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Simple Summary: Bacteria play vital roles in animal welfare, and some bacteria are even
present in the blood of healthy individuals, reflecting overall microbial ecology. In this
study, the blood microbiota of endangered American bison in a Mexican biosphere reserve
was analyzed to better understand their health and support conservation efforts. The
blood bacterial communities of 12 juvenile and 12 adult bison were compared using ad-
vanced DNA sequencing techniques. Juveniles exhibited less diverse microbiota (33 phyla,
333 families, and 704 genera) than adults (49 phyla, 583 families, and 1439 genera), with
significant differences in composition and abundance. Notably, Mycoplasma wenyonii was
more prevalent in juveniles. Many bacteria found in bison blood, including Firmicutes
and Proteobacteria, are typically abundant in their digestive systems, suggesting com-
mon translocation into the bloodstream. These findings reveal age-related microbiota
differences and potential links to health. Understanding the blood microbiota offers in-
sights into disease risk, environmental influences, and overall well-being, thus supporting
the development of conservation strategies to preserve vulnerable species such as the
American bison.

Abstract: The emerging field of study of blood microbiota reveals the presence of bacte-
ria in the blood of healthy animals. In endangered species such as the American bison
(Bison bison), the analysis of this microbiota is crucial for conservation, as changes in these
communities or the development of pathogens may affect their health and compromise
herd viability. Here, we analyzed and compared the bacterial blood microbiota of healthy
adult and juvenile bison in Mexico (Janos, Chihuahua), identifying those bacterial taxa with
potential pathogenicity for these individuals. Blood samples were collected from 12 juvenile
and 12 adult bison. The V3-V4 region of the 165 rRNA gene was amplified, and next-
generation sequencing was subsequently performed on the Illumina NovaSeq platform.
The bacterial taxa observed in the blood of these individuals (Firmicutes, Proteobacteria,
Bacteroidota, Actinobacteria, Fusobacteriaceae, Lachnospiraceae, Oscillospiraceae, and
Ruminococcaceae) have been previously reported to be abundant in the rumen and feces
of bison. The most notable difference was observed for Mycoplasma wenyonii, which was
significantly enriched in juveniles compared with adults. New sequencing technologies can
be practically applied to improve the management and conservation of vulnerable species
such as the American bison.
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1. Introduction

Bacteria form diverse and complex communities that inhabit animal species, and
constitute their microbiota [1]. Several studies have revealed important ecological and
evolutionary insights, revealing a significant connection between the microbiota and animal
health [2]. In particular, the study of bacterial diversity in endangered or vulnerable
species has become highly relevant in conservation because the microbiota plays crucial
roles in health, environmental adaptation, and species survival [3,4]. Changes in the
microbiota, such as those caused by captivity, reintroductions, translocations, or climate
change, can negatively impact host health and the ability to adapt [5,6]. These findings
highlight the importance of integrating the study of bacterial diversity into management
and conservation strategies for at-risk species to optimize individual health and promote
the sustainability of their populations.

The study of bacteria in the bloodstream, known as the blood microbiota/microbiome,
is an emerging area of research in microbiology and medicine. Blood was once considered
a sterile environment under normal conditions; however, recent studies have identified the
presence of bacterial communities in the blood of healthy individuals, raising questions
about their origin, physiological role, and relationship to health [7,8]. Next-generation
sequencing (NGS) has enabled the characterization of the blood bacterial microbiota in
healthy humans [9,10] as well as in other animal species such as cats, mice, and dogs [11-13].
Various studies suggest that bacteria circulating in the blood of vertebrates may be translo-
cated from other body parts, such as the gut, mouth, or skin, through the processes of
intestinal permeability, microlesions in epithelial barriers, or acquisition via arthropod
vector transmission [9,14-18]. Because blood connects all body organs, its microbiota may
reflect to some extent the bacteria that inhabit various body compartments and those ac-
quired through arthropod vectors [19-22]. In the context of vulnerable animals, studying
their blood microbiota could provide a better understanding of their microbial ecology as
well as the bacterial species with potential pathogenicity circulating in their populations,
which under certain circumstances may cause disease in individuals.

The American bison (Bison bison) is the largest terrestrial mammal in North America
and is adapted to grassland ecosystems. This ruminant contributes significantly to the
ecology of the Great Plains, influencing the plants and animals with which it interacts [23].
Furthermore, it was fundamental to the culture and economy of indigenous people, who
used it as a source of food, shelter, and fuel [24]. Before European colonization, it is esti-
mated that there were between 30 and 60 million bison in North America [25]. However,
between 1830 and 1880, the population drastically declined to approximately 1000 indi-
viduals due to overhunting, habitat fragmentation, disease, and strategic use to weaken
indigenous communities who were dependent on this species [26—28]. The International
Union for Conservation of Nature (IUCN) Red List places the American bison in the Criti-
cally Depleted category owing to its absence from much of its original distribution. Most of
the current herds within this range are the result of reintroductions, providing them with
a significant conservation legacy [29]. In Mexico, bison once inhabited the arid plains of
the Chihuahuan Desert in Sonora, Chihuahua, Coahuila, Nuevo Leén, and Durango [30].
To date, only 512 individuals remain in two conservation herds within Mexico: Rancho El
Uno in the Janos Biosphere Reserve, Chihuahua (395 individuals, Robles-Félix, personal
communication) and the Maderas del Carmen Protected Natural Area, Coahuila (117 indi-
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viduals, Delgadillo-Villalobos, personal communication). The Mexican government has
listed the American bison as endangered since 2010 [31] because of its small population
and high risk of extinction [32-34].

Some studies have provided records on the ruminal, gastrointestinal, and fecal mi-
crobiota of the American bison [35-39]; however, no information has yet been generated
regarding its blood microbiota. These data will enhance the understanding of the microbial
ecology of these ruminants and serve as a microbiological reference for herds currently
protected in other regions. Therefore, the present study analyzed and compared the bac-
terial blood microbiota of healthy adults and juvenile bison in a biosphere reserve in
northwestern Mexico. Additionally, bacterial species with potential pathogenicity for these
individuals were identified.

2. Materials and Methods
2.1. Study Area

The study was conducted at Rancho El Uno, which is located in the Janos Biosphere
Reserve, Chihuahua, Mexico (30°50'15.87” N, 108°25'39.29” W; Figure 1). This site is located
in the northwestern part of the state of Chihuahua, adjacent to Sonora and New Mexico,
USA. The average annual temperature is 16 °C, and the average annual precipitation is
300 mm. The dominant vegetation type is open medium grassland [40].
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Figure 1. Study area at Rancho El Uno, Janos, Chihuahua, Mexico, where the American bison (Bison
bison) conservation herd is located.

2.2. Blood Sample Collection

In November 2023, blood samples were collected from 12 juvenile bison (less than
1 year old) and 12 adult bison (1 to 10 years old). Individuals were randomly selected from
the herd. The animals were immobilized in a livestock press adapted for bison. Aseptic
procedures were performed at the puncture site (coccygeal vein) using povidone-iodine
(PoviCare™, AdvaCare Pharma USA, Cheyenne, WY, USA). Blood samples were then
extracted using 3 mL syringes and 20 G needles [41]. For each animal, 1 mL of blood was
collected and placed into a lysis Bashing Bead tube containing 750 uL of lysing/stabilizing
solution (Zymo Research, Irvine, CA, USA). Each tube was processed in a Terralyzer (Zymo
Research, Irvine, CA, USA) cell disruptor for 30 s to macerate the sample and preserve
the DNA.
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2.3. Laboratory Work

DNA was extracted from the blood samples of the bison using a commercial kit
(Zymobiomics DNA MiniPrep Kit from Zymo Research, Irvine, CA, USA). This process
was carried out in a UV laminar flow hood following all sterility protocols. Samples were
processed at Novogene Corporation, Inc. (Davis, CA, USA), and the V3-V4 region of
the 16S rRNA gene was amplified via the primers 341F (CCTAYGGGRBGCASCAG) and
806R (GGACTACNNGGTATCTAAT). PCR was carried out using 15 pL of Phusion® High-
Fidelity PCR Master Mix (New England Biolabs, Ipswich, MA, USA), 2 uM of forward
and reverse primers, and approximately 10 ng of template DNA. The thermal program
consisted of initial denaturation at 98 °C for 1 min, followed by 30 cycles of denaturation at
98 °C for 10 s, alignment at 50 °C for 30 s, and elongation at 72 °C for 30 s. An equal volume
of 1X loading buffer (containing SYBR™ green, Thermo Scientific, Waltham, MA, USA) and
PCR products was mixed for electrophoresis on a 2% agarose gel for detection. The PCR
products were mixed in equal proportions. The mixed PCR products were then purified
using a Qiagen gel extraction kit (Qiagen™, Hilden, Germany). Sequencing libraries were
generated using a PCR-free TruSeq® DNA sample preparation kit (Illumina, San Diego, CA,
USA) following the manufacturer’s instructions, with index codes added. Library quality
was assessed using a Qubit® 2.0 fluorometer (Thermo Scientific, Waltham, MA, USA) and
an Agilent Bioanalyzer 2100 (Agilent, Santa Clara, CA, USA) system. Finally, the library
was sequenced on an [llumina NovaSeq platform, generating paired-end reads of 250 bp.

2.4. Bioinformatic Analysis

The bioinformatic analysis was performed using Quantitative Insights into Microbial
Ecology (QIIME2) on the Linux Ubuntu platform [42]. The DADA?2 algorithm (divisive
amplicon denoising algorithm) [43] was employed to remove low-quality sequences, filter
chimeric sequences, and generate amplicon sequence variants (ASVs) [44]. The Green-
genes2 database [45] was used for taxonomy assignment. ASVs at the species level were
confirmed on the National Center for Biotechnology Information (NCBI) database using
the Basic Local Alignment Search Tool (BLAST) tool. To accept an ASV as a valid species,
three conditions had to be met: (1) the identity percentage must be greater than 98.0%, and
this number must not be equal to that of other related taxa; (2) the E value must be 0.0
or less; and (3) the query cover (alignment coverage) must be 100%. If any of these three
conditions were not met, the taxon remained at the genus level. Reaching the species level
(latinized name) was considered important because accurate taxonomic identification of
the bacteria circulating in bison blood is key for understanding their function, preventing
disease, and improving the health and well-being of these animals. The relative abundance
of the dominant ASVs at the phylum, family, and species levels for juvenile and adult
bison was graphed using heatmaps in the Morpheus program (Broad Institute), and Venn
diagrams (Venny 2.1.0) were used to observe the number of ASVs at these three levels that
were unique or shared between age classes. To statistically compare the bacterial microbiota
between the age classes of B. bison, a rarefaction process was performed to unify the number
of sequences for all samples. With this new absolute abundance file, four alpha diversity
metrics were obtained (observed features, Shannon index, Pielou evenness, and Faith’s
phylogenetic diversity index), and a Mann-Whitney test (p < 0.05) was applied to each
one to test for significant differences between the age classes. Significant alpha diversity
metrics were visualized in boxplots using GraphPad Prism ver. 8.0.2. Four beta diversity
metrics were subsequently obtained: (1) Jaccard [46], a qualitative dissimilarity metric
based on the presence/absence of species between communities that varies between 0
(communities have no species in common) and 1 (communities are identical in terms of
species present); (2) Bray—Curtis [47], a quantitative dissimilarity metric based on the abun-
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dance of each species in the communities, varying between 0 (the two communities are
identical in species composition and abundance) and 1 (the two communities do not share
any species); and (3) unweighted UniFrac and (4) weighted UniFrac. Both UniFrac [48]
metrics generate a dissimilarity value that varies between 0 and 1: 0 when communities are
completely identical in terms of phylogenetic composition (unweighted) or composition
and abundance (weighted) and 1 when communities do not share a phylogeny and all
lineages are exclusive to a community. Permutational multivariate analysis of variance
(PERMANOVA) tests were applied (p < 0.05) to beta diversity metrics across ages. Signifi-
cant beta diversity metrics were visualized in principal coordinate analysis (PCoA) graphs
generated by Emperor [49]. To determine the bacterial taxa causing dissimilarity between
ages, similarity percentage analysis (SIMPER) [50] was applied at the phylum, family, and
species levels using PAST 5.1 (University of Oslo, Norway), then, Mann-Whitney tests
(p < 0.05) were performed between ages for the taxa whose contribution to dissimilarity
was greater than 0.1%. Finally, significantly different bacterial taxa were represented in
heatmaps using the CLUSTVIS program [51].

3. Results

The average number of reads obtained for juvenile bison was 193,631.3, whereas for
adult bison, it was 182,494.8. The average number of nonchimeric sequences for juveniles
was 147,468.8 (75.36%), and for adults, it was 148,193.6 (81.07%) (Table S1). The total
number of ASVs for both age classes was 13,008 (3083 for juveniles and 10,379 for adults).
The ASV richness of juvenile bison included 33 phyla, 69 classes, 195 orders, 333 families,
704 genera, and 890 species (109 achieved a latinized name), whereas for adult bison,
it included 49 phyla, 99 classes, 293 orders, 583 families, 1439 genera, and 2112 species
(351 achieved a latinized name) (Table S2).

For both age groups, the phyla Firmicutes_D and Proteobacteria were the most abun-
dant (juveniles: mean = 55.22%, 15.62%; adults: mean = 30.47%, 18.95%, Figure 2(al,a2)).
The most abundant family in juvenile bison was Mycoplasmoidaceae (mean = 53.50%),
followed by Rhizobiaceae (mean = 9.34%). In adult bison, the most abundant family was
Mycoplasmoidaceae (mean = 27.37%), followed by Bacteroidaceae (mean = 7.59%) and
Burkholderiaceae (mean = 5.33%; Figure 2(b1,b2)). The most abundant genus in juvenile
bison was Mycoplasma (mean = 47.9%), followed by Bartonella (mean = 9.2%). In adult bison,
Mycoplasma (mean = 26.4%) was also the most abundant genus, followed by Comamonas
(mean = 5.1%). The most abundant species in juveniles was Mycoplasma wenyonii (mean =
31.3%), followed by M. ovis (mean = 16.5%), whereas in adults, M. ovis (mean = 23.5%) was
the most abundant species (Figure 2(c1,c2)).

Juveniles possessed two phyla that were absent in adults (Deferribacterota and Myxo-
coccota A437813), whereas adults possessed 18 phyla (Fusobacteriota, Zixibacteria, Calditri-
chota, Methylomirabilota, UBA10199, Fibrobacterota, SAR324, Firmicutes B370541, Eisen-
bacteria, Desulfobacterota G459544, WOR-3, TA06, Krumholzibacteriota, Dependentiae,
Synergistota, Thermosulfidibacterota, Thermotogota, and Riflebacteria) that were not ob-
served in juveniles. The two age classes shared 31 phyla (60.8%) (Figure 3a). At the family
level, juvenile bison possessed 62 taxa not present in adults, whereas adults possessed
312 families that were not observed in juveniles, while 271 families (42%) were found in
both age classes (Figure 3b). Juvenile bison possessed 323 species not reported in adults,
whereas adults possessed 1552 species not present in juveniles, while 573 species (23.4%)
were found in both juvenile and adult bison (Figure 3c).
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Figure 2. Heatmaps of the most abundant bacterial taxa at the phylum, family, and species levels

in the blood of juvenile (al,b1,c1, respectively) and adult bison (a2,b2,c2, respectively) in Janos,
Chihuahua, Mexico.

Differences were observed in three of the four alpha diversity metrics, with signifi-
cantly higher values for adults (A) than for juveniles (J): number of ASVs (U = 14, p = 0.0009;
Jmean = 324.6, Amean = 997), Shannon index (U = 37, p = 0.046; Jmean = 3.88, Amean = 6.01),
and Faith’s phylogenetic diversity (U = 34, p = 0.030; Jmean = 60.22, Amean = 91.68) (Figure 4).
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Pielou evenness was not significantly different across age classes (U = 56, p = 0.370;
]mean = 0-46/ Amean = 0.60).

a b

Figure 3. Venn diagrams of the number of bacterial taxa at the (a) phylum, (b) family, and (c) species
levels in the blood of juvenile (blue) and adult (yellow) bison in Janos, Chihuahua, Mexico.
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Figure 4. Boxplots of the number of observed features (a), Shannon index (b), and phylogenetic
diversity (c) of the blood bacterial microbiota of juvenile and adult bison in Janos, Chihuahua, Mexico.

Cross = mean.

With respect to beta diversity, all four indices showed significant differences: the
Jaccard index PERMANOVA pseudo-F =1.97, p = 0.001; Bray—Curtis PERMANOVA pseudo-
F =2.30. p = 0.007; unweighted UniFrac PERMANOVA pseudo-F = 5.56, p = 0.001; and
weighted UniFrac PERMANOVA pseudo-F = 4.36, p = 0.008. The principal coordinate
analysis (PCoA) plots show the separation of the two age classes for the four beta diversity
indices (Figure 5a—d).
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Figure 5. Principal coordinate analysis (PCoA) plots of the Jaccard index (a), Bray—Curtis index (b),
unweighted UniFrac (c), and weighted UniFrac (d) of the blood bacterial microbiota of juvenile (blue
dots) and adult (red dots) bison in Janos, Chihuahua, Mexico.

Based on the SIMPER analysis, the overall dissimilarity at the phylum level between
juveniles and adults was 55.13%. Six phyla showed significant differences between age
groups, with adults exhibiting five enriched phyla and juveniles showing only one, the
Planctomycetota (Figure 6). At the family level, the overall dissimilarity was 72.67%, with
34 taxa differing (30 enriched in adults and four enriched in juveniles: Mycoplasmoidaceae,
Tepidisphaeraceae, Blastocatellaceae, and Sphingobacteriaceae) (Figure 6). At the species
level, the overall dissimilarity was 86.95%. Significant differences were observed in 39 taxa,
five of which were more abundant in juveniles (Mycoplasma wenyonii, Sphingomonadaceae—
other, Phocaeicola sartorii, Prevotella sp., and Sulfotelmatobacter sp.) and 34 in adults (Figure 7).
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Phylum Max
I S Age class

Bacteroidota (DC = 11.43%, U = 37, p = 0.046)
Firmicutes_A (DC = 8.69%, U = 28, p = 0.012)

Fusobacteriota (DC = 3.23%, U = 18, p < 0.001) Age class
Firmicutes_C (DC = 0.97%, U = 18, p = 0.001) Adults

‘ Juveniles
Planctomycetota (DC = 0.71%, U = 32, p = 0.021)

Spirochaetota (DC = 0.12%, U = 25, p = 0.004)

Family Min
I I I IR Age class

Mycoplasmoidaceae (DC = 34.87%, U = 38, p = 0.026)
Burkholderiaceae A592522 (DC = 3.88%, U = 37, p = 0.046)
Fusobacteriaceae (DC = 2.18%, U = 18, p < 0.001)
Streptococcaceae (DC = 1.42%, U = 25, p = 0.006)
Ruminococcaceae (DC = 1.21%, U = 24, p = 0.005)
Listeriaceae (DC = 1.12%, U = 12, p < 0.001)
Marinilabiliaceae (DC = 1.08%, U = 31, p = 0.018)
Xanthomonadaceae (DC = 1.05%, U = 37, p = 0.045)
Mycobacteriaceae (DC = 1.00%, U = 19, p = 0.002)
Staphylococcaceae (DC = 0.94%, U = 13, p < 0.001)
Aerococcaceae (DC = 0.85%, U = 11.5, p < 0.001)
Moraxellaceae (DC = 0.70%, U = 28, p = 0.011)
Enterobacteriaceae (DC = 0.68%, U = 32.5, p = 0.024)
Lactobacillaceae (DC = 11.67%, U = 24, p = 0.004)
Planococcaceae (DC = 0.55%, U = 19, p = 0.002)
Rhodocyclaceae (DC = 0.42%, U = 18, p < 0.001)
Veillonellaceae (DC = 0.40%, U = 25, p = 0.003)
Neisseriaceae (DC = 0.38%, U = 28, p = 0.003)
Pasteurellaceae (DC = 0.35%, U = 14, p < 0.001)
Leptotrichiaceae (DC = 0.26%, U = 36, p = 0.007)
Tepidisphaeraceae (DC = 0.24%, U = 30.5, p = 0.012)
Acidaminococcaceae (DC = 0.22%, U = 28, p = 0.007)
Actinomycetaceae (DC = 0.21%, U = 23, p = 0.004)
Alteromonadaceae (DC = 0.20%, U = 14, p < 0.001)
Bacillaceae (DC = 0.19%, U = 25.5, p = 0.003)
Burkholderiaceae A580492 (DC = 0.18%, U = 30, p = 0.002)
Peptoniphilaceae (DC = 0.17%, U = 31, p = 0.010)
Anaerovoracaceae (DC = 0.14%, U = 28, p = 0.008)
Erysipelotrichaceae (DC = 0.14%, U = 19, p = 0.001)
Clostridiaceae (DC = 0.13%, U = 12, p < 0.001)
Bifidobacteriaceae (DC = 0.13%, U = 13, p < 0.001)
Porphyromonadaceae (DC = 0.12%, U = 27, p = 0.003)
Blastocatellaceae (DC = 0.11%, U = 31, p = 0.009)
Sphingobacteriaceae (DC = 0.10%, U = 24, p = 0.004)

Figure 6. Heatmaps at the phylum and family levels of the blood bacterial microbiota of juvenile and
adult bison in Janos, Chihuahua, Mexico, highlighting the taxa significantly enriched for each age
group. DC = dissimilarity contribution percentage, U = Mann-Whitney test, p = significance level.
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T Age class Max

Mycoplasma wenyonii (DC = 18.79%, U = 36, p = 0.036)
Comamonas sp. (DC = 2.99%, U = 12, p < 0.001)
Fusobacterium sp. (DC = 1.66%, U = 36, p = 0.007)
Streptococcus sp. (DC = 0.99%, U = 23, p = 0.004) S i
Cutibacterium acnes (DC = 0.97%, U = 19, p = 0.002) I A
Listeria sp. (DC = 0.91%, U = 24, p = 0.001) Juveniles

Stenotrophomonas sp. (DC = 0.82%, U = 20.5, p = 0.001)
Staphylococcus sp. (DC = 0.55%, U = 13, p < 0.001)
Chryseobacterium sp. (DC = 0.52%, U = 30, p = 0.007)
Enterobacteriaceae_A;Other (DC = 0.46%, U = 28, p = 0.011)
Bacteroides uniformis (DC = 0.42%, U = 36, p = 0.007)
Faecalibacterium hattorii (DC = 0.41%, U = 30, p = 0.002)
Corynebacterium sp. (DC = 0.35%, U = 7, p < 0.001)
Acinetobacter sp. (DC = 0.35%, U = 13.5, p < 0.001)
Methyloversatilis sp. (DC = 0.33%, U = 36, p = 0.007)
Sphingomonadaceae;Other (DC = 0.28%, U = 33, p = 0.026)
Bacteroidaceae;Other (DC = 0.27%, U = 37.5, p = 0.045)
Prevotella conceptionensis (DC = 0.27%, U = 36, p = 0.007)
Faecalibacterium sp. (DC = 0.26%, U = 24, p = 0.001)
Prevotella sp. (DC = 0.22%, U = 30, p = 0.007)

Phocaeicola dorei (DC = 0.20%, U = 36, p = 0.007)
Prevotella melaninogenica (DC = 0.20%, U = 36, p = 0.007)
Corynebacterium evansiae (DC = 0.18%, U = 36, p = 0.007)
Haemophilus sp. (DC = 0.18%, U = 128, p = 0.003)
Veillonella sp. (DC = 0.18%, U = 26, p = 0.004)

Phocaeicola sartorii (DC = 0.15%, U = 45.5, p = 0.048)
Bacillus sp. (DC = 0.14%, U = 24, p = 0.001)

Leptotrichia hongkongensis (DC = 0.14%, U = 36, p = 0.007)
Planococcus sp. (DC = 0.14%, U = 14, p < 0.001)
Staphylococcus auricularis (DC = 0.14%, U = 30, p = 0.002)
Alteromonas sp. (DC = 0.13%, U = 36, p = 0.007)
Prevotella sp. (DC = 0.13%, U = 48, p = 0.036)

Neisseria sp. (DC = 0.12%, U = 30, p = 0.002)
Sulfotelmatobacter sp. (DC = 0.12%, U = 39.5, p = 0.039)
Veillonella atypica (DC = 0.11%, U = 36, p = 0.007)

Blautia sp. (DC = 0.11%, U = 36, p = 0.007)

Neisseria subflava (DC = 0.10%, U = 36, p = 0.007)
Lactobacillus sp. (DC = 0.10%, U = 29, p = 0.006)

Ralstonia sp. (DC = 0.10%, U = 42, p = 0.016)

Min

Figure 7. Heatmap at the species level of the blood bacterial microbiota of juvenile and adult
bison in Janos, Chihuahua, Mexico, highlighting the taxa significantly enriched for each age group.
DC = dissimilarity contribution percentage, U = Mann-Whitney test, p = significance level.

4. Discussion

The blood bacterial microbiota is an emerging field of research currently under de-
velopment in various vertebrate species, including humans, that primarily utilizes next-
generation sequencing techniques [7,20,52]. For the American bison, there are few studies
on the bacterial microbiota, and those have focused primarily on the digestive system. Our
study documents for the first time the blood microbiota of bison, revealing a high number
of bacterial taxa circulating in the bloodstream of healthy juveniles and adults.

4.1. Ecological Context of the American Bison Blood Microbiota

In general, the bacterial phyla observed in the blood of the bison in this study (mainly
Firmicutes, Proteobacteria, Bacteroidota, and Actinobacterota) have been recorded as the
most abundant taxa in the rumen and feces of bison in Canada and the USA. Nguyen
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et al. [38] reported Firmicutes (51%), Bacteroidota (30%), Fibrobacterota (6%), Spirochaetota
(5%), and Pseudomonadota (2%) in the rumens of healthy bison from Canada. Similarly;,
Weese et al. [35] described the fecal microbiota of juvenile and adult wood bison (Bison bison
athabascae) in a national park in Canada and identified 21 bacterial phyla, with Firmicutes,
Proteobacteria, and Actinobacteria being the most abundant. These findings are similar
to those reported by Bergmann et al. [37], who analyzed the fecal microbiota of healthy
bison in Kansas, USA, reporting Firmicutes as the most abundant phylum (53%), followed
by Bacteroidota (33%). This information is consistent with that of Fresno-Rueda et al. [39],
who analyzed the ruminal and fecal microbiota of healthy bison transitioning from pasture
to a free-choice grain diet and reported Firmicutes and Bacteroidota as the most abundant
phyla. The high abundance of these and other phyla in the rumen and feces has also
been documented in other ruminants such as cows [53,54], deer [54,55], yaks [56], water
buffalo [57], goats [58], and sheep [54,59]. Therefore, it is likely that a large portion of
the bacterial phyla found in the blood of Janos bison originates from the rumen and
feces, and through the process of translocation, these bacteria reach the bloodstream [7,9].
However, less abundant or rare phyla may originate from other compartments of the body.
According to Jeon et al. [60], samples of the blood, feces, vagina, and uterus from Holstein
dairy cows share a significant abundance of core bacterial genera. Furthermore, these
authors indicated that bacteria originating from the gut (Bacteroides, Fusobacterium, and
Porphyromonas) may be translocated to the uterus via the bloodstream. Similarly, Scarsella
et al. [52] discussed the similarities among bacteria in the feces, blood, and milk of dairy
cows, where Firmicutes, Bacteroidetes, and Actinobacteria were present at all three sites,
although in variable proportions. This evidence suggests that the blood serves as a means
of transport and bacterial connection between different organs in cows, a process that most
likely occurs in other vertebrates, including bison.

The most abundant family in both age classes of bison was Mycoplasmoidaceae. In
juveniles, Mycoplasma wenyonii was the most abundant species, followed by M. ovis and, in
a lower proportion, M. haematobovis (formerly M. haemobos [61]). In adults, M. ovis was the
most abundant species, with lower proportions of M. wenyonii and M. haematobovis. The
genus Mycoplasma comprises small pleomorphic bacteria that lack a cell wall, are widely
distributed in nature, and are classified as hemotropic (parasites of vertebrate erythro-
cytes and blood-feeding arthropods) or nonhemotropic (parasites of epithelial cells in the
respiratory, urinary, and genital tracts) [62-64]. The three Mycoplasma species detected
in the blood of Janos bison belong to the hemotropic group. Both M. wenyonii and M.
haemobos have been reported in the blood of domestic ruminants (cattle, goats, sheep, and
water buffalo) in countries such as Japan, Brazil, China, Cuba, and France [65-69]. In
the USA, Schambow et al. [70] reported that more than 70% of sampled cows and more
than 5% of cows in all herds tested positive for M. wenyonii or M. haemobos. In Mexico,
Martinez-Ocampo et al. [71] and Quiroz-Castafieda et al. [72] documented “Candidatus
Mycoplasma haemobos” and M. wenyonii, respectively, in sick cattle from the state of Chi-
huahua (the same state where the Janos Reserve is located). Additionally, Jaimes-Martinez
et al. [73] reported the presence of M. haemobos in cattle blood across several states in
Mexico, including Morelos, Durango, Veracruz, Jalisco, and Querétaro. M. ovis is a globally
distributed bacterium that has been reported in the blood of sheep, deer, goats, and rein-
deer [74-78]. Horizontal transmission appears to be the most common way that ruminants
acquire these Mycoplasma species. According to a review compiled by Arendt et al. [78],
the following hematophagous arthropods have been implicated as vectors for Mycoplasma
species: for M. wenyonii (e.g., Haematopinus eurysternus, Stomoxys calcitrans, Tabanus mega-
lops, Rhipicephalus microplus, Haemaphysalis bispinosa, Ixodes ricinus, and mosquitoes), for
M. haemobos (e.g., R. microplus, Haemaphysalis longicornis), for M. wenyonii and M. hemobos
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together (e.g., Haematobia irritans, S. calcitrans, Tabanus bovinus, T. bromius), and for M. ovis
(e.g., Aedes camptorhynchus, Culex annulirostris, Stomoxys spp., Bovicula ovis, R. microplus).
However, vertical transmission (transplacental or intrauterine) of M. wenyonii has also
been documented in neonatal cattle born to mothers carrying this bacterium [79,80]. To
determine how Janos bison acquire these Mycoplasma species, analyses of the microbiota
between mothers and neonates as well as studies on the diversity and microbiota of the
hematophagous vectors interacting with this herd are necessary. Other Mycoplasma species
previously detected in bison include M. bovis, M. bovirhinis, M. bovoculi, M. arginini, and
M. dispar [81].

The genus Bartonella (family Rhizobiaceae) was also relatively abundant in juvenile
bison. These facultative intracellular bacteria are widely distributed, and their vectors in
livestock include lice, ticks, and biting flies [82]. The remaining bacterial taxa detected
in juveniles and adults, as shown in Figure 2, mainly correspond to bacteria associated
with the rumen and intestines of ruminants (e.g., Ruminococcaceae, Sphingomonadaceae,
Fusobacteriaceae, Lachnospiraceae, and Oscillospiraceae), and some are also commonly
found in the environment (e.g., Comamonas sp.) [83-85]. These bacteria are probably
also translocated into the bloodstream of bison. However, further studies are needed to
definitively determine the origin of all bacteria detected in these blood samples.

Notably, other bacteria not typically associated with the digestive tract of ruminants
were detected in bison blood, although in minimal proportions (Table S2). For example,
the genus Rickettsia was detected in one juvenile bison and one adult bison, whereas
Coxiella was identified in two adults. These bacterial taxa are potentially transmitted by
ticks [86,87]. Beristain-Ruiz et al. [88] reported the presence of Rickettsia rickettsii in three
individuals from this same Janos herd using conventional PCR and suggested some species
of wildlife ticks as potential vectors (Rhipicephalus sanguineus s.l., Dermacentor parumapertus,
D. albipictus, Ornithodoros sp., and Ixodes sp.). Although ticks or mites have not yet been
collected from these bison, the detection of bacteria in their blood originating from ticks or
other hematophagous arthropod bites suggests that it would be valuable to identify the
ectoparasites hosted by this ruminant species as well as the associated microbiota hosted
by the ectoparasites.

4.2. Differences in Blood Microbiota Between Age Classes

The present study revealed significant differences in the blood microbiota of juvenile
and adult bison. Initially, the number of ASVs recorded at the species level in adults (2110)
was more than double that recorded in juveniles (890). The Venn diagrams (Figure 3)
illustrate the increase in the number of taxa at the phylum, family, and species levels in
adult bison compared with juveniles. Adults exhibited significantly higher values for
observed features, Shannon index, and Faith’s phylogenetic diversity index, indicating
that the bacterial microbiota in the blood of this age class is more diverse compared with
that of juveniles. Additionally, all four beta diversity metrics used in the present study
showed significant dissimilarity, supporting strong evidence for differences in blood bacte-
ria between juveniles and adults. The most notable difference was observed in the family
Mycoplasmoidaceae (DC = 34.87%) and the species Mycoplasma wenyonii (DC = 18.79%),
with significant enrichment in juveniles compared with those of adults. This result may
suggest that the transmission route of M. wenyonii in this herd is primarily vertical and that
this taxon is most abundant in juveniles during this life stage because their immune system
takes time to regulate its presence. In contrast, adults showed a low mean abundance
of M. wenyonii (2.85%). Another, albeit less likely, explanation is that juveniles are more
susceptible to the hematophagous ectoparasites that vector this bacterium, increasing its
transmission. These questions could be addressed through future studies on ectoparasitism
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in these bison. For other taxa that exhibited significant differences in abundance between
age classes, their contributions to dissimilarity were low (phylum: <11.5%, family: <4%,
species: <3%; Figures 6 and 7). However, given that most bacteria in the blood of Janos
bison likely translocate from the rumen and intestine into the bloodstream, it is reason-
able to explain these age-related differences in terms of the maturation of the digestive
microbiota to support nutrition. The Janos bison graze freely over an area of more than
18,500 hectares, allowing access to a wide variety of plant species in the open medium
grassland. Therefore, their ruminal microbiota is expected to be highly diverse. Com-
pared with juveniles, adult bison were significantly enriched in five phyla, 30 families, and
34 species. This may indicate that adults possess a more mature, diverse, and complex
ruminal-intestinal microbiota that is reflected in their blood, whereas juveniles are still in
the developmental stage. This observation aligns with findings by Liang et al. [89], who
argued that the ruminal and intestinal microbiota of ruminants is significantly influenced
by age, which impacts the health and metabolic processes of these animals. Indeed, several
studies have documented significant differences in the ruminal microbiota between young
and adult cattle [90-93], water buffalo [57], sheep [94], and goats [95]. Young livestock
have a relatively diverse microbiota that becomes more complex with maturity, which is
crucial for efficient digestion and overall health [96]. As animals mature, their microbiota
composition changes, with increases in fiber-digesting bacteria that increase the nutritional
capacity of the host. Based on the results obtained in Janos, this same transition may occur
in bison, as reflected by the bacteria translocated into their blood. However, to conclusively
confirm this transition in the ruminal microbiota of juvenile and adult bison, additional
studies in this herd are necessary.

4.3. Health Context and Conservation of the American Bison Based on Its Blood Microbiota

The IUCN Bison Specialist Group recognizes disease as a significant concern for bison
conservation, as pathogens can hinder population recovery by reducing individual survival
and/or reproduction [97]. According to Mackintosh et al. [98], various bacterial diseases
have been reported in farmed bison, including brucellosis (Brucella), bovine tuberculo-
sis (Mycobacterium), anaplasmosis (Anaplasma), clostridial diseases (Clostridiumy), Johne’s
disease (Mycobacterium), yersiniosis (Yersinia), leptospirosis (Leptospira), pasteurellosis (Pas-
teurella), anthrax (Bacillus), salmonellosis (Salmonella), and colibacillosis (Escherichia). For-
tunately, in the present study, only the genera Mycobacterium, Clostridium, and Escherichia
were detected, and all were present at very low levels.

With respect to the genus Mycoplasma, M. bovis has been documented to cause infec-
tions and mortality in bison in the United States [99,100], and this bacterium is known to
be transmitted directly between individuals. Janardhan et al. [100] argued that although
the origin of M. bovis transmission could not be confirmed, it was likely transmitted from
cattle adjacent to the bison herd. In the present study, M. bovis was not detected in blood
samples. However, maintaining health monitoring and strict preventative measures to
prevent contact between this bison herd and cattle remains crucial. The Mycoplasma species
identified in the Janos bison included M. wenyonii, M. ovis, and M. haematobovis (all abun-
dant in juveniles, with M. ovis also present in adults). According to Khoza et al. [22],
the majority of cattle infected with M. wenyonii remain clinically asymptomatic unless
concurrent diseases cause immunosuppression. Some studies have reported M. wenyonii
infections in cattle [101,102]. According to Strugnell and McAuliffe [103], clinical signs
include hemolytic anemia, pyrexia, prefemoral lymphadenopathy, weight loss, infertility,
a rough hair coat, decreased milk production, and scrotal, teat, and hind limb edema.
Meli et al. [104] detected M. haemobos and M. wenyonii in sick cattle during a fatal outbreak
of anaplasmosis in Switzerland and suggested that coinfection with these species could
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increase their pathogenicity in ruminants. Although no infections from these bacteria have
been reported in the Janos bison herd or other populations, their presence and abundance
(particularly in juveniles) should be a point of attention for veterinarians and reserve
managers. Because the bison analyzed in this study appeared to be healthy, it is likely
that Mycoplasma species coexist in immune equilibrium with their hosts. However, it is
important to note that exposure to stressors could trigger opportunistic pathogen infections.
For example, stress events such as transportation, entry into feedlots, social stress due
to mixing with unfamiliar animals, and temperature-related stress have been associated
with increased nasal shedding of M. bovis in cattle [105]. The information generated in
the present study for Janos bison represents a baseline for monitoring possible infections
caused by bacteria circulating in their bloodstream if these animals are immunosuppressed.
A comprehensive management strategy should take this information into account, along
with behavioral monitoring to measure possible animal stress. However, disease preven-
tion is always the best option for the successful conservation of vulnerable species, which
implies the permanent maintenance of a high level of animal welfare.

5. Conclusions

The information generated in this study represents the first reference on the blood
bacterial composition of healthy juvenile and adult bison living freely in an ecologically
appropriate habitat. Because blood connects to all body organs, bacteria found in this
bloodstream may provide a general estimate of the diversity of an individual’s overall
microbiota (native, environmentally acquired, and potential pathogens) and by extension
their health status. However, this is only a starting point, as the true challenge lies in long-
term population and individual monitoring and timely veterinary care if needed. New
high-throughput sequencing techniques are invaluable tools for addressing previously
unresolved questions about bacteria. However, it is desirable to apply these techniques in
practical ways, as demonstrated in this study, to improve the management and conservation
of the American bison.
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