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Abstract

Background African buffalo (Syncerus caffer) is a significant reservoir host for many zoonotic and parasitic infections
in Africa. These include a range of viruses and pathogenic bacteria, such as tick-borne rickettsial organisms. Despite
the considerations of mammalian blood as a sterile environment, blood microbiome sequencing could become
crucial for agnostic biosurveillance. This study investigated the blood microbiome of clinically healthy wild buffaloes
in Kenya to determine its applicability in agnostic testing for bacteria in apparently healthy wild animals.

Methods Whole blood and serum samples were collected from 46 wild African buffalos from Meru National Park
(30), Buffalo Springs (6) and Shaba (10) National Reserves in upper eastern Kenya. Total deoxyribonucleic acid (DNA)
was extracted from these samples and subjected to amplicon-based sequencing targeting the 16 S rRNA gene. The
bacteria operational taxonomic units (OTU) were identified to species levels by mapping the generated V12 and V45
regions of 16 S rRNA gene to the SILVA database. These OTU tables were used to infer the microbial abundance in
each sample type and at the individual animal level. The sequences for the corresponding OTUs were also used to
generate phylogenetic trees and thus infer evolution for the OTUs of interest.

Results Here, we demonstrate that buffaloes harbor many bacteria in their blood. We also report a diversity of 16 S
rRNA gene sequences for Anaplasma and Mycoplasma from individual animals. By sequencing both whole blood and
serum in triplicate for each animal, we provide evidence of the differences in detecting bacteria in both sample types.

Conclusions Diverse bacteria, including some potential pathogens, can be found in the blood of clinically healthy
wild African buffalo. Agnostic surveillance for such pathogens can be achieved through blood microbiome
sequencing. However, considerations for the question being asked for the blood microbiome in wildlife will impact
the choice for using whole blood or serum for sequencing.
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Background

The African buffalo (Syncerus caffer) is a large wild bovid
that is widely distributed across Sub-Saharan Africa [1,
2]. There are five subspecies of African buffalo widely dis-
tributed in Africa with the largest being the Cape buffalo
(Syncerus caffer caffer) found in Southern and East Africa
[2]. The African buffalo is a significant species in the epi-
demiology of zoonotic infections and parasitic diseases
in Africa given their reservoir host status for various
wildlife and livestock pathogens [3, 4]. A wide range of
these economically important pathogens such as Myco-
bacterium bovis, Foot-and-mouth disease virus, Rift Val-
ley fever virus, Theileria sp, and Bacillus anthracis have
been reported in the African buffalo [5-10]. The reser-
voir status of buffalo for these pathogens has been com-
pounded by the lack of clinical symptoms; thus, their role
as asymptomatic reservoir hosts cannot be overlooked
[3]. Additionally, the close interaction between African
buffalo and livestock, particularly cattle, further enhances
the potential for disease transmission and overall agri-
cultural risk. Cross-species transmission of pathogens
between buffalo and domestic animals is a significant
concern, as evidenced by outbreaks of foot-and-mouth
disease [11]. Furthermore, the high genetic diversity of
viruses found in African buffalo populations adds to the
challenge of controlling these diseases, as different strains
may exhibit varying levels of virulence and transmission
potential [12].

Besides viral pathogens, high infection levels with rick-
ettsial organisms such as Anaplasma spp. and Ehrlichia
spp. have been reported in buffaloes [13, 14]. Apart from
the widely reported bovine anaplasmosis, Anaplasma
spp. also causes disease in humans thereby qualifying
as significant zoonotic pathogens [15-17]. Elsewhere,
Mycoplasma that causes bovine hemoplasmosis has been
reported from hematophagous arthropods associated
with buffalo [18, 19]. Heavy buffalo infestation with dif-
ferent ectoparasites that could be vectors of various bac-
terial pathogens including Anaplasma and Mycoplasma
implies a critical role of this association in the disease
epidemiology and transmission cycle [20]. Despite
immense evidence of individual pathogen infection
within a host, co-infection with multiple pathogens has
been understudied, thus calling for metagenomic patho-
gen surveillance.

Pathogen detection in wildlife has largely relied on clas-
sical methods such as microscopy, serology, and basic
molecular methods such as polymerase chain reaction
(PCR) [21, 22]. However, rapid tests such as microscopy
and serology have been hampered by low sensitivity and
specificity, despite their dependability [23]. Thus, molec-
ular assays have proved reliable for definitive diagnostics.
However, these methods are not exhaustive since they
rely on the elimination of probable causes to attribute an
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infection to a particular pathogen. To further improve
sensitivity, reverse line blot hybridization (RLB) has been
coupled with PCR in the diagnostics of Anaplasma and
Theileria in different wildlife species by targeting 18 S
and 16 S rRNA gene sequences [13, 24, 25]. The genus-
specific 16 S rRNA gene marker has tremendously rev-
olutionized the investigation of bacterial communities
[26]. This has enabled comparison of the microbial com-
munities between different samples thereby enhancing
the attribution of an infection to synergistic microbes
rather than individual organisms.

The microbiome in blood is a relatively new area of
research in wildlife and livestock, but there is growing
evidence that bacteria in blood may play an important
role in animal health [27]. In the recent decade, micro-
biome studies have been explored in different wildlife
species to understand the microbial community diversity
across varying environmental conditions [28]. In ani-
mals, the blood microbiome is also thought to play an
important role in health and be used as a diagnostic tool
for pathogens in the blood or bacteria that lead to sepsis
[27, 29, 30]. Investigating the blood microbiome of wild-
life and other animals could become a crucial method
for biosurveillance [31, 32]. Several diagnostic methods
can be used to find pathogens in the blood or serum. The
most common are culture-based methods that involve
growing the bacteria in a laboratory environment so
that they can be identified. However, this method is
unreliable for pathogen detection, especially in wildlife,
because many of these bacteria cannot be easily cultured
or grow too slowly on traditional media [33]. Alterna-
tively, sequencing-based methods involve sequencing the
DNA of the bacteria in the blood to identify the species
of bacteria present, as well as to track the genetic changes
that occur in bacteria over time and space. Currently,
there are few published studies on blood microbiomes in
wildlife, especially in the interest of pathogen abundance
in potential reservoir hosts such as the African buffalo.
Next-generation sequencing can potentially speed up
the detection and identification of zoonotic pathogens in
wild animals.

African buffalo play a crucial role in the transmission
of zoonotic infectious diseases to humans and livestock.
Understanding the disease transmission dynamics of this
wildlife species is essential for safeguarding public health,
protecting animal welfare, and ensuring sustainable agri-
culture. In this study, we investigated the diversity of the
blood microbiome in wild African buffalo in Kenya by
sequencing the bacterial 16 S rRNA genes. To distinguish
between closely related pathogens, which cannot be eas-
ily differentiated using the standard V3-V4 region, we
sequenced the V1-V2 and V4-V5 variable regions. Spe-
cifically, we aimed to determine whether these regions
can be used to reliably identify pathogens in the blood
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of wildlife. To inform future biosurveillance studies, we
compared the microbial communities in whole blood
and serum to evaluate the utility of each sample type for
microbiome analysis. Specifically, we aimed to character-
ize the taxa occurring in both serum and blood, as well
as those taxa more likely to be present in either sample
type. To the best of our knowledge, this is the first study
to document the blood microbiome in a wildlife species.

Results

Our findings demonstrate the presence of many bacte-
rial taxa in the blood of wild African buffaloes. As shown
in Fig. 1, more bacteria diversity was observed in whole
blood for V12 amplicon compared to V45 which depicts
uniform OTU distribution in both blood and serum. Sec-
ondly, fewer OTUs were detected for V45 than V12 based
on the peak distributions shown in Fig. 1.

Amplicon sequencing of the bacterial V12 and V45
variable regions reveals diverse bacterial communi-
ties in both whole blood and serum samples from Afri-
can buffalo as demonstrated in Fig. 2 where bacterial
OTUs from each replicate are presented. Rickettsiales
and Mycoplasmatales were the most abundant bacte-
rial orders detected across a significant proportion of
the samples. Mycoplasmatales sequences were domi-
nant in the serum samples (124/132 replicates) while
Rickettsiales sequences were dominant in whole blood
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Fig. 1 Histogram showing the numbers of OTUs identified per sample.
The left and right figures show numbers for rRNA amplicons V12 and V45,
respectively. Colors indicate the sample type of serum or whole blood
from which the DNA was extracted
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(129/131 replicates) for amplicons corresponding to V12
variable regions. Amplicons from V45 variable regions
dominantly fell under the Rickettsiales order in serum
(131/134 replicates) and whole blood (132/132 replicates)
samples.

Several bacterial taxa show high abundance and high
prevalence among samples. As expected, both Myco-
plasmatales and Rickettsiales occurred with high con-
fidence in the amplicons V12 variable region on both
whole blood and serum sample types (Fig. 2). Within the
Rickettsiales order, the most prevalent OTU was Ana-
plasma which occurred in whole blood from 29 indi-
viduals and serum from two individuals (Supplemental
Table 1). Interestingly, one variant of Mycoplasma OTU
was enriched in whole blood (10) compared to serum
(2) while another one appeared to be more prevalent in
serum (22) than whole blood (2). For the V45 variable
region, several variants of Anaplasma sequences domi-
nated in both serum (22, 14, 3 samples) and whole blood
(38, 16, and 16 samples) results. One Mycoplasma OTU
was detected with high confidence in 7 serum samples
and 0 whole blood samples, while another OTU was
found in 2 whole blood samples and 0 serum samples.
(Supplemental Table 2). This mirrors, to a lesser degree,
the pattern in the V12 results. In addition to Mycoplasma
and Anaplasma, other OTUS identified from V12 vari-
able region sequenced from serum samples included
Kocuria, Bacillus, Lysinibacillus, Pseudarthrobacter,
Brachybacterium, Microbacterium, Actinoplanes, Pseu-
domonas, and Acinetobacter. Conversely, besides Myco-
plasma and Anaplasma, Acinetobacter were the only
OTUs identified with high confidence from V12 variable
regions sequences from whole blood. Other bacterial
genera detected with high confidence by V45 in serum
are Cutibacterium, Terribacillus, Haemophilus, Micro-
bacterium, Pseudomonas, Acinetobacter, Rhizobium
complex, Sphingobium, and Stenotrophomonas, while
Cutibacterium, Mycoplasma and Anaplasma were the
OTUs identified OTUs in whole blood.

Bacterial composition is dependent on the sampling
location of buffalo and sex. We tested for compositional
differences according to sampling location and sex. The
data was stratified by amplicon (V12 or V45) and sample
type (whole blood or serum), into four groups for com-
parison. To visualize sample comparisons by sampling
location, non-metric multidimensional scaling (NMDS)
plots were generated for V12 and V45 amplicons and the
different sample types (Fig. 3).

The results illustrate a significant interaction between
sampling location of the animals and their strong effect
on the microbial composition (Adonis2: Table 1). To
test if differences in microbial composition are driven
by constituents of the population or their variances, we
tested the effect of sample area on microbial dispersion.
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Fig. 2 The relative abundance of bacterial taxon groups per sample. The stacked bars are colored by bacterial OTU's as inferred by SINTAX [34]. Sample
replicates are grouped together while blank results are those that were filtered out due to low quality/coverage sequencing data. Dark grey color indi-
cates OTUs with relative abundances less than 0.6%. Sample technical replicates are grouped together. Sample numbers are labeled on the x-axis and

amplicon/sample-type are on the y-axis

A permutation test of beta dispersion measures supports
that sampling location has a strong effect on sample vari-
ability with a p-value of <0.001 for all comparisons and
R? values of 0.365, 0.269, 0.714, and 0.313 for V12 serum,
V12 whole blood, V45 serum, and V45 whole blood,
respectively. Full beta dispersion results are available in
Supplementary Results.

From our analysis, all Cohen’s kappa (k) values were
negative except for two V45 OTUs, both assigned to be in
the genus Anaplasma (Supplemental Fig. 1). The major-
ity of OTUs having negative k values indicate disagree-
ment between whole blood and serum tests is greater
than expected by chance. To test for statistical differ-
ence between OTU counts (and thus detection ability)
in blood versus serum, a multivariate negative binomial
model was fitted to the OTU counts data using DeSeq2.
For the V12 and V45 amplicons, 104 and 11 OTUs,
respectively, were enriched in the whole blood, while 29
and 32 were enriched in the serum (Fig. 4). Interestingly,
there were many OTUs slightly enriched in serum over
whole blood. Several OTUs correspond to common envi-
ronmental or skin associated genera, perhaps indicating

contamination. As expected, this model indicates that
Anaplasma and several Mycoplasma OTUs are strongly
enriched in the whole blood samples for V12 and V45
amplicons. However, OTUs identified as Bartonella were
also enriched in whole blood for both amplicons and one
Enrlichia V45 OTU was enriched in whole blood only
(Fig. 4). Unexpectedly, the Mycoplasma OTU with the
highest prevalence and infection intensity by V12 and
V45 detection was enriched in the serum. Numbers of
animals positive for high confidence OTUs in V12 and
V45 sequencing of serum and whole blood are outlined
in Supplementary Tables 1 and 2, respectively.

Diverse Anaplasma and Mycoplasma OTUs were iden-
tified from the sequenced 16 S amplicons correspond-
ing to V12 and V45 variable regions. Phylogenetic trees
incorporating the V12 OTUs and Anaplasma and Myco-
plasma sequences from the NCBI 16 S and/or SILVA
v138 illustrate the diverse occurrence of these bacte-
rial strains in buffalo (Fig. 5A and B). Although the trees
based on the V12 variable region lack resolution for
many clusters, several interesting relationships are well
supported. For instance, Anaplasma OTU13 was closely
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Fig. 3 Non-metric multidimensional scaling (NMDS) of species composition using Bray—Curtis distances. Each amplicon/sample-type dataset was ordi-
nated separately: (A) V12 serum, (B) V12 whole blood, (C) V45 serum, and (D) V45 whole blood. Points are colored by the 7 sampling locations. The k and

stress for ordinations are provided in each plot

Table 1 Results of the non-metric multidimensional scaling
(NMDS) adonis tests for sex and sampling location for both
sample types (serum and whole blood) and both 16 S rRNA gene
regions that were sequenced

Sex Location  Sex * Location

V12 serum R2 0.013 0.15 0.046

P-value  0.021 <0.001 <0.001
V12 whole blood R2 0.010 0.080 0.045

P-value  0.12 <0.001 <0.001
V45 serum R2 0.018 0.192 0.042

P-value  0.004 <0.001 <0.001
V45 whole blood R2 0.021 0.131 0.130

P-value  0.015 <0.001 <0.001

Bold P-values denote statistical significance at 0.05

related to an uncultured Anaplasma strain reported from
cattle in Ethiopia (KY924885), whereas there was 95%
support for OTU12 clusters’ relatedness to Anaplasma
platys associated with canine anaplasmosis. Another

OTU appears to be closely related to Anaplasma
boleense, which was reported from the Anopheles sinen-
sis mosquito in China. Finally, despite the most prevalent
OTU (OTU1) clustering within a clade that included A.
centrale and A. marginale, there was low internal branch
support possibly due to short internal branch lengths
along a star-like phylogeny.

Likewise, the Mycoplasma phylogenetic tree (Fig. 5B)
revealed the presence of several distinct Mycoplasma
species in the buffalo samples. Generally, the splits in
Mycoplasma tree had a greater resolution compared to
the Anaplasma tree. The most striking result is that all
the high confidence Mycoplasma OTUs cluster closely
together. This includes OTUs 6 and 4, which were most
identified both in serum and whole blood, respectively.
Whether this cluster is the result of standing diversity
in the local Mycoplasma populations or caused by mul-
tiple copies of 16 S sequences per genome remains to be
resolved. Some OTUs cluster with M. parvum (OTU93)



Nyamota et al. Animal Microbiome (2025) 7:6

Page 6 of 13

Differential detection of Bacterial Genera by 16S

Amplicon in Whole Blood vs. Serum
Vi2

w [<}]
1 '

Log2FoldChange
Serum<->Whole Blood
o

|
w
[

ewsejdeuy -
ewse|dooApy -
dog-
e||a49upIesn) -

seuowipunaaig -
eizjaiqg -

eljisse| -
SN220203UNY -
Seuowopnasd -
snjoeg -
snjjioegAxouy -

umouun -
wnuayoeqonbixy -

e|jauolieg -
wniqobuiyds -

WINIGOIDIWIUIYNLIOQ -
sn||19eqoay) -

SOPIOIPIBION -
1910e(q0}auIdy -
sno2020jAyde)s -
SN22020.2I\ -
wnaloeqing -
ewsejdeuy -
ewse|dooaAy -

umouuq -
e|jauolieg -
wniqobuiyds -

V45

OTU Class
Actinobacteria

Alphaproteobacteria
Bacilli
Gammaproteobacteria
Thermoleophilia
Unknown

e1z)91q -

snjjioeg -

ely|eq -
snjiydojewapoax) -

eljissep -
snjj1oegAxouy -

SEuoWopnasd -
eIydIlY3 -

SEUOWOSSOY -
wniajoeqauiio) -

seuowoydoijoudls -
Lunigqoziyy -

1910B(0}3UIdY -
sn22020jAyde)s -
seuowlipunaaig -
SN22020.2I -
wnaoeqing -
snoos020)dans -
seuowo|n||e) -
snaoooojse|g -
snooodeied -
19]9B(0IqN.I|0S -
WwiN13}oBqOIDIN -
e|jouurwnyoS -
serspjoypying -

Genus

Fig. 4 Differentially identified taxa in whole blood or serum. Each point shows the log2 fold enrichment in whole blood (positive) or serum (negative) of a
single OTU. Points are colored based on inferred bacterial class. Points are grouped by their genus classification. Burkholderia* = Burkholderia, Caballeronia,
Paraburkholderia and Rhizobium™* = Allorhizobium, Neorhizobium, Pararhizobium, Rhizobium

and M. suis (OTU83), commonly associated with swine
whereas one OTU clustered with M. haemobovis (hae-
mobos), associated with cattle. Trees generated with the
V45 amplicons largely show the same patterns, but with
lower bootstrap support (see Supplemental Fig. 2A-D).

Discussion

The African buffalo is known to be an important reservoir
for zoonotic and other pathogens that infect livestock [3,
4, 12]. As sequencing and the ability to agnostically detect
microbes in blood increases, it remains unknown if
whole blood or serum would be better for surveillance of
blood microbiomes in wildlife. Here, we demonstrate the
high diversity of blood microbial communities in African
buffalo, including significant pathogens, and notably, the
high abundance of Mycoplasma and Anaplasma OTUs.
Notably, no Brucella spp. reads were identified in the
samples, previously considered an important pathogen of
risk in African buffaloes [12].

The highest bacterial diversity was from the V12 region
in whole blood samples which implies its utility in the
interest of detecting the wider bacteria diversity in blood.
By sequencing whole blood and serum separately, we
found certain taxa that are more likely to be found in
either of the sample types. Sequencing the V45 region is
more likely to detect Anaplasma (Rickettsiales) in serum

and whole blood compared to the V12 region sequences
in which larger proportions of reads were Mycoplasma
(Mycoplasmatales). Depending on the taxa of interest in
blood, our results suggest that V12 can be used to detect
both Anaplasma and Mycoplasma, while V45 should be
used to detect Anaplasma. For the differential detection
in serum vs. whole blood, whole blood appears to be the
better option for the V12 and V45 regions. It is unclear
if other genera in the Rickettsiales and Mycoplasmatales
would follow the same patterns of being more dominant
in whole blood compared to serum. We suggest sequenc-
ing the whole blood and serum of other animal species to
discern whether similar or other biases exist in detecting
taxa in different sample types.

In addition to the sample type and variable region
sequenced, there were differences in blood microbiome
according to sampling location. These results are mainly
driven by differences between Meru and Isiolo, the two
most sampled locations (Isiolo, n=14; Meru, n=32).
These locations also had significantly higher variances in
their microbiomes than the other regions, which again, is
due to larger sample sizes. The interaction between sex
and location may have been driven by the unequal sam-
pling of males and females in these two locations. Isiolo
samples were 35.7% female, while Meru samples were
60% female.
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Significant differences in the microbiomes of buffalo
from Isiolo and Meru may also be due to sampling differ-
ent seasons and the different ecologies of Meru and Isi-
olo. All samples from Isiolo were collected during the dry
season, while those from Meru were collected during the
wet season. Additionally, the Meru National Park eco-
system comprises a bushland with open savannah areas
which is generally wetter than the dryer savannah habi-
tat characteristic of Isiolo. Arguably, these differences in
habitats have been attributed to the differential preva-
lence of vectors and associated pathogens in wild animal
species [35]. Further, the animals in Meru are more con-
tained, while those in Isiolo have more opportunities to
interact with livestock [36]. Because of these confound-
ing factors, it is difficult to tease apart how location, sea-
sonality, and host factors contribute to these differences.
Future work should investigate sex and seasonal differ-
ences in blood microbiomes in wild buffalo across Kenya.
It is also worth examining these groups of buffalo in asso-
ciation with their habitat and the consequences of inter-
acting with livestock.

While other studies have found Mycobacterium in
African buffalo [12], this is the first incidence of Myco-
plasma in African buffaloes. However, the identifica-
tion of Mycoplasma in African Buffalo is not unexpected
because many studies have found varying species and
strain in cattle and domestic water buffalo [18, 37-39].
Mycoplasma spp. can be a major pathogen in livestock.
For instance, Mycoplasma bovis has been reported to
cause not only bronchopneumonia and mastitis but also
affect other major organs in cattle [40]. In the last decade,
M. bovis infections have spread worldwide and are now
responsible for substantial economic impacts on live-
stock. According to our phylogenetic analysis, the species
identified here are most closely related to M. haemobovis,
M. parvum, M. suis, and M. wenyonii. Mycoplasma hae-
mobovis, M. parvum, M. suis are established pathogens
known to cause disease [41, 42], while M. wenyonii is a
suspected emerging pathogen [43]. We recommend that
additional sequencing and phylogenetic analysis be per-
formed using longer alignments to confirm these results.
Additionally, Mycoplasma specific cultures could be per-
formed to generate isolates for further differentiation
into species.

Anaplasma is a genus of bacteria constituting several
species known to be pathogenic in animals and humans.
Infected ticks, particularly Ixodes species, are the main
vectors for Anaplasma sp [44]. These Anaplasma species
include Anaplasma phagocytophilum, which causes ana-
plasmosis in various domestic and wild animals [45], and
Anaplasma marginale, the most common etiologic agent
of bovine anaplasmosis in bovine and ruminant species
across Africa [45, 46]. Further, several pathogenic Ana-
plasma species have been reported in camels from Kenya
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[47-49]. The prevalence for the A. marginale-like OTU
in our samples according to whole blood high confidence
detections are 67 and 86% for V12 and V45 amplicons,
respectively. This corroborates findings from previous
studies in Africa where up to 70% prevalence of A. margi-
nale has been reported in buffalo [13, 50, 51]. This under-
scores the need for additional studies into A. marginale
prevalence and, importantly, the impacts on host health.

Serum, and to a lesser degree, whole blood may be
susceptible to contamination due to low bacterial DNA
content in samples. Here, we show that serum can be
used, with caution, to identify some blood microbiome
constituents, particularly those at high relative abun-
dances. However, many OTUs were enriched in whole
blood, suggesting an underestimation of the prevalence
and relative abundances of these (and other) bacteria
if only serum samples were sequenced. This might be
expected, particularly for intracellular pathogens such
as Anaplasma and Mycoplasma that are depleted in
serum. Interestingly, one Mycoplasma OTU was strongly
enriched in serum samples, both in raw data (Fig. 4) and
when filtering for high confidence detections (Supple-
mental Tables 1 and 2). The reason for this is unknown,
but hosts may be mounting active immune responses
leading to high amounts of free bacterial DNA in the
serum. Regardless, this indicates that sequencing both
serum and whole blood might be necessary to get a full
picture of the blood microbiome.

We sequenced two variable regions of the 16 S rRNA
gene that are typically sequenced for microbiome stud-
ies. Mounting evidence suggests that multiple marker
genes are required to adequately profile the microbial
diversity in individual hosts and environments [50, 52],
with different variable regions being recommended for
different taxa [53]. Our results provide information on
alternative variable regions, as alternative markers for the
detection of bacterial pathogens in African buffaloes. It
is still unknown whether certain variable regions, or sets
of regions, give the most accurate representation of taxa
in a sample. Despite these issues, long read sequencing
technology may negate the need to choose one or a set of
regions for microbiome analysis [54, 55].

One limitation to this study is that the results from the
V1-V2 and V4-V5 regions were not compared to the stan-
dard V3-V4 region that is typically sequenced. Therefore,
we cannot determine whether these two regions provide
better resolution of these taxa compared to V3-V4. Addi-
tionally, our uneven sampling of buffalo from wet and
dry seasons, and the fact that all dry season samples were
from one location, did not allow us to reliably compare
blood microbiomes between seasons. Additional work
should focus on the seasonality of pathogens in buffalo
to help tease apart transmission and how the risk to live-
stock and humans may shift as seasons change.
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Fig. 6 Map of Africa showing the location of Kenya, and a blown-out map showing the seven-sampling location (shown as blue dots) of the buffalos in

Meru and Isiolo counties

Blood contains fewer microbes in apparently healthy
animals (or humans) than other body sites such as the
gastrointestinal tract or skin. Therefore, DNA or RNA
in blood will be lower and the sensitivity of the molec-
ular detection technique or sequencing platform will
be important. Although a concept that may not be fully
accepted yet, there is accumulating evidence for the exis-
tence of a healthy blood microbiome [56]. Since blood
has traditionally been seen as a sterile environment, com-
prising only blood-cells, platelets and plasma, the detec-
tion of microbes in blood was consistently interpreted as
an indication of infection or sepsis. Despite the growing
acceptance of blood microbiome in healthy individuals,
there are still uncertainties about whether these bacteria
occupy a stable ecological niche or are merely transient
residents [56]. For instance, some researchers have sug-
gested that bacteria in the blood may be moving between
other sites in the body, particularly the gastrointestinal
tract [57]. We hypothesized that wild buffaloes would
have both non-pathogenic and pathogenic bacteria in
their blood due to wildlife in general being more exposed
to microbes in the environment and through vectors.

Conclusions

The findings from this study support the hypothesis that
African buffalo have a diverse bacterial blood microbi-
ome. Furthermore, diverse Anaplasma and Mycoplasma
species may reduce livestock productivity and pose zoo-
notic risks to humans, particularly at the intersections
of human, livestock, and wildlife populations. Thus, we
recommend microbiome profiling in invertebrate vectors
such as ticks that could play a role in the transmission of
these pathogens across various vertebrate species. This
will be crucial in informing the transmission dynamics

and lead to formulation of adequate disease control
measures.

Methods

Study site

This study targeted African buffalo (Syncerus caffer caf-
fer) populations from protected wildlife areas in Meru
National Park, Buffalo Springs and Shaba National
Reserves in upper eastern Kenya (Fig. 6). Both the tar-
geted sampling areas are characterized by large popula-
tions of wild herbivores that include African elephants,
zebra, and diverse antelope species [58, 59]. They also
border agro-pastoral areas thus implying livestock-wild-
life interactions when herders often drive their animals
into the parks in search of pasture during the dry seasons
[36]. Sampling was done during the dry season (n=14) in
November 2021 and the wet season (n =32) in April 2022.

Sample collection

The animals were sampled by veterinarians from the
Kenya Wildlife Service (KWS). The animals were sedated
using a combination of Etorphine (9.8 mg/mL) and Aza-
perone (100 mg/mL). Blood and serum samples collected
from 46 buffaloes included 22 female and 24 male ani-
mals. About 15 mL of blood was drawn from the jugular
vein into sterile EDTA vacutainer tubes (10 mL BD vac-
utainer© K2E [EDTA, BD]), while 4 ml blood for serum
was collected into plain tubes (BD vacutainer®, BD). The
anesthesia was reversed using Naltrexone (50 mg/mL).
The serum was processed by centrifuging the blood at
1500 g for 15 min and transferred into barcoded 1.5 ml
cryovials. Data on geographic coordinates of sampling,
age, sex, herd sizes and sample barcodes were collected
using Open Data Kit (ODK) database systems (San
Diego, USA). The samples were preserved in motorized
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freezers at -20 °C before being transported to Interna-
tional Livestock Research Institute (ILRI) laboratories in
Nairobi for analysis.

DNA extraction and NGS sequencing

Total deoxyribonucleic acids (DNA) were extracted from
each sample using TANBead OptiPure Blood DNA Auto
Kit on Maelstrom TANBead Automated DNA extractor
(TANBead, Taoyuan, Taiwan). The ready-to-sequence
16 S rRNA gene amplicon library was generated using
16 S Microbial ID Kit (BioID Genomics, Inc. USA) as
previously described [60]. The generated library was
quantified using Qubit dsDNA HS Assay (ThermoFisher
Scientific, USA) while the average size of the library was
determined by Agilent High Sensitivity DNA Kit (Agi-
lent Technologies, USA) before pooling. The pooled
library was sequenced using MiSeq Reagent kit v2 (500
cycles) on the Illumina MiSeq platform (Illumina Inc.,
USA) to generate paired-end 250 bp reads. Each sample
was sequenced in triplicate where each plate included a
no template negative control and ZymoBIOMICS micro-
bial community DNA standard (Zymo, USA) as a positive
control.

Bioinformatics and statistical analysis

Demultiplexing, paired-end merging, trimming and anal-
ysis of the generated FASTQ files were done on the Rapid
Infectious Disease Identification (RIDI) system (Fry
Laboratories, LLC. USA) [61]. Reads for V12 and V45
variable regions were extracted from RIDI results files
and analyzed separately with a usearch-based pipeline
[62]. Briefly, unique sequences from concatenated V12
or V45 variable regions were identified from the fastq
files using “usearch -fastx_uniques” function. The func-
tion -sortbysize was used to filter out unique sequences
found only once and to sort by length. The operational
taxonomic units (OTUs) were generated using the clus-
ter_otus method. First, -cluster_otus generated OTUs
from clusters of 97% identity. Reads were mapped back to
both OTUs with -otutab. Finally, OTU taxonomies were
inferred with -sintax using the SILVA version 138.1 small
subunit database available at https://www.arb-silva.de/no
_cache/download/archive/release_138_1/Exports/SILVA
_138.1_SSURef NR99_tax_silva.fasta.gz [63].

OTU abundance tables and taxonomy were analyzed
in R (version 4.1.1), using phyloseq (version 1.40.0) [64],
tidyverse (version 2.0.0) [65] and DESeq2 (version 1.36.0)
[66]. For all analyses, samples with less than 20 OTU
hits and those with less than 5 total reads were filtered
out. For high-confidence detection 16 S sequences from
corresponding serum and blood, technical replicates
were only tagged as positive for an OTU if the relative
read abundance was greater than 5%, and an animal was
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only tagged as positive if all the technical replicates were
positive.

To test for agreement between serum and whole blood
sequencing, Cohen’s Kappa (k) values were calculated
directly for each high confidence OTU positive desig-
nation according to [67]. V12 and V45 amplicon agree-
ment was tested similarly except the OTU presence data
from above was translated into their corresponding gen-
era according to their SILVA database hits then Cohen’s
(k) was calculated. This was required because the V12
and V45 OTUs from the same organism are different
sequences and unlinked. Thus, they must be analyzed
based on taxonomic assignment instead of the OTU
sequence itself.

The V12 and V45 amplicons data and analyzed sepa-
rately to test for OTU enrichment in either sample
type. Sequences from whole blood and serum from
each buffalo were paired and analyzed using DESeq2 to
build linear models for differential abundances of each
detected OTU in whole blood versus serum. These mod-
els attempted to detect consistent differences between
abundances of a particular OTU in blood or serum while
accounting for between replicate variance and the effects
of competing amplicons in each reaction. For these mod-
els, we chose to use the animal ID as a random effect,
with the assumption that each animal has a “true” infec-
tious load that should be reflected in blood and serum
equally if there is no differential presence in the two sam-
ple types.

Phylogenetic trees were inferred for Mycoplasma and
Anaplasma rRNA amplicons. V12 and V45 amplicons
identified as Mycoplasma or Anaplasma were extracted
from the OTU files and aligned to publicly available 16 S
sequences. For Anaplasma, only sequences labeled as
Anaplasma from the SILVA 138.1 SSURef NR99 data-
base were used. Because the SILVA database contains
numerous 16 S sequences of Mycoplasma, we first build
a tree using curated sequences from NCBI (nucleotide
search “(txid2093[ORGN] AND (33175[Bioproject] OR
33317[Bioproject]))” The OTU sequences were contained
on a long branch, so additional sequences were deemed
necessary. We ran a Blastn search of the SILVA database
to identify sequences related to the Mycoplasma OTUs.
Briefly, Mycoplasma V12 and V45 OTUs were used as
queries separately and the 15 highest scoring sequences
for each were retained. These sequences were concat-
enated together, along with the NCBI 16 S and OTU
sequences to make the final dataset for analysis. Align-
ments were performed with mafft (version v7.520) [68]
using default parameters. Poorly aligned regions and
those covered by less than 10% of sequences (“-gt 0.9”)
were removed using Trimal (version vl.4.revl5) [69].
Phylogenetic trees were inferred with IQTree2 (version
2.2.5) [70] using IQtree’s internal build of modelfinder
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[71] for automatic model selection. Four trees were
inferred: Anaplasma V12, Mycoplasma V12, Ana-
plasma V45, and Mycoplasma V45 with TPM3 +1+R2,
TVMe+G4, TIM2e+R2, and GTR+F+R3 models,
respectively, based on BIC. Support values were calcu-
lated from 1000 ultrafast bootstrap replicates. Trees were
visualized on iTOL (accessed 4-15-2024) [34]. The V12
and V45 trees were largely the same, so we included the
V45 trees with the supplemental information.

To compare bacterial species composition among sam-
pling locations, vegan R package (version 2.5-6) [72] was
used to generate non-metric multidimensional scaling
(NMDS) of Bray—Curtis distances using the non-rar-
efied dataset. We transformed the abundance data into
proportions for the ordination. We compared species
composition between the seven sampling locations and
animal sex. To determine significant differences for each
variable, we used permutational ANOVAs (PERMANO-
VAs) using the adonis2 function in the vegan package
with 10,000 permutations and included an interaction
term between location and sex. We also tested for differ-
ences in the dispersion (i.e., variances) between the vari-
ous locations and sex using the betadisper function also
from the vegan package. We tested for dispersion differ-
ences based on sample location with the centroid option
with 9,999 permutations.
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