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Abstract

Cattle by-products like faeces, milk and blood have many uses among rural communities;
aiding to facilitate everyday household activities and occasional rituals. Ecologically, the
body sites from which they are derived consist of distinct microbial communities forming a
complex ecosystem of niches. We aimed to explore and compare the faecal, milk and blood
microbiota of cows through 16S rRNA sequencing. All downstream analyses were per-
formed using applications in R Studio (v3.6.1). Alpha-diversity metrics showed significant
differences between faeces and blood; faeces and milk; but non-significant between blood
and milk using Kruskal-Wallis test, P < 0,05. The beta-diversity metrics on Principal Coordi-
nate Analysis and Non-Metric Dimensional Scaling significantly clustered samples by type
(PERMANOVA test, P<0,05). The overall analysis revealed a total of 30 phyla, 74 classes,
156 orders, 243 families and 408 genera. Firmicutes, Bacteroidota and Proteobacteria were
the most abundant phyla overall. A total of 58 genus-level taxa occurred concurrently
between the body sites. The important taxa could be categorized into four potentially patho-
genic clusters i.e. arthropod-borne; food-borne and zoonotic; mastitogenic; and metritic and
abortigenic. A number of taxa were significantly differentially abundant (DA) between sites
based on the Wald test implemented in DESeq2 package. Majority of the DA taxa (i.e. Rom-
boutsia, Paeniclostridium, Monoglobus, Akkermansia, Turicibacter, Bacteroides, Candida-
tus_Saccharimonas, UCG-005 and Prevotellaceae_UCG-004) were significantly enriched
in faeces in comparison to milk and blood, except for Anaplasma which was greatly enriched
in blood and was in turn the largest microbial genus in the entire analysis. This study pro-
vides insights into the microbial community composition of the sampled body sites and its
extent of overlapping. It further highlights the potential risk of disease occurrence and trans-
mission between the animals and the community of Waaihoek in KwaZulu-Natal, Republic
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of South Africa pertaining to their unsanitary practices associated with the use of cattle by-
products.

Introduction

Livestock rearing plays a vital role in sustenance of the livelihoods of rural communities [1].
However, livestock may serve as a potent reservoir of different pathogenic organisms that
could have devastating health and economic implications, especially when proper husbandry
and hygiene practices are not in place [2]. It may additionally have compounding effects on
the public health due to the zoonotic nature of some of the associated diseases [3].

Cattle products and by-products are utilized to provide nourishment and income; play
important social roles in many cultural traditions; and help to facilitate day-to-day household
activities [2,4]. Bovine faeces, milk and blood are no exception and they are among the most
commonly used cattle by-products particularly by the targeted rural community. Briefly, fresh
faeces are used to seal and insulate the clay plastered floors inside the homes; applied as an
anti-microbial agent to heal wounds and consumed as an anti-diarrheal medicine; it may be
formed into dung ‘cakes’ which are dried up and used to fuel cooking fire; while aged or com-
posted manure is utilized as a fertilizer for the crops. The milk obtained from the cattle in this
community is often consumed raw, boiled or fermented to make sour milk which is mostly
eaten by vulnerable groups such as children and the elderly. They occasionally use milk to cure
a number of ailments e.g. as a natural laxative and for its opposite anti-diarrheal effect. On the
other hand, blood from freshly slaughtered animals may be smeared on parts of the body or
drunk raw during ritualistic feasts. It may also be cooked into a broth and consumed as a deli-
cacy. This knowledge is acquired through tribal affiliation of the first author, nonetheless these
are age-old traditions and rituals practiced among different African tribes and rural communi-
ties of the world for more or less similar reasons and have been recorded by a number of
authors [5-7]. The above-mentioned ‘unsanitary’ practices including rearing of livestock in
close proximity to households poses a major risk of disease transmission between animals and
humans as previously expounded [3,8-11].

From an ecological perspective, the mammalian body is considered to be a complex ecosys-
tem consisting of various interconnected ecological niches i.e., body sites [12]. Although each
body site harbours distinct and specialized microbiota, there is an interplay of factors which
influence the microbial colonization and assembly [12]. According to Rainard [13] explora-
tions of the complex microbial communities within the different body sites might contribute
to knowledge of disease occurrence and improvement of health and livestock productivity.

Development and improvement of next generation sequencing (NGS) and other omics
technologies in the last decade has allowed the study of host-associated microbial communities
in mammals, particularly ruminants, at a depth never before possible [14]. Most mammalian
studies using these technologies have mainly dealt with exploration of the skin, mouth and gut
microbiota but other body sites are now increasingly considered as harbouring their own
microbiota, for instance, the lungs; oro-pharyngeal, urinary and genital tracts [13,15]; mam-
mary glands [12,16,17] and more recently the bloodstream [18-20].

Chiefly, NGS-based bovine investigations have been focussed on the microbial community
of the rumen due to its importance in feed efficiency and contribution to milk and meat pro-
duction [14,21-25]. There is also a rise in the number of studies reporting on microbial profil-
ing of bovine faeces using such technologies [18,20,25-27], mostly supplementing the ruminal
microbiome studies.
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The NGS-based investigations of milk have been primarily conducted on secretions of clini-
cal vs subclinical mastitic quarters and in some instances compared to those of healthy quar-
ters [12,16,28-35]. The focus has mainly been on how the microbial flora of milk changes
when it becomes a food product [15], but rarely have these studies been conducted to discern
the global diversity of the milk microbiome in relation to animal health and physiology
[12,15].

Similarly, the majority of published research conducted on bovine blood has been focused
on detection of selected pathogens of veterinary significance that lead to production and eco-
nomic decline rather than the microbiome of animals in relation to their health and physiolog-
ical state. The few studies that explore the blood microbiome of cattle through NGS have
focused on investigations of its role in the endogenous entero-mammary [18] and haemato-
genous [20] translocation of gut or uterine microbes.

Research conducted on mice and human breast milk suggests a presence of an endogenous
entero-mammary pathway where live bacteria can be transferred from intestines through
intestinal dendritic cells and macrophages to mammary glands via lymphatic and peripheral
blood circulation [12,13,15,18,36]. Although not providing compelling evidence of this path-
way in bovines, a study of milk somatic cells, bloodstream macrophages and faeces reported
on simultaneous detection of bacterial signatures in the three body sites [18]. This postulated
pathway has however been met with great disdain by some authors [12,13] who dispel its exis-
tence in ruminants and provide alternative theoretically driven and hypothetical pathways by
which the gut bacteria find their way to the mammary glands.

In this study we primarily aimed to explore and compare the microbial community struc-
ture and taxonomic composition of faecal, milk and blood samples collected from lactating
cows. Secondarily, we aimed to identify potentially pathogenic taxa of veterinary and / or med-
ical significance present between the three sample groups and subsequently assess the potential
repercussions of the ‘unsanitary’ practices pertaining to the use of cattle by-products by the
small-scale subsistence farmers of Waaihoek community in KwaZulu Natal.

The aims were achieved through exploratory experimentation, using high-throughput 16S
rRNA metagenomic sequencing on the Illumina Miseq platform. Furthermore, our study pres-
ents novel insights into the microbiota of bovine faeces, milk and blood in the Republic of
South Africa (RSA) using amplicon sequence variants (ASVs) inferred through the high-reso-
lution Divisive Amplicon Denoising Algorithm 2 (DADA?2) pipeline.

Materials and methods
Animal sampling

The study was approved by the North West University’s Faculty of Natural and Agricultural
Sciences Research Ethics Committee (NWU-01757-20-A9) and was conducted following the
guidelines of the institutional Animal Care, Health and Safety Research Ethics Committee
(NWU-AnimCareREC). Sampling was conducted at 8:00 am on the 17" of April 2019 at the
Niekerskraal cattle dip site in Waaihoek village, situated on the outskirts of Ladysmith in Kwa-
Zulu-Natal, RSA (GPS coordinates: -28.46822280; 30.0880990). A verbal agreement to an
informed consent to participate in the study was obtained from the animal owners and / or
herders present at the communal dip site. The cows were not placed on any special diet prior
to sampling however, the owners and herders confirmed that their daily diet is typically consti-
tuted of kitchen left overs in the morning and during the day they are allowed to roam in
search of forage, either supervised or unsupervised. At night they are housed in kraals situated
in close proximity to the homes of the owners. Prior to sampling the cows were rested and
allowed to forage on the overgrown thatch grass surrounding the dip tank and crush pens. The
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sampling population included n = 110 mixed breed cows, i.e. 33 lactating and 77 non-lactating
which were representative of the entire cow population owned by the Waaihoek community
utilising the cattle dip.

Three sample sets (i.e. faeces, milk and blood) were collected per lactating cow while only
blood samples were collected from the non-lactating cows. This was achieved through the aid
of certified Animal Health Technicians from uThukela Veterinary Services. All sampling was
conducted aseptically while the cows were restrained in crush pens. Briefly, faecal samples
were retrieved directly from the rectum using gloved hands. The gloves were replaced with
every new evacuation and each handful of faecal sample was placed into a sterile zip-lock bag
[37]. For milk collection, individual teat surfaces were scrubbed clean with moist cotton balls,
impregnated with 70% ethanol for 10 to 15 s. Composite milk samples were collected into ster-
ile 15 mL vials from the pre-cleaned teats, discarding the first three streams per teat as previ-
ously described [38]. Blood samples were collected targeting the tail ventral midline groove of
the cows. The site was swabbed clean in a similar manner to the teats prior to venipuncture.
Blood was drawn into sterile 4 mL EDTA coated vacuum tubes using sterile 21 gauge, 25 mm
hypodermic needles [39]. The collected samples were transported to the laboratory in separate
coolers containing ice packs, thereafter pre-processed for DNA extraction and stored in the
-80°C freezer until further use.

DNA extraction, pooling and quantification

Extraction of DNA from the pre-processed samples was conducted at the Molecular Parasitol-
ogy and Zoonosis Research Group laboratory located at the Unit for Environmental Sciences
and Management, North-West University, Potchefstroom Campus, RSA. Faecal microbial
DNA was extracted using the Quick-DNA™ Fecal/Soil Microbe extraction kit (Zymo
Research, Inqaba Biotec ™) from < 150 mg of faecal samples. The faecal samples were lysed
by bead beating in a ZR BashingBead™ lysis matrix filled with buffer and placed in a bead
beater (TissueLyser LT, Qiagen™) prior to DNA extraction. On the other hand, milk and
blood microbial DNA were extracted from buffer lysed 200 uL of samples using the Quick-
DNA™ Miniprep kit (Zymo Research, Inqaba Biotec' ™). The eluted DNA samples were
quantified using Qubit®™ Fluorometer 4.0 (Invitrogen, Thermo Fisher Scientific Inc) and
stored at -20°C for downstream molecular application.

For 16S rRNA sequencing, sample sets from two animals were excluded due to poor visual
quality of the milk. Therefore, DNA samples extracted from corresponding faecal, milk and
blood samples of 31 lactating cows were sequenced. The samples were pooled according to
farm origin (i.e. A-D, based on the farmer’s identity) in random groups of three, with the
exception of the sample set obtained from an animal with a retained placenta. Each pooled
DNA sample of either faeces, milk or blood was therefore constituted of an equimolar mixture
of three samples obtained from three different animals. Following initial random assignment
DNA samples from the same group of animals were strategically matched across the three
sample groups. The pools were quantified, then normalized for Illumina sequencing. For Ana-
plasma prevalence determination, DNA was extracted from a total of n = 110 blood samples
obtained from both lactating and non-lactating cows.

Amplification of bacterial 16S rRNA and sequencing

The V3-V4 hypervariable region of the bacterial 16S rRNA gene was amplified using universal
bacterial primers: PCR Forward Primer: 5 GTC TCG TGG GCT CGG AGA TGT GTA TAA
GAG ACA GGA CTA CHV GGG TAT CTA ATC C 3'and PCR Reverse Primer: 5’ TCG
TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG CCT ACG GGN GGC WGC AG 3
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[Integrated DNA Technologies, Whitehead Scientific (Pty) Ltd]. In the laboratory, samples
were aseptically processed to minimise contamination. Two no template controls (NTCs) i.e.,
NSCF-negl and NSCF-neg?2 consisting of PCR and sequencing laboratory reagents as well as
nuclease free water in place of experimental DNA template were incorporated in the amplifica-
tion and sequencing steps and processed alongside the experimental samples. Library prepara-
tion was performed according to the standard instructions of the 16S Metagenomic
Sequencing Library preparation protocol (Illumina™, Inc., San Diego, CA, United States).
Indexed amplicons were quantified using Qubit™ High Sensitivity dsDNA Assay Kit (Thermo
Fisher Scientific) and the sizes of the amplicons were visualised using the 4200 TapeStation
(Agilent Technologies, Germany). The normalized libraries were pooled for sequencing, dena-
tured to single strand using NaOH, then PhiX (10%) was added to the library. Libraries were
then sequenced using the MiSeq Reagent kit v3 (Illumina’™ Inc., San Diego, CA, USA) and
paired-end 2 x 300 bp sequencing was performed at the Sequencing Core Facility of the
National Institute for Communicable Diseases, RSA. The generated sequences from the NTCs
were compared to sequences of experimental samples in the retrospective assessment of con-
tamination step.

For prevalence determination of Anaplasma species among the cow population following
the results of community analysis, PCR was conducted using the 16S rRNA primer pairs (fD1:
5’ AGAGTTTGATCCTGGCTCAG3’; rP2: 5/ ACGGCTACCTTGTTACGACTT3' ) with an
expected fragment size of 1470 bp [40]. The PCR reaction was performed in a total reaction
volume of 25 pL which contained 12,5 pL of the 2X Kapa HiFi Hotstart ReadyMix (Kapa Bio-
systems, Roche), 1 pL of each of the forward and reverse primers (2 pM concentration) and
3 ul of DNA template. The thermal cycling conditions included an initial denaturation step of
98°C for 10 sec, followed by 35 cycles of denaturation at 98°C for 1 sec; annealing at 55°C for 5
sec and extension at 72°C for 15 sec, terminating with a final extension step at 72°C for 1 min
held at 4°C oc. The PCR products were size fractionated in 1,5% agarose gel stained with
ethidium bromide, the amplicons were verified using confirmed A. centrale and A. marginale
positive controls and photographed under UV transillumination (Enduro™ GDS gel docu-
mentation system, Labnet International Inc.). PCR positive samples were Sanger sequenced at
Ingaba Biotec™ (RSA) and the sequences were confirmed with those deposited on the Gen-
Bank database of the National Center for Biotechnology Information (NCBI).

Bioinformatics and statistical analyses

The generated paired-end sequences, in FASTQ format, were initially processed using FastQC
(v0.11.8) and trimGalore (v0.6.4_dev; https://github.com/FelixKrueger/TrimGalore) for qual-
ity control (including determining the sequence base content, Kmer frequency, GC content,
sequence length, duplication and adapter contamination) and filtering (which included
adapter removal and read trimming), respectively. Only reads with a quality score of 20 or
higher (Q > 20) and at least a length of 50 base pairs (> 50 bp) were considered for down-
stream analysis.

All the downstream analyses were performed in R (v3.6.1) within R studio. Clean reads
were pre-processed using the high-resolution Divisive Amplicon Denoising Algorithm 2
(DADA2) package (v1.12.1). Amplicon Sequence Variants (ASVs) were inferred as previously
described [41]. Taxonomy was assigned to the obtained ASVs to species level and the ASV
abundance estimates were determined using SILVA SSU taxonomic training data formatted
for DADA?2 (v138, 99% 168 full-length; [42], https://zenodo.org/record/3986799#.Y G7YR-
gzY2w). ASVs assigned as Archaea and Eukaryota were filtered out and further analyses were
conducted only on Bacteria. Additional filtering and denoising was conducted in PhyloSeq
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package (v1.28.0) as described by McMurdie and Holmes [43]. Stacked bar plots of taxa pres-
ent within and between samples at phylum and genus levels were plotted in Microsoft Excel
(Windows 10).

Alpha (o)-diversity indices (i.e. Chaol, Shannon and Simpson’s) were estimated using the
plot_richness function from PhyloSeq and mean comparison P-values calculated using stat_-
compare_means function from the ggpubr package (v0.4.0) and plotted with ggplot2 v3.2.1
[44]. The significant difference between groups was inferred using Kruskal-Wallis test, with P-
values < 0,05 deemed significant. Effect sizes of the differences between groups were calculated
using the Cohen’s D measure using the effsize package in R (https://github.com/mtorchiano/
effsize), based on Shannon diversity indices.

Ordinations for B-diversity between groups were estimated using Principle Coordinate
Analysis (PCoA) based on weighted-UniFrac distance and Non-Metric Multidimensional
Scale (NMDS) using Bray distance metric as implemented in the plot_ordination and amp_or-
dinate functions in PhyloSeq and the ampvis2 package (https://madsalbertsen.github.io/
ampvis2/articles/ampvis2.html), respectively. Permutational Multivariate Analysis of Variance
(PERMANOVA) using permutation test with pseudo F ratios as implemented in the Adonis
function of the Vegan R package (https://github.com/vegandevs/vegan) was used to determine
significance for sample clustering on ordination plots. Similarly, P-values < 0,05 were deemed
statistically significant. Sample groups were used as independent variables and taxa preva-
lences at ASV (for a-diversity) and genus (for B-diversity) levels as dependant variables.

Differential abundance analysis was performed using the negative binomial model (Wald
test) implemented in DESeq2 v1.30.1 as previously described [45]. The normalized (log2-fold-
change) data was ordered into a table by the adjusted P-value (Padj or g-value) according to
the ASVs that were among the most significantly differentially abundant (DA) between sample
types. The following pairwise combinations were used in the analysis: Blood vs Faeces, Blood
vs Milk and Faeces vs Milk. The results were then plotted using ggplot2. The ASVs with
Padj < 0,01 were regarded as significantly DA. Positive log2-fold change indicated increased
abundance, while negative log2-fold change indicated decreased abundance for differential
abundance plots.

UpsetR v1.4.0 was used to construct intersection plots depicting the shared and unique bac-
terial families and genera between the different sample groups [46].

Results
Characteristics of the population and sequencing

The 16S rRNA metagenomics study was conducted on samples obtained from lactating cows.
The cows belonged to four small-scale subsistence farmers and they were mostly apparently
healthy and no signs of udder inflammation were observed except in one animal which also
had a retained placenta following a spontaneous abortion. Initially, a total of n = 99 samples
were obtained from 33 animals, comprised of three sets of samples per cow, i.e. n = 33 faeces
(assigned the label WF); n = 33 milk (WM) and n = 33 blood (WB). After pooling, a total of 33
DNA samples were sequenced using the Illumina Miseq sequencing platform (i.e. n = 11 fae-
ces; n = 11 milk; and n = 11 blood). Post-sequencing, results of three DNA pool sets were
excluded due to poor sequencing depth of the generated sequences. Eventually, sequence
results from only 22 animals that passed quality filtering could be used in the structure and
community analyses (i.e. n = 8 faeces; n = 8 milk; and n = 8 blood).

During retrospective assessment of contamination, the NTCs contained sequences corre-
sponding to seven microbial genera. These included Escherichia/Shigella Pseudomonas, Bacil-
lus, Ralstonia, Blautia, Anaerobacillus and Lawsonella. The sequences of three microbial
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Fig 1. The proportion of amplicon sequence variants (ASVs) assigned at a given taxonomic rank using the SILVA
database v138.

https://doi.org/10.1371/journal.pone.0273799.9001

genera (Escherichia/Shigella, Pseudomonas and Bacillus) were shared between the NTCs. These
were also present in some of the experimental samples however, each microbial taxon is repre-
sented by multiple ASV's and those that matched the sequences within the NTCs were variably
present and far fewer in number to constitute contamination. Therefore, at our discretion a
decision was taken to retain all sequences in the analysis as true biological signals. Of the four
remaining genera, two were uniquely present in NSCF-negl and two also in NSCF-neg2, none
of which could be detected in the experimental samples. The NTCs were subsequently
removed and not included in the community analyses.

An overall total of 602 011 (minimum = 925; mean = 25 084; maximum = 58 202; Standard
Deviation = 16 836) non-chimeric Illumina reads were generated from the V3-V4 hyper-vari-
able region of 24 pooled DNA samples, with a mean sequence read length of 430 bp (mini-
mum = 251 bp; maximum = 468 bp). The number of reads including mean
number + standard error of the mean (SEM) obtained per group equalled 355 395 (44
424 + 2591) in faeces, 156 257 (19 532 + 4306) in milk and 90 359 (11 295 + 2581) in blood.
The number of reads retained across each step tracked through the DADA2 pipeline per sam-
ple pool are shown in S1 Table.

The reads obtained from the three sample groups were assembled into 8426 distinct ASVs
at Kingdom (Bacteria) level through DADA2. At least 98,8% of the sequences could be
assigned to a known phylum, with the proportion of assignments decreasing at lower taxo-
nomic levels (Fig 1). Several taxa were assigned multiple ASVs and overall they were collapsed
into a minimum of 5 (5WB) and maximum of 331 (6WM) ASVs representing unique taxa per
sample pool. A minimum of 4 and maximum of 207 of the taxa contained per sample pool
were assigned at genus level taxonomy (S1 Table).

Overall, a total of 67,2% of the taxa could be resolved to genus level, while 28,5% could not.
The remaining 4,3% at this level was unaccounted for. The highest resolution of taxa at genus
level was obtained in milk (67%), followed by faeces (64%) then blood (62%). Only three ASV's
were tentatively resolved at species level among the body sites i.e. Fusobacterium necrophorum,

Luteimonas composti and Romboutsia sedimentorum, accounting for 0,027% of the species that
could be detected.
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Microbial diversity of bovine faeces, milk and blood

When analysing differences between the three sample groups, the alpha diversity box-plots
reflected the minima, median, degree of dispersion, maxima and outliers of microbial diversity
within groups (S1A-S1C Fig). The alpha diversities were estimated through Chaol index,
which measures richness and the Simpson’s and Shannon indexes, which combine both rich-
ness and evenness [47]. The effect size measurements (S2 Table) showed that the differences
between the sample groups were large enough for us to assess relevant differences between
microbial communities present in the three groups under study. The microbial communities
from the faecal samples had significantly higher alpha diversity values than milk and blood
samples as determined through the above-mentioned index estimators (Kruskal-Wallis:

P =8,1E-04, P = 0,0031 and P = 0,001, respectively). Nonetheless, all the obtained values
between the three sample groups were statistically significant (P < 0,05). With pairwise analy-
sis, the o-diversity varied significantly between faeces and blood groups based on Chao 1

(P =1,6E-04), Shannon (P = 1,6E-04) and Simpson’s (P = 3,1E-04) index estimators. The same
was observed between faeces and milk on Chaol (P = 0,0047) and Shannon index estimators
(P =0,01). In contrast, there was no significant difference between blood and milk microbial
communities via any of the used index estimators.

To compare whole microbial composition dissimilarity between sample groups, PCoA and
NMDS plots were analysed. Generally, the plots showed clear clustering of microbial commu-
nities by sample group with a few outliers (Fig 2A and 2B). Using the weighted UniFrac dis-
tance metric on PCoA which takes into account abundance and the phylogenetic distance
between ASVs [48], three clusters by sample group could be observed (Fig 2A). The blood
group was divergent from the faecal and milk groups however, the milk and faecal groups clus-
tered quite closely with the first two principal coordinate axes accounting for 41,9% of the total
dissimilarity among the samples.

The NMDS plot based on Bray distance measure showed similar findings to those calcu-
lated using PCoA; however, this metric provides a measure of community composition differ-
ences between samples based on ASV counts, regardless of taxonomic assignment [49]. In
addition, the variances observed in the milk microbiota were significantly higher than the vari-
ances observed in either the faecal or blood microbiota. The differences in community struc-
ture between samples were statistically significant (Fig 2B, PERMANOVA: P = 0.01; F = 4.599,
plot stress = 0.113). Conversely, this method showed exceptionally clear clustering between the
sample groups than PCoA.

Microbial composition of bovine faeces, milk and blood samples

Taxonomy bar charts were created to note differences and similarities among bacterial taxo-
nomic ranks within and between the sample groups (Figs 3-5A and 5B). An overall total of 30
bacterial phyla were obtained with the highest number (30) detected in milk samples. Despite
the high alpha diversity, the least number of phyla (14) was recorded from faecal samples, sur-
passed by blood samples which contained 18 phyla. The five most abundant phyla detected
across the three body sites were Firmicutes (42,5%), Proteobacteria (25,6%), Bacteroidota
(18,8%), Verrucomicrobiota (3,0%) and Actinobacteriota (3,0%) in varying group abundances
(Fig 3). These accounted for 97,6%; 85,3%; and 98,3% of the bacterial communities contained
in faeces, milk and blood, respectively. Firmicutes and Bacteroidota predominated faecal sam-
ples (at 64% and 25,9% relative abundances, respectively); similarly milk samples (at 39,4%
and 20,4% relative abundances, respectively). In contrast, blood samples were predominated
by Proteobacteria (66,4%) and Firmicutes (20,6%). A considerable proportion of Verrucomi-
crobiota and Actinobacteriota were detected in milk (3,2% and 7,3%, respectively) and faeces
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Fig 2. A: B-diversity of faecal (WF), milk (WM) and blood (WB) samples shown with Principal Coordinate Analysis (PCoA) based on
weighted UniFrac metric, calculated using normalized data. The letter W denotes the sampling area, Waaihoek while the letters F, W
and B denote sample type. Each point represents a sample pool. B: B-diversity shown with Non-Metric Dimensional Scaling plot
(stress = 0.113) using Bray dissimilarity metric between sample groups. The sample groups are color coded. Significant differences:
P=0.01, F=4.599, PERMANOVA.

https://doi.org/10.1371/journal.pone.0273799.9002

(4,4% and 1,7%, respectively) but less abundantly in blood (1,2% and 0,7%, respectively). Milk
also contained Proteobacteria (15,0%), while faeces contained a negligible amount of this phy-
lum (0,2%).

Overall, 74 classes were resolved across the three sample groups, the majority (74) were
detected in milk samples and the least in faeces (21). A total of 156 orders could be resolved,
while 243 families and 408 taxa representing genera were resolved between the three sample
groups (S3 Table). The highest number of taxa in the afore-mentioned rankings were identi-
fied in milk (154 orders, 236 families and 374 genera), whereas the lowest count of taxa were
observed in faeces (38 orders, 55 families and 98 genera).

The distribution of the top 15 most abundant genus-level taxa (average relative abun-
dance = 3,4%) across the samples is shown on Fig 4, their respective rankings (1 = most abun-
dant; 15 = least abundant) across the three body sites are indicated in S4 Table. These taxa
contributed 51,6% to the overall abundance of the taxa assigned at genus level and 83,2%;
34,7%; and 87,9% to the respective faecal, milk and blood groups. The taxa were predominated
by members of the phylum Bacteroidota (40%), followed by Firmicutes (33%). The largest gen-
era by relative abundance included Anaplasma (19,4%), Romboutsia (7,4%), UCG-005 (4,4%)
and Prevotellaceae_ UCG-004 (3,1%).

100%
Phylum

m Actinobacteriota

= Verrucomicrobiota
= Bacteroidota

= Proteobacteria

u Firmicutes

90%

80%

70%

60%

50%

Relative abundance (%)

40%

30%

20%

10%

0%
Faeces Milk Blood

Fig 3. Stacked bar-plot with proportions of bacterial phyla detected from the three sample groups. Relative
abundance graphed along the y-axis and sample type along the x-axis.

https://doi.org/10.1371/journal.pone.0273799.9003
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When investigating the distribution patterns of microbial taxa across the three body sites, it
was observed that the prevalent taxa were diverse. However, some genera such as UCG-005
(2,5-8,9%), Rikenellaceae_ RC9_gut_group (2,0-5,4%), Bacteroides (1,8-4,1%), Alistipes (1,3
3,4%), Prevotellaceae_UCG-004 (1,2-8,3%), Christensenellaceae_R-7_group (0,8-3,9%), Prevo-
tellaceae_UCG-003 (0,6-2,8%), Monoglobus (0,5-6,0%) and Akkermansia (0,4-6,0%) were
among the prevalent taxa across the three body sites. The range in relative abundances of the
taxa across the sample groups are given in parentheses, with the lowest abundances corre-
sponding to the blood group, while the highest abundances corresponded to the faecal group.

It could also be observed that bacterial profiles from milk more closely resembled those
from faeces in terms of contained taxa and proportions of the 15 most abundant genus-level
taxa, corroborating the findings from B-diversity analysis. Although blood samples also pos-
sessed similar taxa, they were in much lower proportions in comparison to milk and faecal
samples and their distribution was unique across individual blood sample pools.

The core microbial taxa found in bovine faeces, milk and blood were catalogued as genus
ranking taxa that were consistently present among > 75% of all samples per respective group
with an overall relative group abundance of > 0,1%, listed in descending order of sequence
abundance (Table 1).The number of cows that were positive for each genus, the average and
the range of the total population represented by each genus across all sampled cows are also
shown on the table.

A total of 43 taxa formed the core microbiota of faeces out of the 98 which were character-
ized. The core microbiota accounted for 96,8% of the relative abundance of the taxa obtained
among faecal samples, displaying some level of homogeneity. Among these, 32 taxa were prev-
alent across 100% of the faecal samples ranging between 0,1-26,6% in relative group abun-
dances. The taxa were constituted of typical gut microbes including Romboutsia which was the
most abundant among faecal samples, recorded at 26,6% relative group abundance; followed
by UCG-005 (8,9%) and Prevotellaceae_ UCG-004 (8,3%). Similarly, microbes of interest such
as Monoglobus and Akkermansia were both detected across 100% of the faecal samples at a
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relative abundance of 6,0% each. The microbial profile based on the most abundant taxa (15)
present in 100% of the faecal samples was similar with minor variations in abundance as can
be seen in Fig 5A.

A total of 23 out of the 374 genus ranking taxa obtained in milk formed the core microbiota,
accounting for 45,9% relative group abundance. Only seven of these could be detected in 100%
of the milk samples including among others Bacteroides, Alistipes and Pseudomonas, ranging
in relative abundances between 1,1-7,6%. Taxonomic composition varied dramatically
between milk samples based on the profile of the 15 most abundant taxa (Fig 5B). While
majority of the abundant taxa were distributed throughout the samples, their proportions dif-
fered quite considerably.

Among blood samples, the core microbiota consisted of 6 taxa including Anaplasma
(74,3%), Mycoplasma (2,0%), Rikenellaceae_RC9_gut_group (2,0%), Bacteroides (1,8%), Pseu-
domonas (1,6%) and Alistipes (7,3%) out of the 120 characterized genus-level taxa. These
accounted for 83% of the relative abundance of the taxa obtained in blood. Only three genus-
level taxa were detected across 100% of the blood samples i.e. Anaplasma, Mycoplasma and
Pseudomonas. Taxonomic profiles of blood samples were marked by varying patterns of pres-
ence and absence of taxa throughout. Majority of the blood samples were dominated by Ana-
plasma as can be seen in Fig 5C.

Although only detected among blood samples, Anaplasma was the single most abundant
taxon overall. Thus, in order to obtain an overview of the prevalence of infection of cattle and
the species involved in the sampled community, a total of n = 110 blood samples were screened
by PCR, inclusive of samples from the lactating and non-lactating cows. The genus was
detected from 65% (71/110) of the individual blood samples. The positive PCR amplicons can
be seen in Fig 6 (S1 Raw images) at an expected fragment size of 1470 bp.

Characterization of the species by Sanger sequencing yielded 75% of the sequences that
matched A. marginale (Accession numbers: AF414877 and KU686792) at 96,98-99,28% iden-
tity; while 25% matched A. centrale (Accession number: MF289480) at 97,87-98,29% identity
on the NCBI database.

A number of commonly reported, potentially pathogenic taxa containing species of veteri-
nary and / or medical significance were identified within and between the sample groups.
Among faecal samples Bacteroides, Bacillus, Prevotella, Streptococcus and Fusobacterium were
identified. From milk samples Brucella, Helcococcus, Fusobacterium, Rhodococcus, Trueperella,
Porphyromonas, Escherichia/Shigella, Streptococcus, Bacillus, Staphylococcus, Mycobacterium,
Legionella, Klebsiella and Mycoplasma could be identified. Noteworthy microbial taxa that
could be identified in blood samples included Bacillus, Escherichia/Shigella, Bartonella,
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Fig 5. A. Distribution of the top 15 genus-level taxa averaged between the faecal samples. Relative abundance graphed along the y-axis and sample type along
the x-axis. B: Distribution of the top 15 genus-level taxa averaged between the milk samples. Relative abundance graphed along the y-axis and sample type
along the x-axis. C: Distribution of the top 15 genus-level taxa averaged between the blood samples. Relative abundance graphed along the y-axis and sample
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Table 1. Core microbiota present in > 75% of samples per group at > 0,1% relative abundance including average and range across cow samples.

Genus-level taxa Number of sequences | Relative abundance per |Number of samples Average and (range) across
per genus group (%) positive out of 8 (%) cow samples (%)
Faecal core Romboutsia 25687 26,6 8 (100) 18,6 (10,7-24,3)
microbiota
UCG-005 8553 8,9 8 (100) 2 (5,2-7,7)
Prevotellaceae_UCG-004 7959 8,3 8 (100) 8 (5,0-7,2)
Akkermansia 5770 6,0 8 (100) 2 (3,1-6,4)
Monoglobus 5770 6,0 8 (100) 4,2 (2,6-5,7)
Rikenellaceae_RC9_gut_group | 5198 54 8 (100) 8 (3,0-4,9)
Bacteroides 3863 4,0 8 (100) 8 (2,1-3,9)
Christensenellaceae_R- 3728 3,9 8 (100) 7 (1,5-3,3)
7_group
Paeniclostridium 3437 3,6 8 (100) ,5 (0,3-4,9)
Alistipes 3289 3,4 8 (100) 4 (1,7-3,0)
Prevotellaceae_UCG-003 2653 2,8 8 (100) 9 (1,2-2,9)
Candidatus_Saccharimonas 2187 2,3 8 (100) ,6 (0,8-2,3)
dgA-11_gut_group 1956 2,0 8 (100) ,4 (0,9-2,0)
Turicibacter 1871 1,9 8 (100) ,3(0,4-2,4)
Family_XIII_AD3011_group | 974 1,0 8 (100) ,7 (0,3-1,1)
NK4A214_group 956 1,0 8 (100) .7 (0,5-0,8)
Clostridium_sensu_stricto_1 905 0,9 8 (100) ,7 (0,1-1,5)
Treponema 766 0,8 8 (100) ,6 (0,3-0,9)
DNF00809 718 0,7 8 (100) 5 (0,4-1,1)
Olsenella 653 0,7 8 (100) ,5 (0,2-0,8)
Candidatus_Soleaferrea 624 0,6 8 (100) ,5 (0,2-0,7)
Prevotellaceae_UCG-001 608 0,6 8 (100) ,4 (0,2-0,6)
Coprococcus 606 0,6 8 (100) ,4 (0-0,8)
Alloprevotella 577 0,6 8 (100) ,4 (0,2-0,7)
p-1088-a5_gut_group 576 0,6 8 (100) 4(0,2-0,7)
UCG-009 499 0,5 8 (100) ,4 (0,1-0,6)
UCG-002 496 0,5 8 (100) ,4 (0,2-0,5)
Odoribacter 423 0,4 8 (100) ,3(0,2-0,4)
Rikenella 258 0,3 8 (100) .2 (0,1-0,3)
Bacillus 213 0,2 8 (100) ,2 (0,1-0,2)
Terrisporobacter 206 0,2 8 (100) ,1 (0-0,2)
Agathobacter 179 0,2 7 (87,5) ,1 (0-0,2)
Oscillibacter 177 0,2 7 (87,5) ,1 (0-0,4)
GCA-900066575 145 0,2 7 (87.,5) ,1 (0-0,2)
Pseudoflavonifractor 143 0,1 6 (75) ,1 (0-0,2)
Incertae_Sedis 141 0,1 8 (100) ,1(0,03-0,2)
Flexilinea 136 0,1 6 (75) ,1(0-0,2)
Dorea 133 0,1 6 (75) ,1 (0-0,2)
Mogibacterium 117 0,1 7 (87,5) ,1(0-0,2)
Solobacterium 113 0,1 6 (75) ,1 (0-0,2)
Saccharofermentans 106 0,1 6 (75) ,1 (0-0,2)
Erysipelotrichaceae_UCG-009 | 89 0,1 6 (75) ,1 (0-0,1)
Papillibacter 88 0,1 7 (87,5) ,1 (0-0,1)
Milk core UCG-005 4948 7,6 8 (100) .4 (1,3-8,5)
microbiota
(Continued)
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Table 1. (Continued)

Genus-level taxa Number of sequences | Relative abundance per | Number of samples Average and (range) across
per genus group (%) positive out of 8 (%) cow samples (%)
Bacteroides 2652 4,1 8 (100) 2,4 (0,6-4,7)
Rikenellaceae_RC9_gut_group | 2638 4,0 7 (87,5) 2,3 (0-6,3)
Christensenellaceae_R- 2163 33 7 (87,5) 1,8 (0-2,7)
7_group
Prevotellaceae_ UCG-004 2049 3,1 7 (87,5) 1,7 (0-7,4)
Alistipes 1593 2,4 8 (100) 1,5 (0,4-4,1)
Akkermansia 1551 2,4 7 (87,5) 1,3 (0-3,6)
Fusobacterium 1512 2,3 7 (87,5) 1,7 (0-3,2)
Pseudomonas 1438 2,2 8 (100) 2,6 (0,3-13,4)
Monoglobus 1362 2,1 8 (100) 1,4 (0,5-2,8)
Rhodococcus 956 1,5 7 (87,5) 0,8 (0-1,9)
NK4A214_group 934 1.4 8 (100) 1,0 (0,3-1,9)
Acinetobacter 737 1,1 7 (87,5) 1,0 (0-4,0)
Phascolarctobacterium 734 1,1 7 (87,5) 1,2 (0-6,0)
Porphyromonas 719 1,1 8 (100) 0,8 (0,1-1,8)
Sphingomonas 656 1,0 6 (75) 1,0 (0-3,3)
Escherichia/Shigella 627 1,0 7 (87,5) 0,9 (0-3,9)
dgA-11_gut_group 611 0,9 6 (75) 0,5 (0-2,2)
Nocardioides 595 0,9 6 (75) 0,6 (0-2,2)
Treponema 563 0,9 6 (75) 0,5 (0-1,2)
lamia 341 0,5 6 (75) 0,3 (0-0,8)
Luteimonas 318 0,5 6 (75) 0,3 (0-0,7)
Family_XIII_AD3011_group | 317 0,5 6 (75) 0,3 (0-0,5)
Blood core Anaplasma 69114 74,3 8 (100) 58,9 (5,3-92,3)
microbiota
Mpycoplasma 1894 2,0 8 (100) 2,1(0,3-7,8)
Rikenellaceae_RC9_gut_group | 1829 2,0 7 (87,5) 1,6 (0-5,3)
Bacteroides 1682 1,8 6 (75) 1,5 (0-4,2)
Pseudomonas 1505 1,6 8 (100) 1,4 (0,03-4,1)
Alistipes 1255 1,3 6 (75) 1,2 (0-3,4)

https://doi.org/10.1371/journal.pone.0273799.t001

Fusobacterium, Ehrlichia, Streptococcus, Peptostreptococcus, Prevotella, Rhodococcus, Klebsiella
and Staphylococcus in addition to the already mentioned Anaplasma and Mycoplasma. These
taxa, together with their respective prevalences per sample group are listed under S5 Table.

Shared and differentially abundant taxa across bovine faeces, milk and
blood samples

We further identified taxa that were unique and shared between the three sample groups and
plotted their intersection using UpSetR. A comparative analysis of the microbiota detected in
each sample group was conducted to determine the extent of overlapping among them. A total
of 15 of the 30 phyla (50%) were shared between faeces, milk and blood. Of the 243 microbial
families detected, there were 49 which were shared between the three groups. A total of 26 fam-
ilies were exclusively shared between blood and milk; 3 between faeces and milk; and 1 family
between faeces and blood (S2 Fig).
Furthermore, from this analysis a total of 58 genus ranking taxa were found to be shared

between the three sample groups accounting for 95,3%; 51,4%; and 18,6% of the taxa contained
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Fig 6. Gel electrophoresis of Anaplasma PCR targeting the 16S rRNA gene from blood samples. A: Lane 1 = 1 kb DNA ladder; 2-10 = Anaplasma positive
samples; 11 = nuclease free H20 (-ve) control; 12 = A. marginale (+ve) control.

https://doi.org/10.1371/journal.pone.0273799.9006

in faeces, milk and blood groups, respectively and 39,9% of the overall relative abundance (Fig
7). These taxa and associated classification, raw and relative abundances are listed in S6 Table.
They were largely dominated by members of Firmicutes (n = 33; 57%) and Bacteroidota
(n =10; 17%). Of the 58 shared taxa across the three body sites, several important genera were
identified and they include among others Bacillus, Streptococcus, Akkermansia, Romboutsia,
Fusobacterium and Bacteroides. At the intersection between blood and milk, important genera
such as Mycoplasma, Escherichia/Shigella, Porphyromonas, Staphylococcus, Campylobacter,
Klebsiella and Peptostreptococcus were identified; while at the intersection between blood and
faeces, Prevotella could be seen (S6 Table).

The blood and milk groups shared more taxa at genus level (100 genera in common, with
42 exclusively shared between the two groups) than faeces and milk (78 genera in common,
with 20 exclusively shared) and faeces and blood (64 genera in common, with 6 exclusively
shared), as shown in Fig 7 and S7 Table. Retrospectively, these findings corroborate the o-
diversity analysis which showed that there were no significant differences between the micro-
bial communities in blood and milk groups for all used index estimators. They however seem
to contradict the findings observed through stacked bar plots and B-diversity analysis which
showed that faeces and milk groups were more similar to each other than to blood however, it
is important to note that in this analysis the whole number of taxa present per sample group
and their identities were used to analyse the similarities between groups, rather than the rela-
tive abundances of dominant taxa which were used when creating stacked bar plots and in the
estimation of B-diversity.

Although 58 genus-level taxa were shared between the three sample groups, these were rep-
resented by multiple ASVs which were mainly exclusively present in either faeces, milk or
blood but rarely occurring concurrently across the sampled body sites. Those that did occur
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Fig 7. UpSetR intersection plot showing number of unique and shared ASVs at genus level between faeces, milk
and blood groups.

https://doi.org/10.1371/journal.pone.0273799.9007

concurrently were representatives of 15 genus-level taxa i.e. Romboutsia (e.g. ASV49, ASV80);
UCG-005 (e.g. ASV2034, ASV630); Prevotellaceae_UCG-004 (e.g. ASV2727, ASV2935); Rike-
nellaceae_RC9_gut group (e.g. ASV1961); Bacteroides (e.g. ASV12295, ASV2471); Christense-
nellaceae_R-7_group (e.g. ASV1961); Turicibacter (e.g. ASV10387); Fusobacterium (e.g.
ASV160); Alistipes (e.g. ASV1907, ASV7566); Akkermansia (e.g. ASV2594, ASV1343); Prevotel-
laceae_UCG-003 (e.g. ASV976, ASV5359); dgA-11_gut_group (e.g. ASV1250); Phascolarctobac-
terium (e.g. ASV1235, ASV2614); Coprococcus (e.g. ASV9068) and Mailhella (e.g. ASV5380).
Bacterial signatures (at ASV level) representing the former nine genus-level taxa were detected
concurrently in at least a single group of animals constituting a sample set across all three sam-
ple groups. The other concurrently occurring ASVs were randomly distributed across samples
from the three sample groups.

In order to determine the compositional differences between the sample groups, analysis of
differential abundance on DESeq2 normalized data was performed and several ASVs that var-
ied significantly in their relative proportions with respect to sample groups were identified and
reported significant at Padj < 0,01 (Fig 8A-8C; S8A-S8C Table). When analysed at the phy-
lum and genus levels, the comparison between Blood vs Faeces; Blood vs Milk; and Milk vs
Faeces identified five phyla and 18 genera; four phyla and four genera as well as four phyla and
15 genera displaying statistically significant differences, respectively.

Overall 602 ASVs (representing 18 genera) were found to be significantly DA between the
blood and faecal sample groups. The 4 most discriminant taxa at genus level are plotted on Fig
8A (Padj < 0,01). Anaplasma (under phylum Proteobacteria) was significantly enriched in
blood samples with an average log2-fold-change value of 6,93. This is line with the finding that
Anaplasma could only be detected in blood. Paeniclostridium (- 8,40), Romboutsia (- 7,78) and
UCG-005 (- 6,56) under the phylum Firmicutes were greatly reduced in blood than in faeces,
their respective average log2-fold-change values are indicated in parentheses.
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Fig 8. A: Differentially abundant genus-level taxa (Padj < 0,01) between blood and faeces. Positive log2-fold change indicates increased abundance in blood
compared to faeces, negative log2-fold change indicates decreased abundance. The dots are ASVs representing genera. B: Differentially abundant genus-level
taxa (Padj < 0,01) between bovine blood and milk. Positive log2-fold change indicates increased abundance in blood compared to milk, negative log2-fold
change indicates decreased abundance. The dots are ASV's representing genera. C: Differentially abundant genus-level taxa (Padj < 0,01) between bovine faeces
and milk. Positive log2-fold change indicates increased abundance of the genera in faeces compared to milk. The dots are ASVs representing genera.

https://doi.org/10.1371/journal.pone.0273799.9008

Differences in abundance between blood and milk groups were defined by 53 ASVs repre-
senting four genus-level taxa which were significantly DA i.e. Anaplasma (Proteobacteria),
Akkermansia (Verrucomicrobiota), Turicibacter (Firmicutes) and Prevotellaceae_ UCG-004
(Bacteroidota). Anaplasma was significantly enriched in blood (but absent in milk) with an
average log2-fold-change value of 7,01 (Padj < 0,01; Fig 8B), while Akkermansia (- 6,88), Turi-
cibacter (- 5,75) and Prevotellaceae_UCG-004 (- 6,47) were significantly reduced in blood than
in milk.

A total of 235 ASVs (representing 15 genera) were DA between faeces and milk. The differ-
ences in bacterial abundance between faeces and milk groups showed that the nine most dis-
criminant taxa at genus level were all significantly enriched in faeces as opposed to milk
(Padj < 0,01; Fig 8C). These taxa and their respective average log2-fold-change values included
UCG-005 (7,76), Romboutsia (7,43), Paeniclostridium (7,41), Candidatus_Saccharimonas
(5,62), Prevotellaceae_UCG-004 (5,19), Monoglobus (6,08), Akkermansia (5,57), Turicibacter
(5,85) and Bacteroides (4,67). Genera such as UCG-005, Romboutsia and Paeniclostridium
under the phylum Firmicutes were particularly overrepresented in faeces. Moreover, Firmi-
cutes dominated the taxa (56%), followed by Bacteroidota (22%).

Discussion

In this study we explored the microbial structure and composition of corresponding bovine
faeces, milk and blood through sequencing of the V3-V4 hypervariable region of the 16S
rRNA gene, employing the Illumina Miseq platform. This is an ideal platform for small-scale
research due to its cost effectiveness, short turnaround time and comparatively high sequenc-
ing depth [50]. Examining the number of reads returned by sample type showed that they
were disproportionate with the highest number recorded among faeces, followed by milk and
blood. This was anticipated due to the difference in the type of samples being analysed, for
instance, blood samples generally contain low microbial biomass while faecal samples contain
high microbial biomass [51].

The DADA?2 pipeline used to infer sequences was highly resolved with a total of 98,8% of all
bacterial sequences found in faecal, milk and blood sample groups assigned at phylum level.
Using ASVs to infer biological sequences has been reportedly found to allow for greater preci-
sion and reproducibility in taxonomic assignment compared to the use of operational taxo-
nomic units (OTUs) [48]. Comparison of ASVs and OTUs in 16S rRNA sequence data
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analysis has previously shown that despite the larger number of OTUs generated as opposed to
the number of ASVs from the same sequence data, similar trends could be seen in plots of
observed OTUs and ASV:s for alpha diversity analysis using Shannon and Simpson indexes
[52]. However, the ability to distinguish sequence variants differing by as little as one nucleo-
tide, imperceptible to OTU methods, makes inferring ASVs through DADA2 method prefera-
ble [41,52,53]. The precision of DADA2 improves downstream measures of diversity and
dissimilarity and potentially allows amplicon methods to probe strain-level variation [41].

While a substantial amount of sequences could be classified at genus level, some could not
and others were unaccounted for. Previous studies have reported many animal microbiomes
containing certain proportions of unclassified bacteria at the same level. The reasons for this
might be due to the limited database of 16S rRNA gene sequences and little research conducted
on classification of animal microbiomes [54] or possibly due to the presence of reads with
unclear sequence accuracy [55]. Furthermore, despite the high-resolution power of the pipe-
line, the 16S rRNA amplicon sequencing depth achieved in the current study was not sufficient
for accurate taxonomic assignment at the species level. Although most of the genera had multi-
ple unique ASVs associated with them, it was not possible to determine the species they each
uniquely represented apart from only three taxa that were tentatively resolved to species level,
representing a small fraction of the obtained sequences. However, not much could be drawn
from these findings due to the scepticism surrounding the accuracy of species level-resolution
from sequencing the V3-V4 hypervariable regions of the 16S rRNA gene, where resultant
sequences of closely related species have been previously found to be 100% identical [56].

In order to establish the structure of the microbial communities with respect to the number
of sequences representing taxonomic groups present and the distribution of abundances
within the three sample groups, o-diversity was measured through Chaol, Shannon and Simp-
son indexes. The o-diversity estimates were all statistically significant between the three sample
groups based on all the used index estimators. The a-diversity values of microbial communi-
ties contained in faecal samples tended to be higher compared to milk and blood samples, indi-
cating greater microbial richness, abundance and evenness, at least at ASV level. Milk o-
diversity values were also higher than those of blood. A study by Young et al. [18] revealed a
similar observation where the faecal samples had greater microbial diversity than blood (mac-
rophages) and milk (milk somatic cells) samples. Pairwise analysis between the groups showed
that the microbial diversity varied significantly between blood and faeces as well as between
faeces and milk groups, indicating that the observed number of ASVs and their abundance
between these sample groups were not equally distributed. However, it did not vary signifi-
cantly between milk and blood and this could be because many of the microbes contained
within the milk and blood groups were similar in terms of their identities and there was some
degree of homogeneity in their distribution between the two body sites. It has been previously
suggested that the similarity between milk and blood microbiota of cows could be as a result of
patrolling phagocytes in the mammary tissue that occasionally exit the bloodstream, traverse
the epithelium, enter the mammary glands and eventually become shed in the milk however,
this remains speculative [13].

Between group analysis on PCoA and NMDS plots were in agreement with the findings of
the stacked bar plots, clustering samples by type. The distinct clustering indicates that the
microbiota were markedly different especially with regards to some microbial populations that
were only detected in either faeces, milk or blood. The PCoA plot indicated that microbial
communities hosted within blood samples had a greater phylogenetic distance from milk and
faecal communities with the exception of a few outliers. It further suggested that blood samples
had a uniquely distinct microbial community compared to the other sample types analysed
and that communities hosted in milk and faeces tended to have a shorter phylogenetic
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divergence with similar taxa and associated abundances. However, the most dominant taxa (in
terms of abundance) influenced ordination on PCoA plots using weighted uniFrac metric
despite the true picture of the overall number of taxa contained within and shared between
samples. The analysis appeared to be sensitive to noise, i.e. samples containing unique ASVs in
little abundances as well as those that contained fewer taxa in comparison to the rest. In con-
trast, NMDS on Bray distance metric was not affected by noise. Furthermore, the data
obtained from both plots evidenced that sample type significantly influenced sample ordina-
tion, while farm origin and pooling strategy did not have any evident effect on sample
clustering.

Although contaminant sequences were detected in the NTCs, retrospective analysis of con-
tamination proved non-confounding to the findings of this study. The majority of the contam-
inant microbial genera have been previously detected in negative controls in a minimum of
two or more studies and are said to originate from various sources which include kits and
reagents contaminated during manufacturing and commensals on laboratory personnel and
equipment [51]. Despite their high a-diversity values, faecal samples contained the least num-
ber of taxa across all taxonomic ranks compared to milk and blood. The reason for this was
that although there was greater ASV richness among faecal samples, individual taxa were rep-
resented by large clusters of ASV's thus resulting in lesser microbial diversity among these sam-
ples as opposed to milk and blood samples. Physiologically, it could be attributed to the harsh
gut environment that possibly does not allow for microbial variety, while blood and milk may
be ideal media for cultivation of microbes. Within group analysis of stacked bar plots revealed
that faecal samples had a more balanced microbial profile with little variation, this was sup-
ported by the composition of the core faecal microbiota. In contrast, the high inter group vari-
ation and much lesser number of species forming part of the core microbiota of milk and
blood samples may have been an indication that there was no typical milk and blood micro-
biota. Furthermore, the blood samples were distinctly dominated by one genus. The source of
variation among the samples could be linked to a variety of intrinsic and extrinsic factors
which include among others, the diet and composition of the gut microbiota [57,58]; infection
and immune statuses of the animals [57] particularly in the case of arthropod-borne pathogens
observed in blood; the stage of lactation; and exposure to exogenous sources such as bedding
material and herd faeces per farm [12,59,60].

The most prevalent bacterial groups detected in the faeces and milk included members of
the Firmicutes and Bacteroidota phyla; while bacterial sequences from blood were predomi-
nantly members of Proteobacteria, a similar observation to Young et al.’s findings [18]. It has
been proven that the gastrointestinal tract (GIT) of calves is seeded before birth with a diverse
array of microbiota, changing drastically post-partum and successively predominated by Fir-
micutes, Bacteroidota, Proteobacteria and Actinobacteriota in decreasing order of abundance
post-weaning [14,18,23,27,57,61,62]. In contrast to popular reports however, the Firmicutes
and Bacteroidota were succeeded by Verrucomicrobiota in this study, following a similar
microbial distribution pattern to donkey gut microbiota reported by Liu et al. [63].

Generally, the distribution and proportions of microbial phyla in milk seem to vary per
sampled group depending on whether the subjects are healthy or mastitic. Milk microbiota
from clinically healthy cows has been found to be mostly predominated by Firmicutes, fol-
lowed by Bacteroidota, Proteobacteria and Actinobacteriota as the main bacterial phyla in
many studies reviewed by Derakhshani et al. [12], which is quite similar to the distribution
pattern obtained in this study. In contrast, Pang et al. [38] reported Proteobacteria as the
major phylum followed by Firmicutes, Bacteroidota, and Actinobacteriota in milk from both
healthy and mastitic quarters. Without conducting mastitis tests, it is difficult to draw conclu-
sions about the abundance and distribution of the obtained taxa and how they are linked to
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the health statuses of the sampled animals in this study. However, according to Maity and
Ambatipudi [11], regardless of whether the mammary gland is healthy or diseased, the main
bacterial phyla like Firmicutes, Proteobacteria, Bacteroidetes and Actinobacteria are always
there to shape the structure of bovine milk microbiota.

The bovine blood microbiota obtained in the current study mainly grouped under Proteo-
bacteria, Firmicutes, Bacteroidota and Verrucomicrobiota. In contrast, a previous study
reported the predominance of Tenericutes, Proteobacteria and Firmicutes in blood derived
from Holstein dairy cows [20]. All in all, members of the phyla Firmicutes, Bacteroidota and
Proteobacteria appeared to be the common denominator shaping the microbiota of the stud-
ied body sites. Both Firmicutes and Bacteroidota are said to play vital roles in the health of
ruminants. Firmicutes function to degrade fiber and cellulose, while Bacteroidota function to
degrade carbohydrates and proteins, and facilitate the development of gastrointestinal immu-
nity [64]. Proteobacteria on the other hand are thought to play a key role in preparing the gut
of neonates and young animals for colonization by the strict anaerobes required for healthy
gut function by consuming oxygen and lowering redox potential in the gut environment;
although their reputation is often tarnished due to the notoriety of some of the members
which are opportunistic pathogens [65]. These above-mentioned roles of the three phyla are
mainly associated with the GIT however, their roles in other niches need further investigation.

We further assessed and categorized taxa obtained in this study and evaluated their poten-
tial effects on both the livestock and members of the Waaihoek community. The observed fae-
cal microbiota represented a mixture of taxa containing known anaerobic gut microbes (e.g.
Clostridium_sensu_stricto_1, Romboutsia and Bacteroides) [26,57]; initial gut colonizers or
bacteria found in the intestine but typically present on other mucosae (e.g. Streptococcus and
Staphylococcus) [66]; and bacterial genera with potential health effects on cattle and human
hosts (e.g. Bacillus and Clostridium_sensu_stricto_I) [26].

The milk samples generally consisted of a diverse range of opportunistic, commensal and
pathogenic genera. These include frequently identified bacterial groups across the udder such
as lactic acid bacteria (e.g. Lactobacillus) [12]; psychotrophic Gram-negative and -positive bac-
teria (e.g. Pseudomonas and Bacillus, respectively) [67,68]; skin-associated bacteria (e.g. Staphy-
lococcus and Corynebacterium) [11,66]; and a number of taxa which are responsible for
environmental and contagious mastitis (e.g. Mycoplasma and Klebsiella) [38,69]. Aside from
the typical microbes that infect the mammary glands, the most abundant genus-level taxa in
milk included gut associated taxa such as UCG-005 (7,6%); Bacteroides (4,1%) and Rikenella-
ceae_RC9_gut_group (4,0%) which may have been endogenously translocated from the gut to
the mammary glands or possibly breached the teat canal and gained access to the cistern from
the environment.

The majority of the taxa observed in blood were atopobiotic, having possibly entered the
bloodstream from their usual sites of colonization such as the gut (e.g. Rikenellaceae_RC9_-
gut_group and Prevotella); teats (e.g. Streptococcus and Klebsiella) [12,13]; uterus (e.g. Fusobac-
terium and Bacteroides) [20] or possibly inoculated into the bloodstream from an external
source (e.g. Ehrlichia and Bartonella) [70].

Additionally, the important taxa obtained in this study could be further summarized under
four categories of pathogens i.e. 1) arthropod-borne (e.g. Anaplasma, Bartonella and Ehrlichia)
[70]; 2) food-borne and zoonotic (e.g. Bacillus, Brucella, Campylobacter, Clostridium, Escheri-
chia/Shigella, Klebsiella, Mycobacterium, Rhodococccus and Staphylococcus) [11,71]; 3) mastito-
genic (e.g. Corynebacterium, Escherichia/Shigella, Klebsiella, Pseudomonas, Streptococcus,
Staphylococcus and Mycoplasma) [11,12,68,69]; and 4) metritic and abortigenic (e.g. Bacter-
oides, Brucella, Fusobacterium, Helcococcus, Porphyromonas, Prevotella and Trueperella)
[20,71]. The majority of the taxa could fit under more than one category and they were found
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across all sampled body sites, except for arthropod-borne bacteria which were mainly
restricted to the blood.

Important to note from this analysis is that the group of animals used in this study were
possibly diseased. The abundance and distribution of various types of microbes in different
proportions within samples may be associated with particular disease microbial dysbiosis. It
has been reported that the suppression and / or over colonization of certain microbes in a par-
ticular niche results in disease pathogenicity, thus emphasizing the need to understand the
interaction between the host environment and its inhabiting microbes [60]. Furthermore,
since microbes with zoonotic potential were detected, precaution should be taken to prevent
human infection in the sampled community. The routes of infection can be through consump-
tion of contaminated meat and milk; via aerosol due to the proximity of the animal enclosures
to their homes; occupational exposure through handling of infected animals as well as aborted
foetal material [11]; and most importantly through the unsanitary practices associated with the
use of cattle products and by-products by this rural community [7].

The genus-level taxa shared between the sample groups in our study accounted for a sub-
stantial amount of the overall relative abundance. A pattern of mutual exclusion of ASVs rep-
resenting the shared bacterial taxa was observed between the sample groups. That is to say,
they appeared to have distinct ecological relationships, with particular groups of ASVs occur-
ring only in one sample type (e.g. faeces) and other groups in other sample types (e.g. milk or
blood). We speculate that the distinctness of the ASV's representing bacterial taxa could possi-
bly be attributed to their adaption to the respective host niches or it could be different species
or variants of the same microbe. The simultaneous occurrence of 16S rRNA bacterial frag-
ments originating from the GIT in the blood and milk samples of cows is suggestive of the
presence of some endogenous route of transfer of microorganisms from the gut to the mam-
mary glands via the bloodstream of cows as previously hypothesized [18]. However, testing of
the viability of these microbes through culture and isolation across the body sites is necessary
in order to determine if the gut is truly the source of viable microbial populations to the other
sites [36]. Our findings therefore do not provide definite proof of the existence of this endoge-
nous entero-mammary pathway, but warrant further investigation into the mechanisms and
cells that allow the simultaneous occurrence of certain microbes in the sampled body sites.

The observed bacterial signatures that concurrently occurred in three body sites in corre-
sponding samples did not match those that were previously reported at OTU level from at
least one animal in a previous study [18], i.e. Ruminococcus and Bifidobacterium genera and an
unclassified member of the Peptostreptococcaceae family. Owing to the pooling factor in our
study, it could not be ascertained that the matching sequence variants across the body sites had
originated from one animal, but it also does not dispel the possibility of this occurrence. Our
results have the element of biological replication and by pooling we minimised the amount of
information that could have been lost below the detection threshold when using individual
samples as previously explained [72].

Discriminant analysis using DESeq2 served as an important tool to harvest the data gener-
ated by sequencing and to identify the bacterial genera that were significantly DA between
bovine faeces, milk and blood (Padj < 0,01) for further analysis in our study. The majority of
the DA taxa, except for Anaplasma, were detected across the three sample groups but greatly
enriched in faeces than in milk and blood. This came as no surprise as Romboutsia, Paeniclos-
tridium, Akkermansia, Monoglobus, Turicibacter, Bacteroides, UCG-005, Candidatus_Sacchari-
monas, and Prevotellaceae_ UCG-004 are typically gut-associated microbes [57,62,63].

Anaplasma was the most abundantly detected microbe in the entire analysis despite being
present only among the blood group. The genus consists of tick-borne obligate intracellular
organisms found exclusively within membrane-bound vacuoles in the cytoplasm of both
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vertebrate and invertebrate host cells [73]. In the current study,16S metagenomic sequencing
seemed to be more sensitive than PCR in the detection of Anaplasma with 100% prevalence
obtained in contrast to 65% achieved by PCR. However, PCR coupled with Sanger sequencing
enabled characterization of the species to A. marginale and A. centrale, identical to field
derived strains on the NCBI database. Both species cause bovine anaplasmosis with the less
pathogenic species, A. centrale, being presently used as a live vaccine in many countries includ-
ing RSA [73-75]. A recent high throughput sequencing based study conducted on bovine
blood in this country similarly reported high proportions of Anaplasma (96,8% of total
sequences excluding rare ones) characterized to a variety of species including both A. margin-
ale (54%) and A. centrale (1%) as well as other important species such as A. platys and A. pha-
gocytophilum among others [70]. This highlights the significance of characterizing the species
of Anaplasma from bovine blood as it could be indicative of an active infection and some spe-
cies within the genus are of zoonotic significance.

Paeniclostridium together with Romboutsia were reportedly the two largest genera in heifers
of Holstein-Fresian breed in another study and were correlated to their digest functions and
probably their physiological traits [57]. Likewise, in our study the pair was significantly
enriched in faeces, with Romboutsia being the largest genus among faecal samples. The major-
ity of Romboutsia-associated 16S rRNA gene sequences are said to have an intestinal origin,
having been previously characterized from intestinal contents (i.e. duodenum, jejunum, ileum,
colon and rectum) and faecal samples of various mammals including cattle [66,76]; as well as
from milk and teat skin of dairy cattle [77]. Romboutsia species are known to cover a broad
range of metabolic capabilities with respect to carbohydrate utilization, fermentation of single
amino acids, anaerobic respiration and utilization of metabolic end products [76]. Paeniclostri-
dium has also been recently detected in pasteurized milk where it was negatively correlated
with the flavour substances which affected the quality and characteristics of the milk products
[78].

Previous studies reported Akkermansia with relative abundances ranging between 0,56-
8,64% in cow faecal samples [26], comparable with the findings of the current study (3,1-
6,4%) among faecal samples. It’s been found in young calves and thought to play an opportu-
nistic role as the microbe was detected in trace amounts or not detected at all in older animals
previously [79], which is in contrast to our findings. The single species genus (i.e. A. mucino-
phila) is said to contribute to a healthy mucus-associated microbial composition and could
also be used to prevent obesity and type 2 diabetes [63,80,81]. It was found to be an indicator
of healthy breast milk in humans and presumed to confer beneficial functions as a probiotic
[82]. Therefore, its abundance in the studied body sites may be important for the health of
cows.

Monoglobus, a newly described genus in the family Monoglobaceae is also a single species
genus (M. pectinilyticus), first isolated and described from human faeces [83]. It was unex-
pected among bovine faecal samples not to mention blood and milk samples, thus prompting
further investigation into its occurrence in our study. Comparing findings from an earlier ver-
sion of the taxonomic assignment tool (SILVA v.132) to those obtained in the newer version
(SILVA v.138), it was found that top ranking unclassified taxa in the family Ruminococcaceae
i.e. Ruminococcaceae_UCG-010, Ruminococcaceae_UCG-013 and Ruminococcaceae_ UCG-014
were subsequently replaced by the genus Monoglobus in the newer version. As far as possible,
our search did not yield a record of Monoglobus among the microbiota of bovine faeces until
recently [27] where the authors tentatively identified a member of the family Oscillospiraceae
(i.e. UCG-005) as being 93.7% similar to M. pectinilyticus in faecal samples of beef cattle. Thus,
its role in the sampled body sites remains a mystery. In contrast to this however, members of
Ruminococcaceae family are typically very common and reported to occur among the most
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abundant taxa found in the bovine gut microbiota and in faeces, highlighting their role in
digestion of fiber and break down of complex carbohydrates [54,58].

Similarly to Young et al.’s findings, Turicibacter was also detected across all three body sites
in our study [18]. The genus has been previously found to be dominant and significantly
enriched in many parts of the GIT including the ileum, lumen and large intestine [62]. It was
recently reported among the most representative genera in faecal samples of heifers and lactat-
ing cows [57] and has also been detected in high abundances in milk of dairy cattle [77]. The
Gram-positive anaerobe is said to have significant functions such as providing anti-obesity
effects, reducing metabolic stress, and inhibiting inflammatory reactions however, its metabo-
lism and interaction with the host in the gut are still unclear [81].

Bacteroides spp. are well-known intestinal bacteria that can be both beneficial and harmful
to their host. The genus was reported for the first time in cow milk microbiota in 2013 [31],
subsequent studies have also characterized it from milk [18,28] including the current. We have
also detected the bacterium among the blood samples, ranking fifth in terms of abundance.
The bacterium was found to be notably high in abundance in new-born calves as opposed to
older animals by Jami et al. [79]. Which could be correlated to its described vital role in the
development of immunological tolerance to commensal microbiota and participation in natu-
ral genetic transfer of antimicrobial resistance genes to neonates [23,26]. Therefore, its high
abundance particularly in the milk samples of lactating cows might be for the purpose of
imparting immunity to the suckling calves.

Various unclassified bacteria (at genus level) derived from Oscillospiraceae (i.e. UCG-005);
Saccharimonadaceae (i.e. Candidatus_Saccharimonas); and Prevotellaceae (i.e. Prevotella-
ceae_UCG-004) families were among the most discriminant taxa and were significantly DA
between the three body sites. These unclassified fragments have been reported in a variety of
ruminant NGS-based studies [18,27,62,84]. According to Huws et al. [84], they may play a pre-
dominant role in ruminal biohydrogenation. Their frequent reporting and appearance in high
abundances in the current and other studies signifies the importance of research based on clas-
sification of bacterial taxa and updating the database of 16S rRNA gene sequences found in the
gut (and ultimately faeces), milk and blood including their roles therein.

Conclusion

In conclusion, characterization of the microbiota of faeces, milk and blood from cows using
high throughput sequencing of the V3-V4 hypervariable region of the 16S rRNA gene pro-
vided new insights into the microbial structure and composition of the investigated body sites
individually and in common, particularly in the South African context. The concurrent detec-
tion of microbes across the three sample groups can potentially contribute towards knowledge
acquisition regarding the hypothesized endogenous entero-mammary pathway in ruminants.

DADA2 inference of ASVs was highly resolved and it was efficient for the purpose of the
current study; however, species-level resolution was limited by the sequencing depth achieved.
Improvement and manipulation of the available technologies to their fullest capacity, can yield
more sequencing depth, define more bacterial taxa at the genus level and achieve greater spe-
cies level resolution [55].

While the targeted hypervariable regions of the 16S rRNA gene may not be the optimal
genomic regions for detecting the presence of pathogenic species, our findings indicate that
this type of broad scale microbial survey may be useful in determining the presence of poten-
tial pathogens from an array of bacteria. This can in turn guide more targeted sampling and
detection of both pathogenic and commensal bacteria across body sites.
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Future studies are envisaged to investigate the functionality of the microbiota found in the
studied body sites, their potential role in maintaining optimal health and the onset of disease
and the mechanisms involved in the translocation of gut microbes into milk and blood. Fur-
thermore, these studies should be designed with the ‘One-World, One-Health’ approach in
mind in order to primarily aid in improvement of productivity through a better understanding
of microbial function and ecology. Secondarily, to help decrease environmental pollution, con-
tamination of food and dissemination of disease among animals and between animals and
humans.
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S1 Fig. A: Alpha diversity box-plots showing Chaol richness estimates per sample group.
*Significant at P < 0,05. B: Alpha diversity box-plots showing Shannon diversity estimates per
sample group. *Significant at P < 0,05. C: Alpha diversity box-plots showing Simpson’s diver-
sity estimates per sample group. *Significant at P < 0,05.

(TIF)

S2 Fig. UpSetR intersection plot showing number of unique and shared taxa at family level
between faeces, milk and blood groups.
(TIF)

S§1 Table. Read counts tracked through the DADA?2 pipeline including ASV counts, rich-
ness and genus level-resolved ASVs per sample.
(XLSX)

S2 Table. Alpha diversity values calculated using Shannon, Simpson and Chaol indices.
(XLSX)

$3 Table. Total number of taxa detected per taxonomic rank across bovine faeces, milk
and blood.
(XLSX)

S4 Table. Top 15 abundant taxa with their respective overall rankings and distribution
across the three sample groups.
(XLSX)

S5 Table. Prevalence of potentially pathogenic genera of veterinary significance per sample

group.
(XLSX)

S6 Table. Bacterial taxa shared between bovine faeces, milk and blood and their overall

raw and relative abundances.
(XLSX)

S7 Table. Genus-level taxa exclusively detected and shared between faeces, milk and blood
samples.
(XLSX)

S8 Table. A-C Differentially abundant taxa between blood and faeces; blood and milk and;
faeces and milk (Padj < 0,01).
(XLSX)

S1 Raw images. Gel electrophoresis image of Anaplasma PCR targeting the 16S rRNA gene
from blood samples. Image taken under UV transillumination using Enduro™ GOS gel docu-
mentation system. Lane 1 = 1 kb DNA ladder; 2-10 = Anaplasma positive samples;

PLOS ONE | https://doi.org/10.1371/journal.pone.0273799  August 31, 2022 24/29


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0273799.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0273799.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0273799.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0273799.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0273799.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0273799.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0273799.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0273799.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0273799.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0273799.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0273799.s011
https://doi.org/10.1371/journal.pone.0273799

PLOS ONE

NGS of bovine faeces, milk and blood

11 = nuclease free H,0 (-ve); 12 = A. marginale (+ve).
(PDF)

Acknowledgments

We wish to thank Mr James Morake (Control Animal Health Technician) and his team from
uThukela Veterinary Services, Ladysmith State Vet Animal Health Division as well the mem-
bers of the Waaihoek community for availing their cattle for sample collection. Furthermore,
we acknowledge the assistance in kind from the Technological Higher Education Network
South Africa (THENSA) and Synthetic Biology Africa (SynBio Africa) organizations towards
the success of this study.

Author Contributions

Conceptualization: Khethiwe Mtshali, Oriel Matlahane Molifi Thekisoe.

Data curation: Khethiwe Mtshali, Stanford Kwenda, Ismail Arshad.

Formal analysis: Khethiwe Mtshali, Stanford Kwenda.

Funding acquisition: Khethiwe Mtshali.

Investigation: Khethiwe Mtshali.

Methodology: Khethiwe Mtshali.

Project administration: Khethiwe Mtshali.

Resources: Zamantungwa Thobeka Happiness Khumalo, Oriel Matlahane Molifi Thekisoe.
Software: Stanford Kwenda.

Supervision: Zamantungwa Thobeka Happiness Khumalo, Oriel Matlahane Molifi Thekisoe.
Visualization: Stanford Kwenda.

Writing - original draft: Khethiwe Mtshali.

Writing - review & editing: Khethiwe Mtshali, Zamantungwa Thobeka Happiness Khumalo,
Stanford Kwenda, Oriel Matlahane Molifi Thekisoe.

References

1. Ducrotoy M, Bertu WJ, Matope G, Cadmus S, Conde-Alvarez R, Gusi AM, et al. Brucellosis in Sub-
Saharan Africa: Current challenges for management, diagnosis and control. Acta Tropica. 2017;
165:179-93. https://doi.org/10.1016/j.actatropica.2015.10.023 PMID: 26551794

2. Marufatuzzahan PS, Chowdhury TA, Shanzana P, Moli MA, Zahan FN, Rafa RT. A questionnaire sur-
vey on common animal husbandry and hygiene practices among the small scale livestock farmers in
suburban area of Sylhet, Bangladesh. Agricultural & Veterinary Sciences. 2018; 2(1), pp.38—48 38.

3. Kaoud HA. Introductory Chapter: Bacterial cattle diseases-economic impact and their control. In: Bacte-
rial Cattle Diseases. IntechOpen; 2019.pp.1-11.

4. McDermott JJ, Arimi SM. Brucellosis in sub-Saharan Africa: epidemiology, control and impact. Veteri-
nary Microbiology. 2002; 90(1-4):111-34. https://doi.org/10.1016/s0378-1135(02)00249-3 PMID:
12414138

5. Arhem K. Maasai food symbolism: the cultural connotations of milk, meat, and blood in the pastoral
Maasai diet. Anthropos. 1989:1-23.

6. Nagpal R, Behare PV, Kumar M, Mohania D, Yadav M, Jain S, et al. Milk, milk products, and disease
free health: an updated overview. Critical Reviews in Food science and Nutrition. 2012; 52(4):321-33.
https://doi.org/10.1080/10408398.2010.500231 PMID: 22332596

PLOS ONE | https://doi.org/10.1371/journal.pone.0273799  August 31, 2022 25/29


https://doi.org/10.1016/j.actatropica.2015.10.023
http://www.ncbi.nlm.nih.gov/pubmed/26551794
https://doi.org/10.1016/s0378-1135%2802%2900249-3
http://www.ncbi.nlm.nih.gov/pubmed/12414138
https://doi.org/10.1080/10408398.2010.500231
http://www.ncbi.nlm.nih.gov/pubmed/22332596
https://doi.org/10.1371/journal.pone.0273799

PLOS ONE

NGS of bovine faeces, milk and blood

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

Daria S, Islam MR. The use of cow dung and urine to cure COVID-19 in India: A public health concern.
The international journal of health planning and management. 2021 [cited 2021 June 13]. Available
from: https://doi.org/10.1002/hpm.3257 PMID: 34037266

Tschopp R, Abera B, Sourou SY, Guerne-Bleich E, Aseffa A, Wubete A, et al. Bovine tuberculosis and
brucellosis prevalence in cattle from selected milk cooperatives in Arsi zone, Oromia region, Ethiopia.
BMC Veterinary Research. 2013; 9(1):1-9. https://doi.org/10.1186/1746-6148-9-163 PMID: 23941112

McDaniel CJ, Cardwell DM, Moeller RB, Gray GC. Humans and cattle: a review of bovine zoonoses.
Vector-borne and Zoonotic Diseases. 2014; 14(1):1-9. https://doi.org/10.1089/vbz.2012.1164 PMID:
24341911

Lorusso V, Wijnveld M, Majekodunmi AO, Dongkum C, Fajinmi A, Dogo AG, et al. Tick-borne patho-
gens of zoonotic and veterinary importance in Nigerian cattle. Parasites & Vectors. 2016; 9(1):1-3.
https://doi.org/10.1186/s13071-016-1504-7 PMID: 27090756

Maity S, Ambatipudi K. Mammary microbial dysbiosis leads to the zoonosis of bovine mastitis: a One-
Health perspective. FEMS Microbiology Ecology. 2021; 97(1):fiaa241.

Derakhshani H, Plaizier JC, De Buck J, Barkema HW, Khafipour E. Composition of the teat canal and
intramammary microbiota of dairy cows subjected to antimicrobial dry cow therapy and internal teat
sealant. Journal of Dairy Science. 2018; 101(11):10191-205. https://doi.org/10.3168/jds.2018-14858
PMID: 30172408

Rainard P. Mammary microbiota of dairy ruminants: fact or fiction?. Veterinary Research. 2017; 48
(1):1-0.

O’Hara E, Neves AL, Song Y, Guan LL. The role of the gut microbiome in cattle production and health:
driver or passenger?. Annual Review of Animal Biosciences. 2020; 8:199-220. https://doi.org/10.1146/
annurev-animal-021419-083952 PMID: 32069435

Addis MF, Tanca A, Uzzau S, Oikonomou G, Bicalho RC, Moroni P. The bovine milk microbiota:
insights and perspectives from-omics studies. Molecular Biosystems. 2016; 12(8):2359-72. https://doi.
org/10.1039/c6mb00217j PMID: 27216801

Taponen S, McGuinness D, Hiitié H, Simojoki H, Zadoks R, Pyérala S. Bovine milk microbiome: a more
complex issue than expected. Veterinary Research. 2019; 50(1):1-5.

Oikonomou G, Addis MF, Chassard C, Nader-Macias ME, Grant |, Delbés C, et al. Milk microbiota:
What are we exactly talking about?. Frontiers in Microbiology. 2020; 11:60. https://doi.org/10.3389/
fmicb.2020.00060 PMID: 32117107

Young W, Hine BC, Wallace OA, Callaghan M, Bibiloni R. Transfer of intestinal bacterial components to
mammary secretions in the cow. PeerJ. 2015; 3: e888. https://doi.org/10.7717/peer].888 PMID:
25922791

Vientés-Plotts Al, Ericsson AC, Rindt H, Grobman ME, Graham A, Bishop K, et al. Dynamic changes of
the respiratory microbiota and its relationship to fecal and blood microbiota in healthy young cats. PloS
One. 2017; 12(3):e0173818. https://doi.org/10.1371/journal.pone.0173818 PMID: 28278278

Jeon SJ, Cunha F, Vieira-Neto A, Bicalho RC, Lima S, Bicalho ML, et al. Blood as a route of transmis-
sion of uterine pathogens from the gut to the uterus in cows. Microbiome. 2017; 5(1):1-3.

McSweeney C, Mackie R. Commission on Genetic Resources for Food and Agriculture. Micro-organ-
isms and ruminant digestion: state of knowledge, trends and future prospects. Background Study
Paper (FAO). 2012; 61:1-62. [cited 2020 September 29]. Available from: http://www.fao.org/3/
me992e/me992e.pdf.

Jami E, White BA, Mizrahi |. Potential role of the bovine rumen microbiome in modulating milk composi-
tion and feed efficiency. PloS One. 2014; 9(1):e85423. https://doi.org/10.1371/journal.pone.0085423
PMID: 24465556

Malmuthuge N, Griebel PJ, Guan LL. The gut microbiome and its potential role in the development and
function of newborn calf gastrointestinal tract. Frontiers in Veterinary Science. 2015; 2:36. https://doi.
org/10.3389/fvets.2015.00036 PMID: 26664965

Zhong Y, Xue M, Liu J. Composition of rumen bacterial community in dairy cows with different levels of
somatic cell counts. Frontiers in Microbiology. 2018; 9:3217. https://doi.org/10.3389/fmicb.2018.03217
PMID: 30619238

Franco-Lopez J, Duplessis M, Bui A, Reymond C, Poisson W, Blais L, et al. Correlations between the
composition of the bovine microbiota and vitamin B12 abundance. Msystems. 2020; 5(2):e00107-20.
https://doi.org/10.1128/mSystems.00107-20 PMID: 32127420

Dowd SE, Callaway TR, Wolcott RD, Sun Y, McKeehan T, Hagevoort RG, et al. Evaluation of the bacte-
rial diversity in the feces of cattle using 16S rDNA bacterial tag-encoded FLX amplicon pyrosequencing
(bTEFAP). BMC Microbiology. 2008; 8(1):1-8. https://doi.org/10.1186/1471-2180-8-125 PMID:
18652685

PLOS ONE | https://doi.org/10.1371/journal.pone.0273799  August 31, 2022 26/29


https://doi.org/10.1002/hpm.3257
http://www.ncbi.nlm.nih.gov/pubmed/34037266
https://doi.org/10.1186/1746-6148-9-163
http://www.ncbi.nlm.nih.gov/pubmed/23941112
https://doi.org/10.1089/vbz.2012.1164
http://www.ncbi.nlm.nih.gov/pubmed/24341911
https://doi.org/10.1186/s13071-016-1504-7
http://www.ncbi.nlm.nih.gov/pubmed/27090756
https://doi.org/10.3168/jds.2018-14858
http://www.ncbi.nlm.nih.gov/pubmed/30172408
https://doi.org/10.1146/annurev-animal-021419-083952
https://doi.org/10.1146/annurev-animal-021419-083952
http://www.ncbi.nlm.nih.gov/pubmed/32069435
https://doi.org/10.1039/c6mb00217j
https://doi.org/10.1039/c6mb00217j
http://www.ncbi.nlm.nih.gov/pubmed/27216801
https://doi.org/10.3389/fmicb.2020.00060
https://doi.org/10.3389/fmicb.2020.00060
http://www.ncbi.nlm.nih.gov/pubmed/32117107
https://doi.org/10.7717/peerj.888
http://www.ncbi.nlm.nih.gov/pubmed/25922791
https://doi.org/10.1371/journal.pone.0173818
http://www.ncbi.nlm.nih.gov/pubmed/28278278
http://www.fao.org/3/me992e/me992e.pdf
http://www.fao.org/3/me992e/me992e.pdf
https://doi.org/10.1371/journal.pone.0085423
http://www.ncbi.nlm.nih.gov/pubmed/24465556
https://doi.org/10.3389/fvets.2015.00036
https://doi.org/10.3389/fvets.2015.00036
http://www.ncbi.nlm.nih.gov/pubmed/26664965
https://doi.org/10.3389/fmicb.2018.03217
http://www.ncbi.nlm.nih.gov/pubmed/30619238
https://doi.org/10.1128/mSystems.00107-20
http://www.ncbi.nlm.nih.gov/pubmed/32127420
https://doi.org/10.1186/1471-2180-8-125
http://www.ncbi.nlm.nih.gov/pubmed/18652685
https://doi.org/10.1371/journal.pone.0273799

PLOS ONE

NGS of bovine faeces, milk and blood

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M.

42.

43.

44.

45.

46.

Koester LR, Poole DH, Serdo NVL, Schmitz-Esser S. Beef cattle that respond differently to fescue toxi-
cosis have distinct gastrointestinal tract microbiota. PLoS One. 2020; 15(7): €0229192. https://doi.org/
10.1371/journal.pone.0229192 PMID: 32701945

Oikonomou G, Bicalho ML, Meira E, Rossi RE, Foditsch C, Machado VS, et al. Microbiota of cow’s milk;
distinguishing healthy, sub-clinically and clinically diseased quarters. PloS One. 2014; 9(1):e85904.
https://doi.org/10.1371/journal.pone.0085904 PMID: 24465777

Bhatt VD, Ahir VB, Koringa PG, Jakhesara SJ, Rank DN, Nauriyal DS, et al. Milk microbiome signatures
of subclinical mastitis-affected cattle analysed by shotgun sequencing. Journal of Applied Microbiology.
2012; 112(4):639-50. https://doi.org/10.1111/.1365-2672.2012.05244.x PMID: 22277077

Kuehn JS, Gorden PJ, Munro D, Rong R, Dong Q, Plummer PJ, Wang C, Phillips GJ. Bacterial commu-
nity profiling of milk samples as a means to understand culture-negative bovine clinical mastitis. PloS
One. 2013; 8(4):e61959. https://doi.org/10.1371/journal.pone.0061959 PMID: 23634219

Quigley L, McCarthy R, O’Sullivan O, Beresford TP, Fitzgerald GF, Ross RP, et al. The microbial con-
tent of raw and pasteurized cow milk as determined by molecular approaches. Journal of dairy science.
2013; 96(8):4928-37. https://doi.org/10.3168/jds.2013-6688 PMID: 23746589

Falentin H, Rault L, Nicolas A, Bouchard DS, Lassalas J, Lamberton P, et al. Bovine teat microbiome
analysis revealed reduced alpha diversity and significant changes in taxonomic profiles in quarters with
a history of mastitis. Frontiers in Microbiology. 2016; 7:480. https://doi.org/10.3389/fmicb.2016.00480
PMID: 27242672

Hoque MN, Istiaq A, Clement RA, Sultana M, Crandall KA, Siddiki AZ, et al. Metagenomic deep
sequencing reveals association of microbiome signature with functional biases in bovine mastitis. Sci-
entific Reports. 2019; 9(1):1-4.

Oikonomou G, Machado VS, Santisteban C, Schukken YH, Bicalho RC. Microbial diversity of bovine
mastitic milk as described by pyrosequencing of metagenomic 16s rDNA PloS One.2012; e47671.
https://doi.org/10.1371/journal.pone.0047671 PMID: 23082192

Ganda EK, Bisinotto RS, Lima SF, Kronauer K, Decter DH, Oikonomou G, et al. Longitudinal metage-
nomic profiling of bovine milk to assess the impact of intramammary treatment using a third-generation
cephalosporin. Scientific Reports. 2016; 6(1):1-3.

Rodriguez JM. The origin of human milk bacteria: is there a bacterial entero-mammary pathway during
late pregnancy and lactation? Advances in Nutrition. 2014; 5: 779-84. https://doi.org/10.3945/an.114.
007229 PMID: 25398740

Gibbons LM, Jacobs EM, Hansen J. Faecal examination of farm animals for helminth parasites. Royal
Veterinary College/Food Agricultural Organization Guide to Veterinary Diagnostic Parasitology. 2019
[cited 2019 March 20] Available from: https://www.rvc.ac.uk/Review/Parasitology/Faeces/Step1a.htm#.

Pang M, Xie X, Bao H, Sun L, He T, Zhao H, et al. Insights into the bovine milk microbiota in dairy farms
with different incidence rates of subclinical mastitis. Frontiers in microbiology. 2018; 9:2379. https://doi.
org/10.3389/fmicb.2018.02379 PMID: 30459717

Shabbir MZ, Uvas LP, Ahmad A, Zahid MN, Nazir J, Nawaz M, et al. Sample collection guide. 2013
[cited 2019 March 20] Available from: http://www.nexusacademicpublishers.com/uploads/books/
20140116135637.pdf.

Weisburg WG, Barns SM, Pelletier DA, Lane DJ. 16S ribosomal DNA amplification for phylogenetic
study. Journal of Bacteriology. 1991; 173(2):697—-703. https://doi.org/10.1128/jb.173.2.697-703.1991
PMID: 1987160

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJ, Holmes SP. DADA2: High-resolution
sample inference from lllumina amplicon data. Nature Methods. 2016; 13(7):581-3. https://doi.org/10.
1038/nmeth.3869 PMID: 27214047

McLaren MR. Silva SSU taxonomic training data formatted for DADA2 (Silva version 138). Genéve:
European Organization for Nuclear Research, 2020. https://doi.org/10.5281/zenodo.3986799

McMurdie PJ, Holmes S. Phyloseq: An R Package for Reproducible Interactive Analysis and Graphics
of Microbiome Census Data. PloS One. 2013; 8(4): e61217. https://doi.org/10.1371/journal.pone.
0061217 PMID: 23630581

Wickham H. ggplot2: Elegant graphics for data analysis. Springer-Verlag, New York. 2016 [cited 2020
June 15]. Available from: https://ggplot2.tidyverse.org.

Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq data
with DESeq. Genome Biology. 2014; 15(12):550. https://doi.org/10.1186/s13059-014-0550-8 PMID:
25516281

Conway JR, Lex A, Gehlenborg N. UpSetR: an R package for the visualization of intersecting sets and
their properties. Bioinformatics. 2017; 33(18):2938—40. https://doi.org/10.1093/bioinformatics/btx364
PMID: 28645171

PLOS ONE | https://doi.org/10.1371/journal.pone.0273799  August 31, 2022 27/29


https://doi.org/10.1371/journal.pone.0229192
https://doi.org/10.1371/journal.pone.0229192
http://www.ncbi.nlm.nih.gov/pubmed/32701945
https://doi.org/10.1371/journal.pone.0085904
http://www.ncbi.nlm.nih.gov/pubmed/24465777
https://doi.org/10.1111/j.1365-2672.2012.05244.x
http://www.ncbi.nlm.nih.gov/pubmed/22277077
https://doi.org/10.1371/journal.pone.0061959
http://www.ncbi.nlm.nih.gov/pubmed/23634219
https://doi.org/10.3168/jds.2013-6688
http://www.ncbi.nlm.nih.gov/pubmed/23746589
https://doi.org/10.3389/fmicb.2016.00480
http://www.ncbi.nlm.nih.gov/pubmed/27242672
https://doi.org/10.1371/journal.pone.0047671
http://www.ncbi.nlm.nih.gov/pubmed/23082192
https://doi.org/10.3945/an.114.007229
https://doi.org/10.3945/an.114.007229
http://www.ncbi.nlm.nih.gov/pubmed/25398740
https://www.rvc.ac.uk/Review/Parasitology/Faeces/Step1a.htm#
https://doi.org/10.3389/fmicb.2018.02379
https://doi.org/10.3389/fmicb.2018.02379
http://www.ncbi.nlm.nih.gov/pubmed/30459717
http://www.nexusacademicpublishers.com/uploads/books/20140116135637.pdf
http://www.nexusacademicpublishers.com/uploads/books/20140116135637.pdf
https://doi.org/10.1128/jb.173.2.697-703.1991
http://www.ncbi.nlm.nih.gov/pubmed/1987160
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
http://www.ncbi.nlm.nih.gov/pubmed/27214047
https://doi.org/10.5281/zenodo.3986799
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1371/journal.pone.0061217
http://www.ncbi.nlm.nih.gov/pubmed/23630581
https://ggplot2.tidyverse.org
https://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
https://doi.org/10.1093/bioinformatics/btx364
http://www.ncbi.nlm.nih.gov/pubmed/28645171
https://doi.org/10.1371/journal.pone.0273799

PLOS ONE

NGS of bovine faeces, milk and blood

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Hoque MN, Istiaq A, Rahman MS, Islam MR, Anwar A, Siddiki AZ, Sultana M, et al. Microbiome dynam-
ics and genomic determinants of bovine mastitis. Genomics. 2020; 112(6):5188-203. https://doi.org/10.
1016/j.ygeno0.2020.09.039 PMID: 32966856

Kolbe AR, Castro-Nallar E, Preciado D, Pérez-Losada M. Altered middle ear microbiome in children
with chronic otitis media with effusion and respiratory ilinesses. Frontiers in Cellular and Infection Micro-
biology. 2019; 9:339. https://doi.org/10.3389/fcimb.2019.00339 PMID: 31637220

Galimanas V, Hall MW, Singh N, Lynch MD, Goldberg M, Tenenbaum H, et al. Bacterial community
composition of chronic periodontitis and novel oral sampling sites for detecting disease indicators.
Microbiome. 2014; 2(1):1-3.

Gupta N, Verma VK. Next-generation sequencing and its application: empowering in public health
beyond reality. In: Arora P, editor. Microbial technology for the welfare of society. Microorganisms for
Sustainability, vol 17. Springer, Singapore;2019. pp. 313-341.

Eisenhofer R, Minich JJ, Marotz C, Cooper A, Knight R, Weyrich LS. Contamination in low microbial bio-
mass microbiome studies: issues and recommendations. Trends in Microbiology. 2019; 27(2):105-17.
https://doi.org/10.1016/j.tim.2018.11.003 PMID: 30497919

Capunitan D. Comparison of OTUs and ASVs in 73 Bird Species from Equatorial Guinea. Master’s The-
sis, University of Connecticut. 2018. Available from: 1188.https://opencommons.uconn.edu/gs_theses/
1188.

Farrell MJ, Govender D, Hajibabaei M, Van Der Bank M, Davies TJ. Bacterial diversity in the waterholes
of the Kruger National Park: an eDNA metabarcoding approach. Genome. 2019; 62(3):229—42.

Chen J, Zhang H, Wu X, Shang S, Yan J, Chen Y, Zhang H, Tang X. Characterization of the gut micro-
biota in the golden takin (Budorcas taxicolor bedfordi). Amb Express. 2017; 7(1):1-0.

Jeong J, Yun K, Mun S, Chung WH, Choi SY, Lim MY, et al. The effect of taxonomic classification by
full-length 16S rRNA sequencing with a synthetic long-read technology. Scientific Reports. 2021; 11
(1):1-2.

Gupta S, Mortensen MS, Schjgrring S, Trivedi U, Vestergaard G, Stokholm J, et al. Amplicon sequenc-
ing provides more accurate microbiome information in healthy children compared to culturing. Commu-
nications Biology. 2019; 2(1):1-7. https://doi.org/10.1038/s42003-019-0540-1 PMID: 31396571

Cendron F, Niero G, Carlino G, Penasa M, Cassandro M. Characterizing the fecal bacteria and archaea
community of heifers and lactating cows through 16S rRNA next-generation sequencing. Journal of
Applied Genetics. 2020; 61(4):593-605. https://doi.org/10.1007/s13353-020-00575-3 PMID: 32851593

Fomenky BE, Do DN, Talbot G, Chiquette J, Bissonnette N, Chouinard YP, et al. Direct-fed microbial
supplementation influences the bacteria community composition of the gastrointestinal tract of pre-and
post-weaned calves. Scientific Reports. 2018; 8(1):1-21.

Zhang R, Huo W, Zhu W, Mao S. Characterization of bacterial community of raw milk from dairy cows
during subacute ruminal acidosis challenge by high-throughput sequencing. Journal of the Science of
Food and Agriculture. 2015; 95(5):1072-9. https://doi.org/10.1002/jsfa.6800 PMID: 24961605

Deng F, McClure M, Rorie R, Wang X, Chai J, Wei X, et al. The vaginal and fecal microbiomes are
related to pregnancy status in beef heifers. Journal of Animal Science and Biotechnology. 2019; 10
(1):1-38. https://doi.org/10.1186/s40104-019-0401-2 PMID: 31857897

Oikonomou G, Teixeira AG, Foditsch C, Bicalho ML, Machado VS, Bicalho RC. Fecal microbial diversity
in pre-weaned dairy calves as described by pyrosequencing of metagenomic 16S rDNA. Associations
of Faecalibacterium species with health and growth. PloS One. 2013; 8(4):e63157.

Mao S, Zhang M, Liu J, Zhu W. Characterising the bacterial microbiota across the gastrointestinal tracts
of dairy cattle: membership and potential function. Scientific Reports. 2015; 5(1):1—4. https://doi.org/10.
1038/srep16116 PMID: 26527325

Liu X, Fan H, Ding X, Hong Z, Nei Y, Liu Z, et al. Analysis of the gut microbiota by high-throughput
sequencing of the V5-V6 regions of the 16S rRNA gene in donkey. Current Microbiology. 2014; 68
(5):657—-62. https://doi.org/10.1007/s00284-014-0528-5 PMID: 24452427

Wang Y, Zhang H, Zhu L, Xu Y, Liu N, Sun X, et al. Dynamic distribution of gut microbiota in goats at dif-
ferent ages and health states. Frontiers in Microbiology. 2018; 24;9:2509. https://doi.org/10.3389/fmicb.
2018.02509 PMID: 30405569

Moon CD, Young W, Maclean PH, Cookson AL, Bermingham EN. Metagenomic insights into the roles
of Proteobacteria in the gastrointestinal microbiomes of healthy dogs and cats. Microbiology Open.
2018; 7(5):e00677. https://doi.org/10.1002/mbo3.677 PMID: 29911322

Alipour MJ, Jalanka J, Pessa-Morikawa T, Kokkonen T, Satokari R, Hyndnen U, et al. The composition
of the perinatal intestinal microbiota in cattle. Scientific Reports. 2018; 8(1):1-4.

PLOS ONE | https://doi.org/10.1371/journal.pone.0273799  August 31, 2022 28/29


https://doi.org/10.1016/j.ygeno.2020.09.039
https://doi.org/10.1016/j.ygeno.2020.09.039
http://www.ncbi.nlm.nih.gov/pubmed/32966856
https://doi.org/10.3389/fcimb.2019.00339
http://www.ncbi.nlm.nih.gov/pubmed/31637220
https://doi.org/10.1016/j.tim.2018.11.003
http://www.ncbi.nlm.nih.gov/pubmed/30497919
https://opencommons.uconn.edu/gs_theses/1188
https://opencommons.uconn.edu/gs_theses/1188
https://doi.org/10.1038/s42003-019-0540-1
http://www.ncbi.nlm.nih.gov/pubmed/31396571
https://doi.org/10.1007/s13353-020-00575-3
http://www.ncbi.nlm.nih.gov/pubmed/32851593
https://doi.org/10.1002/jsfa.6800
http://www.ncbi.nlm.nih.gov/pubmed/24961605
https://doi.org/10.1186/s40104-019-0401-2
http://www.ncbi.nlm.nih.gov/pubmed/31857897
https://doi.org/10.1038/srep16116
https://doi.org/10.1038/srep16116
http://www.ncbi.nlm.nih.gov/pubmed/26527325
https://doi.org/10.1007/s00284-014-0528-5
http://www.ncbi.nlm.nih.gov/pubmed/24452427
https://doi.org/10.3389/fmicb.2018.02509
https://doi.org/10.3389/fmicb.2018.02509
http://www.ncbi.nlm.nih.gov/pubmed/30405569
https://doi.org/10.1002/mbo3.677
http://www.ncbi.nlm.nih.gov/pubmed/29911322
https://doi.org/10.1371/journal.pone.0273799

PLOS ONE

NGS of bovine faeces, milk and blood

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Oliveira GB, Favarin L, Luchese RH, Mclintosh D. Psychrotrophic bacteria in milk: How much do we
really know?. Brazilian Journal of Microbiology. 2015; 46:313-21. https://doi.org/10.1590/S1517-
838246220130963 PMID: 26273245

Khasapane, NG, Nkhebenyane, SJ, Thekisoe, O, Taioe, MO, Kwenda, S, Mtshali, PS et al. Characteri-
sation of raw milk microbiome from Harrismith, Free-State Using 16S rRNA Gene Sequencing. The
IRES - 695th International Conference on Food Microbiology and Food Safety (ICFMFS), Johannes-
burg, South Africa. 2020. Available from: https://www.researchgate.net/publication/342739258
CHARACTERISATION_OF_RAW_MILK_MICROBIOME_FROM_HARRISMITH_FREE-STATE_
USING_16S_RRNA_GENE_SEQUENCING/stats.

Motaung TE, Petrovski KR, Petzer IM, Thekisoe O, Tsilo TJ. Importance of bovine mastitis in Africa.
Animal Health Research Reviews. 2017; 18(1):58-69. https://doi.org/10.1017/S1466252317000032
PMID: 28606203

Kolo AO, Collins NE, Brayton KA, Chaisi M, Blumberg L, Frean J, et al. Anaplasma phagocytophilum
and other Anaplasma spp. in various hosts in the Mnisi community, Mpumalanga Province, South
Africa. Microorganisms. 2020; 8(11):1812.

Vidal S, Kegler K, Posthaus H, Perreten V, Rodriguez-Campos S. Amplicon sequencing of bacterial
microbiota in abortion material from cattle. Veterinary Research. 2017; 48(1):1-5.

Schisterman EF, Vexler A. To pool or not to pool, from whether to when: applications of pooling to bios-
pecimens subject to a limit of detection. Paediatric and Perinatal Epidemiology. 2008; 22(5):486—-96.
https://doi.org/10.1111/j.1365-3016.2008.00956.x PMID: 18782255

De La Fuente J, Massung RF, Wong SJ, Chu FK, Lutz H, Meli M, et al. Sequence analysis of the msp4
gene of Anaplasma phagocytophilum strains. Journal of Clinical Microbiology. 2005; 43(3):1309—17.

Mutshembele AM, Cabezas-Cruz A, Mtshali MS, Thekisoe OM, Galindo RC, de la Fuente J. Epidemiol-
ogy and evolution of the genetic variability of Anaplasma marginale in South Africa. Ticks and Tick-
borne Diseases. 2014; 5(6):624—31.

Khumalo ZT, Catanese HN, Liesching N, Hove P, Collins NE, Chaisi ME, et al. Characterization of Ana-
plasma marginale subsp. centrale strains by use of msp1aS genotyping reveals a wildlife reservoir.
Journal of Clinical Microbiology. 2016; 54(10):2503—12.

Gerritsen J, Hornung B, Ritari J, Paulin L, Rijkers GT, Schaap PJ, et al. A comparative and functional
genomics analysis of the genus Romboutsia provides insight into adaptation to an intestinal lifestyle.
BioRxiv. 2019. p.845511.

Frétin M, Martin B, Rifa E, Isabelle VM, Pomiés D, Ferlay A, et al. Bacterial community assembly from
cow teat skin to ripened cheeses is influenced by grazing systems. Scientific Reports. 2018; 8(1):200.
https://doi.org/10.1038/s41598-017-18447-y PMID: 29317671

Ding R, LiuY, Yang S, Liu Y, Shi H, Yue X, et al. High-throughput sequencing provides new insights into
the roles and implications of core microbiota present in pasteurized milk. Food Research International.
2020; 137:109586. https://doi.org/10.1016/j.foodres.2020.109586 PMID: 33233194

Jami E, Israel A, Kotser A, Mizrahi |. Exploring the bovine rumen bacterial community from birth to adult-
hood. The ISME journal. 2013; 7(6):1069-79. https://doi.org/10.1038/ismej.2013.2 PMID: 23426008

Floch N. The influence of microbiota on mechanisms of bariatric surgery. In: The microbiota in gastroin-
testinal pathophysiology. Academic Press; 2017. pp. 267-281.

Zhou W, Xu H, Zhan L, Lu X, Zhang L. Dynamic development of fecal microbiome during the progres-
sion of diabetes mellitus in Zucker diabetic fatty rats. Frontiers in Microbiology. 2019; 10:232. https:/
doi.org/10.3389/fmicb.2019.00232 PMID: 30837966

Wu'Y, Zhou X, Zhang X, Niu H, Lyu L, Liang C, et al. Breast milk flora plays an important role in infantile
eczema: cohort study in Northeast China. Journal of Applied Microbiology. 2021; 131(6):2981-93.
https://doi.org/10.1111/jam.15076 PMID: 33735474

Kim CC, Kelly WJ, Patchett ML, Tannock GW, Jordens Z, Stoklosinski HM, et al. Monoglobus pectinily-
ticus gen. nov., sp. nov., a pectinolytic bacterium isolated from human faeces. International Journal of
Systematic and Evolutionary Microbiology. 2017; 67(12):4992—4998. https://doi.org/10.1099/ijsem.0.
002395 PMID: 29039307

Huws S.A., Kim E.J., Lee M.R., Scott M.B., Tweed J.K., Pinloche E., et al. As yet uncultured bacteria
phylogenetically classified as Prevotella, Lachnospiraceae incertae sedis and unclassified Bacteroi-
dales, Clostridiales and Ruminococcaceae may play a predominant role in ruminal biohydrogenation.
Environmental Microbiology. 2011; 13(6), pp.1500-1512.

PLOS ONE | https://doi.org/10.1371/journal.pone.0273799  August 31, 2022 29/29


https://doi.org/10.1590/S1517-838246220130963
https://doi.org/10.1590/S1517-838246220130963
http://www.ncbi.nlm.nih.gov/pubmed/26273245
https://www.researchgate.net/publication/342739258_CHARACTERISATION_OF_RAW_MILK_MICROBIOME_FROM_HARRISMITH_FREE-STATE_USING_16S_RRNA_GENE_SEQUENCING/stats
https://www.researchgate.net/publication/342739258_CHARACTERISATION_OF_RAW_MILK_MICROBIOME_FROM_HARRISMITH_FREE-STATE_USING_16S_RRNA_GENE_SEQUENCING/stats
https://www.researchgate.net/publication/342739258_CHARACTERISATION_OF_RAW_MILK_MICROBIOME_FROM_HARRISMITH_FREE-STATE_USING_16S_RRNA_GENE_SEQUENCING/stats
https://doi.org/10.1017/S1466252317000032
http://www.ncbi.nlm.nih.gov/pubmed/28606203
https://doi.org/10.1111/j.1365-3016.2008.00956.x
http://www.ncbi.nlm.nih.gov/pubmed/18782255
https://doi.org/10.1038/s41598-017-18447-y
http://www.ncbi.nlm.nih.gov/pubmed/29317671
https://doi.org/10.1016/j.foodres.2020.109586
http://www.ncbi.nlm.nih.gov/pubmed/33233194
https://doi.org/10.1038/ismej.2013.2
http://www.ncbi.nlm.nih.gov/pubmed/23426008
https://doi.org/10.3389/fmicb.2019.00232
https://doi.org/10.3389/fmicb.2019.00232
http://www.ncbi.nlm.nih.gov/pubmed/30837966
https://doi.org/10.1111/jam.15076
http://www.ncbi.nlm.nih.gov/pubmed/33735474
https://doi.org/10.1099/ijsem.0.002395
https://doi.org/10.1099/ijsem.0.002395
http://www.ncbi.nlm.nih.gov/pubmed/29039307
https://doi.org/10.1371/journal.pone.0273799

