlumina®-instrument workflow recommendation). We used the standardized 'ZymoBiomics' product as
a positive control. A 'no template' (DNA suspension buffer) was used as a negative control to identify
potential laboratory contamination. Furthermore, the use of sterile gloves during sample collection
eliminated possible human DNA cross-contamination. There were also no deviations from the study

plan and analysis workflow, ensuring standardization and reliability of our results.

Our study had small numbers - the main reason being cost constraints. The inclusion of more samples
will add value to future research. In developing countries, like South Africa, the cost of microbiome
analysis and accessibility to metagenomic laboratories, are huge hurdles in conducting routine
microbiome research. Keeping samples frozen, for long-distance transport to laboratories, is another
practical problem, especially if these samples were collected at distant, rural sites, like ours.

Dust and other environmental microbial contamination from milking stables and farms should be
accounted for in bovine milk research as they considerably influence the microbiome of cow’s milk.
Furthermore, grazing and feeding influences, undetected illnesses (i.e. subclinical mastitis), antibiotic
use, breed and age of the animals, lactation stage, geographic location, temperature, the season of
sample collection and the influence of other animals (i.e. pets, goat, pigs, sheep) present on the farm,
are other well-described microbiome research confounders.®1617" Further research is needed to
determine how these confounders influence the allergy protective LAB in raw and fermented cow’s

milk.

The importance of organism underrepresentation in final data analysis should be accounted for. The
fact that an organism occurs in low abundance in a sample, does not mean it has less important functions
in a specific microbial ecosystem. A better understanding of the ‘virome’, ‘mycome’, ‘macrobiome’ and
their influence on bacteria, is also warranted. Whole-genome DNA-sequencing (‘shotgun
metagenomics’) of bacterial, viral and fungal communities, partially overcome these problems and
eliminate conventional 16S ribosomal PCR amplicon bias. Metatranscriptomics, metaproteomics, and
metametabolomics enable us to study the functions of a specific microbial niche as a whole, rather than
just naming organisms present therein.**#¢178 |n microbiome data analysis, the use of adjusted p-values
and the Fisher’s exact test (after multiple-testing correction) help to inflate taxonomic data, thereby
ensuring the inclusion of taxa that would have been deemed non-significant by conventional statistical

methods.

Unfortunately, no strong evidence currently exists to promote any of the ‘on the market’ probiotics to
prevent allergy, less so, to treat it. Although limited evidence exists for Lactobacillus rhamnosis

(HNOO01) in preventing atopic dermatitis, the beneficial effect of probiotics seems species and even
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strain-dependent, warranting intensive future research.*¢1”® Guidelines from all major global allergy
and immunology societies (including the European Academy of Asthma and Clinical Immunology and
the World Allergy Organization), do not recommend probiotics to prevent allergy. Although
conditionally, the World Allergy Organization does favour the use of probiotics in pregnancy, lactation,
and infancy when a family history of allergy is present.'®® This beneficial effect seems pronounced
when probiotics are administered with prebiotics, but the exact strain, dose, route of administration, and
duration of treatment, are still unknown.>? Most microbiome research publications describe their
findings largely at the phylum, some at the genera level. As was done by our study, future research

should involve ‘deeper diving’, describing these organisms down to species, and even strain level.

Major future strides are being made in harnessing LAB for its health-promoting properties and to deliver
it in a safe form at a population level. The Yoba for Life foundation used dried seed cultures of
Lactobacillus rhamnosus GG, with an adjuvant culture of Streptococcus thermophilus C1086, to be used
with milk, vegetables, and cereals, in combatting diarrheal disease in Africa.®* The principles of these
initiatives may also be replicated in the future to preventing allergic diseases. An important publication
warranting future exploration, by Nishino et al., describes culture-independent density gradient
centrifugation to recover the majority of viable LAB from yogurt, and indicated this as an affordable
and quick method of recovering these organisms from fermented milk products, while preserving their
physiological and health-beneficial functions.’®? Future research should be aimed at developing and
promoting the use of these products in urban, westernized communities. These aims were already
identified in a Joint FAO/WHO Workshop, held in Pretoria, South Africa several years ago.'*® The
development of appropriate starter formulas, combined with prebiotics via microencapsulation
techniques, and delivering them orally, will not only extend the shelf life of these products but will also
ensure safety.183-18 These products may bring us closer to a much-needed and allergy protective ‘farm

capsule’.

414 Conclusions

The microbiome of raw cow's milk and its interaction with the human immune system, especially in
allergy protection, seem more complicated than previously thought. Multiple environmental- and
intrinsic bovine factors play a role in shaping this microbiome. In our study, bacteria, present in
unpasteurized rural, urban, and home fermented milk, as well as organisms in pasteurized commercially
fermented products were investigated. These milk samples differed markedly depending on the source,
possibly due to factors involved in their collection, storage, and fermentation techniques. At the species

level, fermented milk comprised a statistically significant different microbiome than unpasteurized
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milk, regardless of the source (pasteurized or not; homemade or mass-produced). The microbiota
composition of different brands of commercially available fermented pasteurized milk was highly
consistent and contained LAB postulated to protect against allergy. Urban and rural fresh cow's milk
samples were the most diverse, and commercially bought products, the least. At the family member
level, Leuconostocaceae dominated in all three the commercially bought samples. At the species level,
Lactococcus lactis (AB100803) dominated in all the milk products. Leuconostococcus mesenteroides
(AB023247), Leuconostococcus pseudomesenteroides (AB023237), and Lactococcus chungangensis
(EF694028) were abundant in all three the commercially fermented samples. These were absent in
amasi and had low abundance in the fresh milk samples. Amasi had higher diversity than commercially
available fermented milk, with the unique abundance of Streptococcus infantis (AY485603). Important
pathogens were identified in fresh cow’s milk and amasi. Ingestion of unpasteurized milk, whether

fermented or not, may, therefore, have adverse health outcomes.

It is currently unknown which species and strain of LAB may have an allergy protective effect.
Furthermore, these organisms and their metabolic by-products, maybe allergy protective on a genetic
as well as an epigenetic level. Further research should be aimed at harnessing findings from research
like ours, in designing a safe synbiotic. In the meantime, commercially fermented milk, although of low
diversity, may be utilized as an allergy protective weaning food in infant diets, especially in westernized
and modern urban populations. The ingestion of these products should therefore not be restricted to

rural and traditional African communities, but to all of society.
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