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Abstract: Downer cow can be caused by muscular paralysis, neurological damage, metabolic disorder,
and/or the complication of microbial infection. However, downer cow with unknown etiology is
issued because of the non-detection of its bacterial etiological agent. In this study, differences
in the bacterial community in brain tissues between downer cattle with unknown etiology and
healthy slaughtered cattle are investigated. Bacterial diversity and representative genera between
downer and normal cattle were significantly different (p < 0.05). There are significant differences
in representative genera of downer and normal cattle, especially the significance, fold change, and
area under the receiver operating characteristic curve score (p < 0.05). Furthermore, the prediction
of functional genes in brain microbiota between the downer and normal cattle revealed differences
in the cluster of orthologous gene categories, such as lipid transport and metabolism, secondary
metabolite biosynthesis, and signal transduction (p < 0.05). This study revealed a significant difference
in microbiota between the downer and normal cattle. Thus, we demonstrate that representative
genera from downer cattle through 16S rRNA gene amplicon sequencing and microbiota analysis
have the potential as candidates for bacterial etiological agents for downer cow.

Keywords: downer cow; unknown etiology; brain microbiota; next-generation sequencing

1. Introduction

Cattle occupy a significant portion of the livestock industry and have been important
in agriculture. Especially, downer cow (DC) is a clinical sign wherein the cattle enter a
non-ambulatory state [1,2]. The DC occurred for several reasons as follows (1) the metabolic
disorder caused by minerals; (2) paralysis by nerve and muscle damage after calving; (3) ner-
vous and musculoskeletal problems; or (4) systemic disease caused by the toxic material,
metabolic disorder, or neurological and alimentary conditions [1,2]. In addition, DC can be
caused as a clinical sign of infection with encephalitis, meningitis, or meningoencephalitis
by Haemophilus and Listeria genera; and botulism caused by Clostridium genus [2,3]. How-
ever, in some cases of DC, the etiology remains unknown, evading identification in autopsy,
clinical, or pathological investigation. According to a diagnosis report from the animal
and plant quarantine agency of South Korea, downer cows without etiological agent are
detected [4].

Microbiota analysis using the next-generation sequencing (NGS) technique provides
insight into the relationship between a disease and microorganisms [5,6]. Although fewer
relevant studies have been conducted on the livestock industry than those on human
disease, they contain valuable contributions to studying livestock disease and microbiota [7].
Previous studies investigated etiological agents, which can cause livestock diseases, such as
bacteria, fungi, and viruses. Two previous studies have investigated the correlation between
etiological candidates of non-suppurative encephalitis and abortion through viromes and
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microbiomes using whole metagenome and amplicon sequencing, respectively [8,9]. From
these studies, using brain tissue and abomasal contents, candidate viruses and bacteria
were identified and suggested as etiological agents for non-suppurative encephalitis and
abortion, respectively. Thus, NGS and bioinformatic analysis can be considered as a
potential tool not only to explore the correlation between diseases and microorganisms but
also to find candidate causative agents of diseases.

The blood–brain barrier (BBB) is a selective semipermeable border related to molecule
transport. Previous research revealed that the BBB prevents microorganisms from entering
the brain and cerebrospinal fluid (CSF) [10,11]; however, bacteria, fungi, and viruses
have also been revealed to disrupt the BBB and invade the brain and CSF potentially.
Furthermore, these invasions may cause microbial infection in the central nervous system
and neurological disease [12–15]. A recent microbiota study used CSF samples to investigate
a neurological disease [16]. However, these kinds of studies also deal with animals in the
field as well.

In this study, the microbiota of brain tissue from cattle with DC having unknown
etiology and normal cattle were compared. Additionally, representative genera that show
differences between downer and normal cattle were investigated to find bacterial etiological
agent candidates to aid the diagnosis of cattle with DC.

2. Materials and Methods
2.1. Bovine Brain Sample Collection and Diagnosis Based on the Necropsy, Pathological, and
Clinical Examination

Brain samples from dead bovine that died of DC with neurological clinical signs such
as depression, restlessness, ataxia, and astasia, were submitted to the Animal and Plant
Quarantine Agency (Kimcheon-si, Gyeongsangbuk-do, Republic of Korea). To diagnose
downer cattle, pathological diagnosis, clinical symptoms, mineral concentration such as
calcium and magnesium, pathogenic bacteria isolation, virus detection, antibody test, and
post-mortal change were checked [17]. In detail, pathological diagnosis, clinical symptoms,
and post-mortal changes were decided by the veterinarian and veterinary pathologist of
at least three people and summarized the results. Histopathological diagnosis caused
by infectious agents was confirmed on the findings of lesions related with encephalitis
(perivascular cuffing and gliosis) or meningitis (infiltration of inflammatory cells in lep-
tomeninges). Calcium and magnesium concentrations in bovine blood were measured
through an AU480 automated chemistry analyzer (Beckman Coulter, Brea, CA, USA). Mac-
Conkey agar and 5% sheep blood agar were used to incubate pathogenic bacteria such as
Histophilus somni, Listeria monocytogenes in brain tissue. Identification of isolated bacteria
was proceeded through VITEK®® 2 Compact and VITEK®® MS (BioMérieux, Marcy-l’Etoile,
France) according to the manufacturer’s instruction. DNA and RNA samples from brain
tissue were extracted for virus detection through the Maxwell RSC instrument, RSC Blood
DNA kit (Promega, Madison, WI, USA), and RSC Viral TNA (Promega) according to the
manufacturer’s recommendations. To detect viruses such as bovine viral diarrhea virus
(BVDV), bovine herpesvirus-1 (IBR), akabane virus, Aino virus, bovine ephemeral fever
virus, Chuzan virus, and Ibaraki virus, PCR was performed through LiliF IBR PCR kit, LiliF
BD-Multi RT-PCR Kit (iNtRON Biotechnology, Seongnam, Republic of Korea), and VDx
Single RT-PCR kit (MEDIAN Diagnostics, Chuncheon, Republic of Korea) according to the
kit manual. Antibody test was performed to detect BVDV and Infectious Bovine Rhino-
tracheitis virus by Bovine viral diarrhea virus antibody test kit (IDEXX Laboratories, Inc.,
Liebefeld-Bern, Switzerland), Infectious Bovine Rhinotracheitis Antibody test screening
format (Svanova Biotech AB, Uppsala, Sweden).

Before starting to conduct a necropsy, equipment such as a necropsy station, forceps,
operating scissors, and scalpel were first washed using detergent and subsequently soaked
into 1% Virkon S solution (Lanxess, Cologne, Germany) for at least over 10 min. Then, all
instruments were sterilized at 121 ◦C for 15 min and dried in the oven. Necropsy of dead
bovine was performed based on the necropsy manual, and brain tissues were sampled via
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sterilized forceps and scissors [18]. Normal cattle samples were secured immediately after
being slaughtered. In addition, diagnosis and collection of brain tissue were performed
within a day and stored in a −70 ◦C deep freezer.

Based on the diagnosis result, brain tissues of downer cattle were classified if there
are any lesions, bacterial, and viral etiological agents were detected. Normal cattle heads
were purchased from the slaughterhouse, and their diagnosis proceeded in the same way
as that of downer cattle. Then, brain tissues with or without clinical signs were collected
as brain tissues for the downer and normal cattle groups, respectively. Various brain
tissue samples such as the forebrain, midbrain, cerebellum, hindbrain, and brain stem were
collected (Table S1). All bovine brain tissues were classified according to their characteristics
(Table 1). In 99 bovine brain tissues, 57 brain tissues came from downer cattle. The average
age of downer cattle was calculated as 52 months and was higher than normal cattle. In the
sex of samples, most of the downer and normal cattle were confirmed as female and male,
respectively.

Table 1. The characteristics of downer and normal cattle.

Variable Downer Cattle Normal Cattle

Number of brain tissue sample
(Mixed brain, forebrain, midbrain, cerebellum,

hindbrain, brainstem)

57
(10, 11, 11, 9, 10, 6)

42
(0, 8, 9, 9, 8, 8)

Number of bovine type
(Korean beef, beef cattle, dairy cattle)

21
(12, 1, 8)

9
(9, 0, 0)

Average age of bovine sample (months) 52.2 29.1
Sex (male, female) 9, 48 42, 0

Number of brain samples with pathogenic
bacteria isolated 9 0

Number of brain samples with virus detected 5 0

2.2. DNA Extraction from Brain Tissues

The tissues were rinsed through 70% ethanol and sterilized with distilled water thrice
to remove microbial contamination. To prevent DNA contamination during microbiota
analysis, a contamination test was conducted before starting to extract total DNA from the
brain tissue [19]. In the contamination test, 70% ethanol waste and SDW waste from the
brain tissue rinsing step was spread on a 1/10× BHI agar plate and incubated to check
whether any bacteria remained or not. In addition, to check the presence or absence of
bacteria in all reagents of the DNA extraction kit, all reagents were used as templates for
16S rRNA gene PCR. The total DNA extraction from the bovine brain tissue proceeded.
Bovine brain tissues (0.1–0.2 g) were chopped and grounded using Biomasher II®® Closed
System Disposable Tissue Homogenizer (Kimble Chase, Tennessee, TN, USA) under the
180-µL ATL buffer and 20-µL proteinase K solution. QIAamp DNA mini kit (Qiagen,
Hilden, Germany) was used for DNA extraction according to the kit manual for tissue and
Gram-positive bacteria. The extracted DNA concentration was measured using a Qubit 2.0
fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). The DNA samples were kept
at −20 ◦C.

2.3. Sequencing Library Preparation and Amplicon Sequencing

All equipment in the library preparation, clonal generation, and sequencing via the Ion
Torrent platform was used in the NGS Core Facility at the Kyungpook National University
(Daegu, Republic of Korea). The sequencing libraries were produced by polymerase chain
reaction (PCR) amplifying the variable region 4 to 5 (V4–V5) of bacterial 16S rRNA gene
with two primers (515F; 5′-GTG CCA GCM GCC GCG GTA A-3′, 907R; 5′-CCG YCA
ATT CMT TTR AGT TT-3′). PCR was conducted using EmeraldAmp PCR master mix
(Takara, Tokyo, Japan) in 50-µL scale and based on the condition as follows: 3 min of initial
denaturation at 95 ◦C, followed 1st PCR by ten cycles of denaturation (95 ◦C for 30 s),
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annealing (57 ◦C for 30 s), extension (72 ◦C for 30 s), followed 2nd PCR by 25 cycles of
denaturation (95 ◦C for 30 s), annealing and extension (72 ◦C for one min), and a final
extension at 72 ◦C for five min. The sequencing library concentration was measured via a
Qubit 2.0 fluorometer (Thermo Fisher Scientific, Waltham, MA, USA) and pooled into a
single pooled library. The sequencing library was validated using Agilent Bioanalyzer 2100
system (Agilent Technologies, Santa Clara, CA, USA). Emulsion PCR through Ion Torrent
OneTouch was conducted and enriched a template-positive ISP clonal using Dynabeads
MyOne Streptavidin C1 bead (Invitrogen, Waltham, MA, USA) according to the Ion PGM
Hi-Q View OT2 400 kit manual. Ion Torrent PGM machine sequencing was conducted
to analyze the sequence for 1250 flows based on the manufacturer’s instruction (Thermo
Fisher Scientific, Waltham, MA, USA).

2.4. Pre-Processing of Sequence Data and Microbiota Analysis

Microbiota analysis with sequence data was performed using a data analysis server in
the NGS Core Facility at Kyungpook National University (Daegu, Republic of Korea). The
FastQC version 0.11.9 program checked the raw sequencing data quality [20]. Removal of
chimeric sequence and construction of amplicon sequence variant (ASV) was conducted
using QIIME 2 version 2020.08 pipeline, including DADA2 version 2020.08 software [21].
Using DADA2 software, sequences that show under Q30 value were trimmed, and tax-
onomic assignment of the ASV table was proceeded using sequences over Q30 value by
trained classifier using Naïve Bayes training method and SILVA 138 99% database [22].
The ASVs, which presented a low frequency and were assigned as mitochondrial and
chloroplast sequences in the abundance table, were eliminated. All samples in the ASVs
table were rarefied and normalized at a minimal sequencing depth of 3911 reads.

For analyzing bacterial microbiota, including community structure, alpha diversity,
and beta diversity, Calypso 8.4 version program, Phyloseq package version 1.30, and
MicrobiomeSeq package version 0.1 in R software version 4.0.2 were utilized [23–25].
Briefly, the community structure was displayed using the top 20 abundant genera via a
pie chart. Alpha diversity indices, such as Shannon and Richness index and beta diversity
based on the Bray–Curtis and unweighted UniFrac methods, were calculated at the genus
level. Representative genera were observed between experimental groups through feature
selection using random forest regression, calculation of differential abundance, significance,
fold change, prevalence, and area under the receiver operating characteristic curve (AUC)
score. Random forest regression was used to determine the representative genus, which
can classify downer and normal cattle through MicrobiomeSeq package version 0.1 in
R software ver. 4.0.2. Representative genera selected through random forest regression
confirmed their differential abundance, significance, fold change, prevalence, and AUC
score through the check association function of SIAMCAT package version 1.6.0 in R
software ver. 4.0.2 [26]. The calculation of AUC score, sensitivity, specificity, and receiver
operating characteristic (ROC) curve visualization was conducted through pROC package
ver. 1.17.0.1 [27]. The bacterial network of downer and normal cattle was also analyzed
using the MicrobiomeSeq package version 0.1 in R software. The genus was determined
based on the ASV table and SILVA taxonomy. The statistically significant genus was used
and calculated using Spearman’s correlation. All genera displayed in the bacterial network
showed greater than 0.5 of Spearman’s rho value and under 0.05 of p-value and q-value.
The functional gene prediction based on the brain microbiota from the downer and normal
cattle was conducted through the PICRUSt2 version 2.1.4 program [28]. In functional gene
analysis, the 16S rRNA gene copy numbers of all ASVs were normalized. Functional genes
were predicted based on the cluster of orthologous (COG) database. All COG IDs from the
PICRUSt2 result were classified according to the COG category. STAMP ver. 2.1.3 program
was used for data statistics and visualization [29]. In the data, statistically significant COG
categories were displayed.
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2.5. Statistical Analysis

In brain microbiota data from the downer and normal cattle, all data from sequencing
were normalized based on the total sum scaling method to obtain the rarefied operational
taxonomic unit table. Statistical analyses of alpha diversity, representative genus, and
beta diversity were calculated using the Wilcoxon and PERMANOVA, respectively. In
network analysis, Spearman’s correlation proceeded at the genus level and was shown to
be statistically significant. In functional gene analysis, the Shapiro–Wilk test and Welch’s
t-test were conducted. ANOVA was used for the multiple-group comparison test, and its
correction was performed using the Tukey HSD test. Statistical significance was considered
based on the p-value, which was less than 0.05.

3. Results
3.1. Diagnosis Result of Downer and Normal Cattle

To decide downer and normal cattle, diagnosis through pathological diagnosis, clinical
symptom, mineral concentration such as calcium and magnesium, bacteria isolation, virus
detection, antibody test, and post-mortal change was performed (Table S2). All samples in
this result did not show any post-mortal change. As a diagnosis result of downer cattle,
pathogenic bacteria, virus, or lesion in brain tissue was confirmed. Before starting the
experiment, a cross-contamination test was performed. No bacteria are found on the BHI
agar plate in the third waste of 70% ethanol and sterilized distilled water final washing
waste. Furthermore, there is no DNA band in lysis, washing, elution buffer, and library
preparation agent (Figure S1).

3.2. Differences in Bacterial Structure and Diversity between the Downer and Normal Cattle

Before analyzing a microbiota, all samples were normalized as 3911 reads and it was
confirmed that 3572 ASVs were obtained from the normalized reads. Variations of micro-
biota from three same brain tissue within samples were extremely low or not detected. The
microbial community structure and diversity were compared between the downer and nor-
mal cattle. The bacterial community structure was illustrated based on the top 20 abundant
genera (Figure 1A). Rhodococcus, Psychrobacter, Pseudomonas, Carnobacterium, Escherichia-
Shigella, Fusobacterium, and Porphyromonas genera were more abundant in downer cattle.
Furthermore, Carnobacterium genus was detected to some brain tissue samples from downer
cattle in both results when bacteria isolation result from the diagnosis result and ASVs table
in genus level were compared (Table S3). Cutibacterium and Staphylococcus genera were
more abundant in normal cattle. Our results showed that opportunistic pathogenic bacteria
were higher in downer cattle than in normal cattle. Shannon and Richness indices were
calculated, and it was determined that two indices from downer cattle were significantly
higher than normal cattle (Figure 1B). However, there is no significant difference in alpha
diversity with an ASVs level when other metadata such as age, lesion, sex, kinds, and tissue
were used (Figure S2). The distance between each sample was calculated according to
Bray–Curtis dissimilarity and Unweighted UniFrac methods. In two principal coordinate
analysis (PCoA) plots based on two distance calculation methods, sample differences in
PCo1 and PCo2 were calculated as almost 5% and 3%, respectively. However, all samples
that were classified into downer and normal cattle groups showed that the distance matrix
values between the two were statistically different (p < 0.05, Figure 1C).
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Figure 1. Relative abundance and microbial diversity of brain microbiota from downer and normal
cattle. (A) Pie chart of relative abundance from downer and normal cattle’s microbiota at the genus
level. (B) Alpha diversity indices (Shannon and Richness index) of downer and normal cattle groups
based on the number of genera. (C) PCoA plot of beta diversity based on the Bray–Curtis (top) and
Unweighted Unifrac (bottom) distance method and its distance matrix. Asterisks such as *, **, and
*** mean p-values of 0.05, 0.01, and 0.001, respectively.

3.3. Representative Genera in the Brain Microbiota of the Downer and Normal Cattle

According to the random forest regression, feature selection at the genus level was
performed to investigate the importance of abundant genera (Figure 2A). Rhodococcus,
Psychrobacter, and Pseudomonas genus from downer cattle and Cutibacterium genus from
normal cattle exhibit high mean decrease accuracy. Additionally, the selected genera were
compared in terms of their differential abundance, significance, fold change, prevalence
shift, and AUC score (Figure 2B). The genera in Figure 2B were significantly different
between downer and normal cattle (p < 0.05). Additionally, genera, such as Rhodococ-
cus, Psycobacter, Pseudomonas, Escherichia-Shigella, Fusobacterium, and Carnobacterium from
downer cattle, and Staphylococcus and Cutibacterium from normal cattle exhibited high
significance, fold change, and AUC scores. The AUC score, sensitivity, and specificity
were calculated using the Rhodococcus, Psychrobacter, and Pseudomonas genera showing high
differential abundance and fold change in Figure 2B. In the calculation result, the values
such as AUC score, sensitivity, and specificity through three genera were higher than the
values calculated using each (Figure S3). Therefore, it was considered that several genera
highlighted in the results, such as Rhodococcus, Psychrobacter, and Pseudomonas may have
the potential as etiological agent candidates for diagnosing DC.
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Figure 2. Investigation of the representative genus based on the downer and normal cattle’s micro-
biota. The genera written by bold character were detected in feature selection by Random Forest
regression and a difference of their abundance in the microbial community at once. (A) Feature
selection through Random Forest regression. (B) Association of the representative genus and its
sample group through confirmation using association function in the SIAMCAT R package.

3.4. Bacterial Network from Brain Microbiota between Downer and Normal Cattle

Spearman’s correlation of downer and normal cattle’s bacterial networks was cal-
culated and showed a positive correlation that is statistically significant (Figure 3). The
numbers of nodes and edges from the downer cattle group were 213 and 531, respectively.
In the normal cattle group case, the number of nodes and edges are 230 and 545, respectively.
The microbial network did not change dramatically due to DC; however, there is a slight
difference in the composition of the microbial network. The genus which has more than five
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edges with other genera was higher in the downer cattle’s bacterial networks than normal
cattle. The genera Polaromonas, Pseudoxanthomonas, Luteimonas, Christensenellaceae_R-7,
and Paenalcaligenes were detected in all groups, and the number of their degrees was over
10 (Table S4). These genera may play a role as hub genera in networks. Additionally, some
genera were detected differently between groups. The genera, such as UCG-009, JG30-
KF-CM45, Altererythrobacter, and Moryella were seen only in the downer cattle’s bacterial
networks. In normal cattle cases, the genera, such as Pusillimonas, Sphingopyxis, Iamia, and
Candidatus_Obscuribacter were detected (Table S5).
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Figure 3. The bacterial network of brain microbiota. Bacterial networks were illustrated through
genera with over 0.5 of rho value. In the network, the blue line indicates a positive correlation between
the edges. The genus name is displayed on nodes with more than 5 edges. The node size and color
corresponded to its total degree and sub-community, respectively. (A) Bacterial network for downer
cattle. (B) Bacterial network for normal cattle.

3.5. Predicted Functional genes in the Brain Microbiota between Downer and Normal Cattle

To investigate the functional genes in the brain microbiota between downer and nor-
mal cattle, PICRUSt2 was used. 4472 clusters of orthologous (COD) IDs were detected and
re-classified based on the COG categories. The differences in functional gene categories
were statistically different (Figure 4). Gene groups higher in normal cattle were related to F.
nucleotide transport and metabolism, H. coenzyme transport and metabolism, J. translation,
ribosomal structure and biogenesis, G. carbohydrate transport and metabolism, and L.
replication, recombination, and repair. However, COG categories, including N. cell motil-
ity, I. lipid transport and metabolism, extracellular structure, U. intracellular trafficking,
secretion, vesicular transport, and Q. secondary metabolite biosynthesis, transport, and
catabolism were significantly higher in downer cattle. Other genes in COG categories were
not different (Table S6). At the pathway level, the number of functional genes in fatty
acid biosynthesis was higher in downer cattle than in normal cattle. On the other hand,
functional genes related to purine, pyrimidine, and thymidylate biosynthesis, glycolysis,
heme and folate biosynthesis, and aminoacyl-tRNA synthetases were abundant in the
normal cattle group (Table S7).
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4. Discussion

Generally, downer cow (DC) can be caused by physiological factors such as min-
eral disorder and musculoskeletal problems, but neurological diseases such as bovine
sponge encephalopathy (BSE), encephalitis, meningoencephalitis, and meningitis can cause
DC [30,31]. However, DC with unknown etiology still detected and its etiological agent not
been observed. Previous analysis revealed that microorganisms, such as bacteria, fungi,
and the virus could invade brain tissue [11,12]. Thereby, studies related to microorganisms
or microbiota using brain tissue or CSF samples are currently ongoing [32]. From the point
of views, we analyzed the microbiota of brain tissue from the downer and normal cattle to
investigate bacterial etiological agents for DC. According to our results, depending on the
presence of downer cow (DC), the microbiota of brain tissue from downer and normal cattle
are clearly different. Especially, representative genera from downer cattle have several
previous studies related to nerval diseases such as encephalitis and meningitis to humans,
animals, and other organisms.

Several representative genera (Psychrobacter, Pseudomonas, Shigella, Fusobacterium, Por-
phyromonas, Rhodococcus, Helcococcus, and Parvimonas) in downer cattle were significantly
higher than normal cattle. Psychrobacter genus was isolated from the CSF sample of pedi-
atric patient suffer from the meningitis and confirmed by metagenomic sequencing [33].
Pseudomonas, Escherichia, and Shigella genus were isolated and detected as pathogenic bacte-
ria for encephalitis, valvular endocarditis, and bacterial meningoencephalitis to human and
several bird [34–38]. Encephalitis and meningitis were outbreak by Fusobacterium, Porphy-
romonas, and Rhodococcus genus which is detected as pathogenic bacteria by isolation and
polymerase chain reaction (PCR) to human [39–42]. Especially, movement disorder through
complication of encephalitis was detected to mice which inject with Rhodococcus genus [43].
Carnobacterium, Helcococcus, and Parvimonas genus were detected as pathogenic bacteria for
neurological disorder such as encephalitis, valvular endocarditis, and meningoencephalitis
by isolation and NGS technique method to fish, bovine, and human [44–49]. According to
these previous studies, it could be suggested that Carnobacterium and Parvimonas genera
may cause these diseases through an invasion by way of the nasal cavity and oral flora,
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respectively, which move to the brain tissue. On the other hand, the genera Cutibacterium
and Staphylococcus were significantly higher in normal cattle group. These genera can
cause skin disease and mastitis in animals [50,51]. But the Cutibacterium genus case, it
has revealed a beneficial effect on bovine rumen [52]. Even if representative genera from
normal cattle such as Cutibacterium and Staphylococcus were known as pathogenic bacteria,
these might not be recognized as bacterial etiological agents for DC with unknown etiology
in this study.

Functional gene categories in the downer group including Q. secondary metabolite
biosynthesis, transport and catabolism, T. signal transduction mechanism, I. lipid transport
and metabolism, U. intracellular trafficking, secretion, and vesicular transport categories,
which are significantly higher than the normal cattle group. There are previous studies
that fatty acid and concentration of β-hydroxybutyric acid, apolipoprotein which related to
functional gene categories in downer cattle group can cause milk fever and DC [53–55]. In
addition, genes which include bacterial intracellular trafficking pathways, are related to bac-
terial toxins, and maybe a potential cause for DC [56]. On the other hand, several pathways
including purine and pyrimidine biosynthesis, glycolysis, and heme biosynthesis which
recognized as a microbial central metabolic pathway were higher in normal cattle group.
According to previous studies, microbial metabolic pathways and their metabolites may
help to host’s nerve system or cause neurological disease like Alzheimer’s disease [57,58].
However, it is difficult to explain the possibility that the predicted functional genes of
microorganisms are directly induced or related to DC addressed in this study. Although
these genes were hard to explain disease outbreaks directly, it was considered that these
results are still remarkable as the potential to influence disease and phenotypes in the host.

Up to now, one microbial species was only considered a bacterial etiological agent
for certain animal diseases. But, sometimes, diagnosing a disease is hard if its pathogenic
bacteria are not detected. Therefore, a diagnosis method based on NGS technology and
bioinformatic analysis can be a way to help the investigation of a bacterial etiological
agent. In our result, Rhodococcus, Psychrobacter, and Pseudomonas genera were detected as
representative genera and showed high AUC scores. And Carnobacterium genus existed
in both microbiota and isolation data. Therefore, there is the possibility that these genera
can be recognized as new pathogenic bacterial candidate although there needs to be future
studies done.

In this study, differences in brain microbiota from downer and normal cattle were
investigated through comparisons of microbial diversity, representative genus, microbial
network, and functional gene. Age, sex, presence of lesion, and detection of pathogenic
bacteria and viruses may influence an outbreak of the disease, and these are used widely
in microbiota analysis as metadata. However, in this study, experiments were carried out
using dead bovine, and since the economic value of normal cattle is very large, it was very
difficult to collect normal cattle, which are female, similar in age to downer cattle in the
process of collecting samples of normal cattle. In addition, it is considered that policies
related to animals in the research field can induce a bias in the number of samples between
downer and normal cattle in the sample collection step. Even if Shannon index calculation
using these metadata did not show a statistically significant difference, it is expected that
more accurate results will be obtained if the age and sex between the downer and normal
cattle are similar. Therefore, a long-term study will be necessary to solve this problem,
and our follow-up study will be conducted on the relationship between the DC and the
metadata, microorganisms, and functional genes that differ in downer and normal cattle.

5. Conclusions

Up to now, there have been lots of microbiota studies to investigate pathogenic bacteria
or etiological candidates for many animal diseases, especially for reproductive disorders
such as abortion and diarrhea. Still, microbiota studies about neurological symptom are
infrequent in the livestock industry. To the best of our knowledge, this study is the first
to deal with microbiota differences by focusing on the brain tissue of downer and normal
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cattle. In this study, we analyzed differences in microbiota from brain tissue of downer and
normal cattle. Differences in microbial diversity, representative genera, bacterial network,
and predicted functional genes between the downer and normal cattle imply the possibility
of microbiota difference for the outbreak of DC. Additionally, from the results of this
study, a representative genera of downer cattle can potentially be a bacterial etiological
agent candidate in DC diagnosis, and a research approach can be used to investigate a
microbial etiological agent related to neurological disease in animals. Furthermore, there is
a possibility that a machine learning model with random forest or support vector machine
algorithm using the microbiota dataset which is similar to our study can help to diagnose
downer cow with unknown etiology. From this point of view, the microbiota set of brain
tissue from downer and normal cattle in this study can be a primary result, and other
microbiota data sets from additional studies should be accumulated for the accuracy of the
machine learning model.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/microorganisms11010098/s1. Figure S1. The result of cross-
contamination test to brain tissue samples. In the gel electrophoresis image, P means positive control
(Escherichia coli DH5α), and N means negative control (sterilized distilled water). (A) 16S rRNA
gene amplification result of DNA extraction solution and extracted DNA. (B) Amplicon sequencing
library result using total DNA from the brain tissues. (C) Incubation result of third (70% ethanol)
and final wastes (distilled water) on the 1/10× BHI agar plate. Figure S2. Shannon index calculation
using various metadata in ASV level. (A) Shannon index toward age. (B) Shannon index toward the
presence of a lesion. (C) Shannon index toward sex. (D) Shannon index toward kinds of cattle. (E)
Shannon index toward brain tissue. Figure S3. Calculation of AUC score, sensitivity, and specificity
by the number of cases. (A) ROC curves based on the calculation result. (B) Calculation results
from the top three genera and their combination. Table S1. The list of bovine brain tissues based
on the disease diagnostics in this study. In table O and X means the presence and absence of each
brain tissue, respectively. Mixed brain sample indicates that all brain tissues were mixed. Table S2.
Diagnosis results of downer and normal cattle. Table S3. The comparison of isolated bacteria and
microbiota. Table S4. The list of genera that are shared in the bacterial network from downer and
normal cattle. Table S5. The list of genera that are different in the bacterial network from downer
and normal cattle. Table S6. Differences of COG categories from downer and normal cattle. The bold
character in COG category means that it showed statistically significant. Table S7. Differences of
COG pathway from downer and normal cattle.

Author Contributions: Conceptualization, Y.-J.P. and J.-H.S.; methodology, G.-U.K., M.J. and J.K.;
software, Y.-J.P. and G.-U.K.; validation, Y.-J.P., S.L., V.S. and J.-H.S.; formal analysis, Y.-J.P., G.-U.K.
and M.J.; investigation, G.-U.K. and M.J.; resources, J.K., K.L., E.-J.C. and H.-J.K.; data curation, Y.-J.P.;
writing—original draft preparation, Y.-J.P.; writing—review and editing, S.L., V.S., S.-Y.L., J.-K.O. and
J.-H.S.; visualization, Y.-J.P.; supervision, J.-H.S.; project administration, J.-K.O. and J.-H.S.; funding
acquisition, J.-K.O. and J.-H.S. All authors have read and agreed to the published version of the
manuscript.

Funding: This work was supported by grants from Korea Basic Science Institute (National Research
Facilities and Equipment center) and post-doctoral domestic training through the National Research
Foundation funded by the Ministry of Education (2021R1A6C101A416, NRF-2020R1A6A3A01100541),
Animal and Plant Quarantine Agency (QIA), funded by the Ministry of Agriculture, Food and Rural
Affairs (Project No. Z-1543069-2019-21-01), a project to train professional personnel in biological
materials by the Ministry of Environment, and results of a study on the “(Leaders in INdustry-
university Cooperation 3.0)” Project, supported by the Ministry of Education and National Research
Foundation of Korea.

Institutional Review Board Statement: Ethical review and approval were waived for this study due
to all brain samples of cattle in this study were sampled after the cattle’s death.

Informed Consent Statement: Not applicable.

https://www.mdpi.com/article/10.3390/microorganisms11010098/s1
https://www.mdpi.com/article/10.3390/microorganisms11010098/s1


Microorganisms 2023, 11, 98 12 of 14

Data Availability Statement: The information as follows was stated about sequencing raw data
availability. Sequencing raw data in this study were deposited into the Sequence Read Achieve (SRA)
of the National Center for Biotechnology Information (NCBI) (SRA accession number PRJNA634437).

Conflicts of Interest: The authors declare that they have no conflicts of interest.

References
1. Alzaidi, B.M.; Saed, O.A.S.; Hameed, K.A. Study of Some Biochemical Changes Associated with Downer Cow Syndrome in Local

Cattle. Ann. Romanian Soc. Cell Biol. 2022, 26, 2886–2891.
2. Lee, J.C.; Lee, C.Y.; Lee, J.G. A Study on Recumbency in Cattle. J. Korean Vet. Med. Assoc. 2002, 38, 1123–1133.
3. Rulff, R.; Schrödl, W.; Basiouni, S.; Neuhaus, J.; Krüger, M. Is downer cow syndrome related to chronic botulism? Pol. J. Vet. Sci.

2015, 18, 759–765. [CrossRef] [PubMed]
4. Animal and Plant Quarantine Agency. Report of disease diagnosis results for mammal in 2020. Unpublished data, South Korea.

2020; 6–7.
5. Halfvarson, J.; Brislawn, C.J.; Lamendella, R.; Vázquez-Baeza, Y.; Walters, W.A.; Bramer, L.M.; D’amato, M.; Bonfiglio, F.;

McDonald, D.; Gonzalez, A.; et al. Dynamics of the human gut microbiome in inflammatory bowel disease. Nat. Microbiol. 2017,
2, 17004. [CrossRef]

6. Vogt, N.M.; Kerby, R.L.; Dill-McFarland, K.A.; Harding, S.J.; Merluzzi, A.P.; Johnson, S.C.; Carlsson, C.M.; Asthana, S.; Zetterberg,
H.; Blennow, K.; et al. Gut microbiome alterations in Alzheimer’s disease. Sci. Rep. 2017, 7, 13537. [CrossRef]

7. Prados-Bo, A.; Casino, G. Microbiome research in general and business newspapers: How many microbiome articles are published
and which study designs make the news the most? PLoS ONE 2021, 16, e0249835. [CrossRef]

8. Wüthrich, D.; Boujon, C.L.; Truchet, L.; Selimovic-Hamza, S.; Oevermann, A.; Bouzalas, I.G.; Bruggmann, R.; Seuberlich, T.
Exploring the virome of cattle with non-suppurative encephalitis of unknown etiology by metagenomics. Virology 2016, 493,
22–30. [CrossRef]

9. Vidal, S.; Kegler, K.; Posthaus, H.; Perreten, V.; Rodriguez-Campos, S. Amplicon sequencing of bacterial microbiota in abortion
material from cattle. Vet. Res. 2017, 48, 64. [CrossRef]

10. Daneman, R.; Prat, A. The blood–brain barrier. Cold Spring Harb. Perspect. Biol. 2015, 7, a020412. [CrossRef]
11. Obermeier, B.; Daneman, R.; Ransohoff, R.M. Development, maintenance, and disruption of the blood-brain barrier. Nat. Med.

2013, 19, 1584–1596. [CrossRef] [PubMed]
12. Al-Obaidi, M.M.J.; Desa, M.N.M. Mechanisms of blood brain barrier disruption by different types of bacteria, and bacterial–host

interactions facilitate the bacterial pathogen invading the brain. Cell. Mol. Neurobiol. 2018, 38, 1349–1368. [CrossRef] [PubMed]
13. Le Guennec, L.; Coureuil, M.; Nassif, X.; Bourdoulous, S. Strategies used by bacterial pathogens to cross the blood–brain barrier.

Cell. Microbiol. 2022, 22, e13132. [CrossRef] [PubMed]
14. Herold, R.; Schroten, H.; Schwerk, C. Virulence factors of meningitis-causing bacteria: Enabling brain entry across the blood–brain

barrier. Int. J. Mol. Sci. 2019, 20, 5393. [CrossRef]
15. Kim, K.S. Investigating bacterial penetration of the blood–brain barrier for the pathogenesis, prevention, and therapy of bacterial

meningitis. ACS Infect. Dis. 2019, 6, 34–42. [CrossRef]
16. Whitlock, K.B.; Pope, C.E.; Hodor, P.; Hoffman, L.R.; Limbrick, D.L., Jr.; McDonald, P.J.; Hauptman, J.S.; Ojemann, J.G.; Simon,

T.D.; Cerebrospinal FLuId MicroBiota in Shunts Study (CLIMB) Group. Characterization of cerebrospinal fluid (CSF) microbiota
from patients with CSF shunt infection and reinfection using high throughput sequencing of 16S ribosomal RNAgenes. PLoS
ONE 2021, 16, e0244643. [CrossRef]

17. Abutarbush, S.M. Veterinary medicine—A textbook of the diseases of cattle, horses, sheep, pigs and goats. Can. Vet. J. 2010, 51,
541.

18. King, J.M.; Roth, J.L.; Dodd, D.C.; Newsom, M.E. The Necropsy Book: A Guide for Veterinary Students, Residents, Clinicians,
Pathologists, and Biological Researchers; The Internet-First University Press: Ithaca, NY, USA, 2014; pp. 14–16.

19. Salter, S.J.; Cox, M.J.; Turek, E.M.; Calus, S.T.; Cookson, W.O.; Moffatt, M.F.; Turner, P.; Parkhill, J.; Loman, N.J.; Walker, A.W.
Reagent and laboratory contamination can critically impact sequence-based microbiome analyses. BMC Biol. 2014, 12, 87.
[CrossRef]

20. FastQC: A Quality Control Tool for High Throughput Sequence Data. Available online: http://www.bioinformatics.babraham.ac.
uk/projects/fastqc (accessed on 29 August 2022).

21. Bolyen, E.; Rideout, J.R.; Dillon, M.R.; Bokulich, N.A.; Abnet, C.C.; Al-Ghalith, G.A.; Alexander, H.; Alm, E.J.; Arumugam, M.;
Asnicar, F. Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 2019, 37,
852–857. [CrossRef]

22. Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, J.; Schweer, T.; Yarza, P.; Peplies, J.; Glöckner, F.O. The SILVA ribosomal RNA gene
database project: Improved data processing and web-based tools. Nucleic Acids Res. 2012, 41, 590–596. [CrossRef]

23. McMurdie, P.J.; Holmes, S. Phyloseq: An R package for reproducible interactive analysis and graphics of microbiome census data.
PLoS ONE 2013, 8, e61217. [CrossRef] [PubMed]

24. MicrobiomeSeq: An R Package for Analysis of Microbial Communities in an Environmental Context. Available online: https:
//github.com/umerijaz/microbiomeSeq (accessed on 29 August 2022).

http://doi.org/10.1515/pjvs-2015-0098
http://www.ncbi.nlm.nih.gov/pubmed/26812817
http://doi.org/10.1038/nmicrobiol.2017.4
http://doi.org/10.1038/s41598-017-13601-y
http://doi.org/10.1371/journal.pone.0249835
http://doi.org/10.1016/j.virol.2016.03.009
http://doi.org/10.1186/s13567-017-0470-1
http://doi.org/10.1101/cshperspect.a020412
http://doi.org/10.1038/nm.3407
http://www.ncbi.nlm.nih.gov/pubmed/24309662
http://doi.org/10.1007/s10571-018-0609-2
http://www.ncbi.nlm.nih.gov/pubmed/30117097
http://doi.org/10.1111/cmi.13132
http://www.ncbi.nlm.nih.gov/pubmed/31658405
http://doi.org/10.3390/ijms20215393
http://doi.org/10.1021/acsinfecdis.9b00319
http://doi.org/10.1371/journal.pone.0244643
http://doi.org/10.1186/s12915-014-0087-z
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://doi.org/10.1038/s41587-019-0209-9
http://doi.org/10.1093/nar/gks1219
http://doi.org/10.1371/journal.pone.0061217
http://www.ncbi.nlm.nih.gov/pubmed/23630581
https://github.com/umerijaz/microbiomeSeq
https://github.com/umerijaz/microbiomeSeq


Microorganisms 2023, 11, 98 13 of 14

25. Zakrzewski, M.; Proietti, C.; Ellis, J.J.; Hasan, S.; Brion, M.J.; Berger, B.; Krause, L. Calypso: A user-friendly web-server for mining
and visualizing microbiome–environment interactions. Bioinformatics 2017, 33, 782–783. [CrossRef] [PubMed]

26. Wirbel, J.; Zych, K.; Essex, M.; Karcher, N.; Kartal, E.; Salazar, G.; Bork, P.; Sunagawa, S.; Zeller, G. SIAMCAT: User-friendly and
versatile machine learning workflows for statistically rigorous microbiome analyses. bioRxiv 2020, 931808. [CrossRef]

27. Robin, X.; Turck, N.; Hainard, A.; Tiberti, N.; Lisacek, F.; Sanchez, J.C.; Müller, M. pROC: An open-source package for R and S+ to
analyze and compare ROC curves. BMC Bioinform. 2011, 12, 77. [CrossRef] [PubMed]

28. Douglas, G.M.; Maffei, V.J.; Zaneveld, J.R.; Yurgel, S.N.; Brown, J.R.; Taylor, C.M.; Huttenhower, C.; Langille, M.G. PICRUSt2 for
prediction of metagenome functions. Nat. Biotechnol. 2020, 38, 685–688. [CrossRef]

29. Parks, D.H.; Tyson, G.W.; Hugenholtz, P.; Beiko, R.G. STAMP: Statistical analysis of taxonomic and functional profiles. Bioinfor-
matics 2014, 30, 3123–3124. [CrossRef]

30. McFarlane, W.J.; Winder, C.B.; Duffield, T.F.; Kelton, D.F.; Bauman, C.A.; Croyle, S.L.; Renaud, D.L. Factors influencing how
Canadian dairy producers respond to a downer cow scenario. J. Dairy Sci. 2022, 105, 684–694. [CrossRef]

31. Lee, Y.H.; Kim, M.J.; Tark, D.S.; Sohn, H.J.; Yun, E.I.; Cho, I.S.; Choi, Y.P.; Kim, C.L.; Lee, J.H.; Kweon, C.H. Bovine spongiform
encephalopathy surveillance in the Republic of Korea. Rev. Sci. Tech. 2012, 31, 861–870. [CrossRef]

32. Coureuil, M.; Lécuyer, H.; Bourdoulous, S.; Nassif, X. A journey into the brain: Insight into how bacterial pathogens cross
blood–brain barriers. Nat. Rev. Microbiol. 2017, 15, 149–159. [CrossRef]

33. María, O.A.J.; Miguel, S.C.J.; Fabiola, G.A.; Elizabeth, G.D.; Araceli, R.C.; Patricia, A.P.; Claudia, W.A.; Maribel, G.V.; Gloria,
L.Á.; Jeanette, G.C.A.; et al. Fatal Psychrobacter sp. infection in a pediatric patient with meningitis identified by metagenomic
next-generation sequencing in cerebrospinal fluid. Arch. Microbiol. 2016, 198, 129–135. [CrossRef]

34. Li, X.Y.; Ke, B.X.; Chen, C.N.; Xiao, H.L.; Liu, M.Z.; Xiong, Y.C.; Bai, R.; Chen, J.D.; Ke, C.W. First co-infection case of melioidosis
and Japanese encephalitis in China. BMC Infect. Dis. 2018, 18, 452. [CrossRef] [PubMed]

35. Vielmo, A.; Bianchi, R.M.; Argenta, F.F.; Rolim, V.M.; GM, G. Thromboembolic encephalitis secondary to bacterial valvular
endocarditis in a red-billed curassow (Crax blumenbachii). Braz. J. Vet. Pathol. 2018, 11, 28–31. [CrossRef]

36. Alonso, J.d.M.; Pedro Filho, T.H.; Ávila, A.R.; Machado, V.M.; Hataka, A.; Bueno, L.M.; Alves, A.L.G.; Hussni, C.A.; Rodrigues,
C.A.; Watanabe, M.J. Surgical repair of an occipital meningocele in a foal. J. Equine Vet. Sci. 2019, 81, 102771. [CrossRef] [PubMed]

37. Seguel, M.; Moroni, M.; Gomez, M.; Hernández, C.; Paredes, E. Bacterial meningoencephalitis in a free Chimango Caracara
(Milvago chimango temucoensis). Braz. J. Vet. Pathol. 2012, 5, 16–19.

38. Afroze, F.; Ahmed, T.; Sarmin, M.; SMSB Shahid, A.; Shahunja, K.M.; Shahrin, L.; Chisti, M.J. Risk factors and outcome of Shigella
encephalopathy in Bangladeshi children. PLoS Negl. Trop. Dis. 2017, 11, e0005561. [CrossRef]

39. Kalay, G.N.; Dalgic, N.; Bozan, T.; Ulger-Toprak, N.; Bayraktar, B.; Soyletir, G. Polymicrobial anaerobic meningitis caused by
Bacteroides fragilis, Bacteroides thetaiotaomicron, Fusobacterium necrophorum and Slackia exigua in a patient with mastoiditis following
otitis media. Anaerobe 2019, 56, 95–97. [CrossRef]

40. Hintze, T.; Steed, M.; Sievers, E.; Bagwell, J.T.; Selfa, N. Primary meningitis due to Fusobacterium nucleatum successfully treated
with ceftriaxone in a healthy adult male. IDCases 2019, 18, e00616. [CrossRef]

41. Luo, L.; Wang, C.; Shen, N.; Zhao, R.; Tao, Y.; Mo, X.; Cao, Q. Polymicrobial anaerobic bacterial meningitis secondary to dermal
sinus: A case report. Transl. Pediatr. 2021, 10, 3118. [CrossRef]

42. Bagdure, S.R.; Fisher, M.A.; Ryan, M.E.; Khasawneh, F.A. Rhodococcus erythropolis encephalitis in patient receiving rituximab.
Emerg. Infect. Dis. 2012, 18, 1377. [CrossRef]

43. Mihaila, D.; Donegan, J.; Barns, S.; LaRocca, D.; Du, Q.; Zheng, D.; Vidal, M.; Neville, C.; Uhlig, R.; Middleton, F.A. The oral
microbiome of early stage Parkinson’s disease and its relationship with functional measures of motor and non-motor function.
PLoS ONE 2019, 14, e0218252. [CrossRef]

44. Holman, D.B.; Timsit, E.; Alexander, T.W. The nasopharyngeal microbiota of feedlot cattle. Sci. Rep. 2015, 5, 15557. [CrossRef]
[PubMed]

45. Schaffer, P.A.; Lifland, B.; Sommeran, S.V.; Casper, D.R.; Davis, C.R. Meningoencephalitis associated with Carnobacterium
maltaromaticum–like bacteria in stranded juvenile salmon sharks (Lamna ditropis). Vet. Pathol. 2013, 50, 412–417. [CrossRef]
[PubMed]

46. Kutzer, P.; Schulze, C.; Engelhardt, A.; Wieler, L.H.; Nordhoff, M. Helcococcus ovis, an emerging pathogen in bovine valvular
endocarditis. J. Clin. Microbiol. 2008, 46, 3291–3295. [CrossRef] [PubMed]

47. Sridhar, S.; Chan, J.F.; Yuen, K.Y. First report of brain abscess caused by a satelliting phenotypic variant of Helcococcus kunzii. J.
Clin. Microbiol. 2014, 52, 370–373. [CrossRef]

48. Sonneville, R.; Mourvillier, B.; Bouadma, L.; Wolff, M. Management of neurological complications of infective endocarditis in ICU
patients. Ann. Intensive Care 2011, 1, 10. [CrossRef]

49. Heintz, E.; Pettengill, M.A.; Gangat, M.A.; Hardy, D.J.; Bonnez, W.; Sobhanie, M.M. Oral flora meningoencephalitis diagnosis by
next-generation DNA sequencing. Access Microbiol. 2019, 1, e000056. [CrossRef]

50. Mollerup, S.; Friis-Nielsen, J.; Vinner, L.; Hansen, T.A.; Richter, S.R.; Fridholm, H.; Herrera, J.A.R.; Lund, O.; Brunak, S.;
Izarzugaza, J.M. Propionibacterium acnes: Disease-causing agent or common contaminant? Detection in diverse patient samples by
next-generation sequencing. J. Clin. Microbiol. 2016, 54, 980–987. [CrossRef]

51. Peles, F.; Wagner, M.; Varga, L.; Hein, I.; Rieck, P.; Gutser, K.; Keresztúri, P.; Kardos, G.; Turcsányi, I.; Béri, B.; et al. Characterization
of Staphylococcus aureus strains isolated from bovine milk in Hungary. Int. J. Food Microbiol. 2007, 118, 186–193. [CrossRef]

http://doi.org/10.1093/bioinformatics/btw725
http://www.ncbi.nlm.nih.gov/pubmed/28025202
http://doi.org/10.1101/2020.02.06.931808
http://doi.org/10.1186/1471-2105-12-77
http://www.ncbi.nlm.nih.gov/pubmed/21414208
http://doi.org/10.1038/s41587-020-0548-6
http://doi.org/10.1093/bioinformatics/btu494
http://doi.org/10.3168/jds.2021-20847
http://doi.org/10.20506/rst.31.3.2165
http://doi.org/10.1038/nrmicro.2016.178
http://doi.org/10.1007/s00203-015-1168-2
http://doi.org/10.1186/s12879-018-3364-6
http://www.ncbi.nlm.nih.gov/pubmed/30180813
http://doi.org/10.24070/bjvp.1983-0246.v11i1p28-31
http://doi.org/10.1016/j.jevs.2019.06.010
http://www.ncbi.nlm.nih.gov/pubmed/31668304
http://doi.org/10.1371/journal.pntd.0005561
http://doi.org/10.1016/j.anaerobe.2019.02.003
http://doi.org/10.1016/j.idcr.2019.e00616
http://doi.org/10.21037/tp-21-210
http://doi.org/10.3201/eid1808.110434
http://doi.org/10.1371/journal.pone.0218252
http://doi.org/10.1038/srep15557
http://www.ncbi.nlm.nih.gov/pubmed/26497574
http://doi.org/10.1177/0300985812441033
http://www.ncbi.nlm.nih.gov/pubmed/22452824
http://doi.org/10.1128/JCM.00867-08
http://www.ncbi.nlm.nih.gov/pubmed/18716228
http://doi.org/10.1128/JCM.02550-13
http://doi.org/10.1186/2110-5820-1-10
http://doi.org/10.1099/acmi.0.000056
http://doi.org/10.1128/JCM.02723-15
http://doi.org/10.1016/j.ijfoodmicro.2007.07.010


Microorganisms 2023, 11, 98 14 of 14

52. Francisco, C.C.; Chamberlain, C.S.; Waldner, D.N.; Wettemann, R.P.; Spicer, L.J. Propionibacteria fed to dairy cows: Effects on
energy balance, plasma metabolites and hormones, and reproduction. J. Dairy Sci. 2002, 85, 1738–1751. [CrossRef]

53. Ametaj, B.N.; Zebeli, Q.; Iqbal, S. Nutrition, microbiota, and endotoxin-related diseases in dairy cows. Rev. Bras. De Zootec. 2010,
39, 433–444. [CrossRef]

54. Oikawa, S.; Katoh, N. Decreases in serum apolipoprotein B-100 and AI concentrations in cows with milk fever and downer cows.
Can. Vet. J. 2002, 66, 31–34.

55. Kalaitzakis, E.; Panousis, N.; Roubies, N.; Giadinis, N.; Kaldrymidou, E.; Georgiadis, M.; Karatzias, H. Clinicopathological
evaluation of downer dairy cows with fatty liver. Can. Vet. J. 2010, 51, 615.

56. Williams, J.M.; Tsai, B. Intracellular trafficking of bacterial toxins. Curr. Opin. Cell Biol. 2016, 41, 51–56. [CrossRef] [PubMed]
57. Sharon, G.; Sampson, T.R.; Geschwind, D.H.; Mazmanian, S.K. The central nervous system and the gut microbiome. Cell 2016,

167, 915–932. [CrossRef] [PubMed]
58. Spichak, S.; Bastiaanssen, T.F.; Berding, K.; Vlckova, K.; Clarke, G.; Dinan, T.G.; Cryan, J.F. Mining microbes for mental health:

Determining the role of microbial metabolic pathways in human brain health and disease. Neurosci. Biobehav. Rev. 2021, 125,
698–761. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3168/jds.S0022-0302(02)74248-3
http://doi.org/10.1590/S1516-35982010001300048
http://doi.org/10.1016/j.ceb.2016.03.019
http://www.ncbi.nlm.nih.gov/pubmed/27084982
http://doi.org/10.1016/j.cell.2016.10.027
http://www.ncbi.nlm.nih.gov/pubmed/27814521
http://doi.org/10.1016/j.neubiorev.2021.02.044
http://www.ncbi.nlm.nih.gov/pubmed/33675857

	Introduction 
	Materials and Methods 
	Bovine Brain Sample Collection and Diagnosis Based on the Necropsy, Pathological, and Clinical Examination 
	DNA Extraction from Brain Tissues 
	Sequencing Library Preparation and Amplicon Sequencing 
	Pre-Processing of Sequence Data and Microbiota Analysis 
	Statistical Analysis 

	Results 
	Diagnosis Result of Downer and Normal Cattle 
	Differences in Bacterial Structure and Diversity between the Downer and Normal Cattle 
	Representative Genera in the Brain Microbiota of the Downer and Normal Cattle 
	Bacterial Network from Brain Microbiota between Downer and Normal Cattle 
	Predicted Functional genes in the Brain Microbiota between Downer and Normal Cattle 

	Discussion 
	Conclusions 
	References

