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Abstract 

Background: Bovine respiratory disease (BRD) is an ongoing health and economic challenge in the dairy and beef 
cattle industries. Multiple risk factors make an animal susceptible to BRD. The presence of Mannheimia haemolytica, 
Pasteurella multocida, Histophilus somni, and Mycoplasma bovis in lung tissues have been associated with BRD mortali‑
ties, but they are also commonly present in the upper respiratory tract of healthy animals. This study aims to compare 
the cattle nasal microbiome (diversity, composition and community interaction) and the abundance of BRD patho‑
gens (by qPCR) in the nasal microbiome of Holstein steers that are apparently healthy (Healthy group, n = 75) or with 
BRD clinical signs (BRD group, n = 58). We then used random forest models based on nasal microbial community and 
qPCR results to classify healthy and BRD‑affected animals and determined the agreement with the visual clinical signs. 
Additionally, co‑occurring species pairs were identified in visually BRD or healthy animal groups.

Results: Cattle in the BRD group had lower alpha diversity than pen‑mates in the healthy group. Amplicon sequence 
variants (ASVs) from Trueperella pyogenes, Bibersteinia and Mycoplasma spp. were increased in relative abundance in 
the BRD group, while ASVs from Mycoplasma bovirhinis and Clostridium sensu stricto were increased in the healthy 
group. Prevalence of H. somni (98%) and P. multocida (97%) was high regardless of BRD clinical signs whereas M. 
haemolytica (81 and 61%, respectively) and M. bovis (74 and 51%, respectively) were more prevalent in the BRD 
group than the healthy group. In the BRD group, the abundance of M. haemolytica and M. bovis was increased, while 
H. somni abundance was decreased. Visual observation of clinical signs agreed with classification by the nasal micro‑
bial community (misclassification rate of 32%) and qPCR results (misclassification rate 34%). Co‑occurrence analysis 
demonstrated that the nasal microbiome of BRD‑affected cattle presented fewer bacterial associations than healthy 
cattle.

Conclusions: This study offers insight into the prevalence and abundance of BRD pathogens and the differences in 
the nasal microbiome between healthy and BRD animals. This suggests that nasal bacterial communities provide a 
potential platform for future studies and potential pen‑side diagnostic testing.
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Background
Bovine respiratory disease (BRD) affects the health of 
beef and dairy cattle of all ages by compromising the 
immune system and causing morbidity and mortality [1, 
2]. The economic impact of BRD treatment in the beef 
industry has been estimated to be $800–$900 million 
annually in the US related to animal death, reduction of 
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feed efficiency, and treatment costs [3]. BRD is respon-
sible for approximately 75% of the morbidity and 57% 
of mortality in US feedlots [4]. In addition, studies have 
identified that multiple predisposing (e.g. animal age, 
handling stress and transport) and environmental (stock-
ing density, ambient temperature, humidity and ventila-
tion) risk factors can make an animal susceptible to the 
action of epidemiological factors (e.g. bacteria, viruses, 
fungi) and the onset of BRD [5–7]. Within the epidemio-
logical factors, the bacterial species Mannheimia haemo-
lytica, Pasteurella multocida, Histophilus somni, and 
Mycoplasma bovis have been associated with BRD mor-
talities [8, 9]. Since multiple pathogens are able to cause 
disease, both the diagnosis and treatment of sick animals 
are more difficult without additional specific information 
regarding the cause of illness in each animal.

The bovine respiratory tract possesses multiple lines 
of defense against pathogen colonization (e.g. mucosal 
layer of the respiratory tract, mucosal epithelium, and 
network signaling and communication). These defenses 
regulate microbial homeostasis between commensals 
and pathogenic bacteria, clear potential pathogens, and 
recruit immune cells to protect animal health [10–12]. 
Nevertheless, when the animals suffer from stress, these 
defenses can fail, provoking the movement of bacterial 
pathogens from the lumen into the lung cells, initiat-
ing BRD [13, 14]. Most producers rely on animal behav-
ior and appearance observations to identify cattle to be 
treated for respiratory disease. However, the observation 
of clinical signs has been shown to have a low sensitiv-
ity (62%) and low specificity (63%) to differentiate ani-
mals with or without BRD [15–17]. Additional methods 
have been studied to help identify animals with BRD, 
such as quantification of acute-phase proteins, white 
blood cell count, neutrophil/lymphocyte ratios, thoracic 
ultrasonography, and metabolomics [18–23]. However, 
further evaluation is needed to confirm the sensitivity, 
specificity, and accuracy of each method.

In recent years, the utilization of 16S rRNA gene 
sequencing and quantitative PCR (qPCR) to character-
ize the cattle respiratory microbiome has increased as a 
way to understand the respiratory tract microbial ecol-
ogy associated with BRD. The advantage of 16S rRNA 
sequencing is that it characterizes the microbial com-
munity and provides the relative abundance of individual 
taxa, while also allowing for the parallel sequencing of 
multiple samples at the same time [24, 25]. The imple-
mentation of qPCR allows the quantification of BRD 
pathobionts in the cattle respiratory tract [26–28]. For 
example, Thomas et  al. [28], quantified the presence of 
P. multocida, H. somni and M. haemolytica from nasal 
swabs collected from healthy cattle using qPCR assays. 
These bacteria are considered pathobionts because they 

exhibit both commensal and opportunistic pathogen 
behavior. It seems if sufficient pressure is exerted on the 
animal by predisposing factors that the abundance of the 
pathobionts increases in the upper respiratory tract and 
the pathobionts are then able to migrate and colonize 
the lung [29, 30]. Others have quantified the abundance 
of BRD pathbionts in BRD-affected animals compared to 
clinically healthy animals. Nonetheless, the difference in 
the abundance of the pathobionts was attributed to the 
stress suffered by the animals after being transported and 
not indicative of disease [31, 32]. In addition, there is a 
hypothesis that the resident microbial community in the 
respiratory tract might enhance or prevent BRD patho-
bionts from increasing in abundance, influencing the 
likelihood of infection [33, 34]. The genera Lactobacillus, 
Streptococcus, and Enterococcus were shown to inhibit 
the growth of M. haemolytica when using culture-based 
methods [35–37].

Even though intensive research has been undertaken to 
characterize the animal’s respiratory tract, characteriza-
tion of the lower respiratory tract (LRT) is challenging 
because it depends on lung tissue collection rather than 
extracting DNA from swabs [26, 38]. On the contrary, the 
upper respiratory tract (URT) can be easily sampled with 
nasal or nasopharyngeal swabs [39]. Correlations in spe-
cific taxa between the URT and LRT suggest that there is 
a mutualistic interrelationship between the two microbial 
communities [40] and characterizing the nasal microbi-
ome could be used to predict the microbiome in the LRT. 
Thus, the current observational study aims to character-
ize the nasal microbiome of cattle with BRD clinical signs 
and their apparently healthy pen-mates by collecting 
nasal swabs and quantify the bacterial community diver-
sity as well as to quantify the presence of the four BRD 
pathobionts. With the results obtained from the study, 
we expected to demonstrate that the abundance of the 
BRD pathobionts would be enriched in the nasal cavity 
of cattle presenting with BRD clinical signs. In the future, 
characterization of the nasal microbiome could be used 
to provide additional information for therapeutic deci-
sion-making in cattle.

Results
Nasal microbiome alpha diversity
DNA extracted from nasal swabs of 124 samples col-
lected from cattle pen-mates were sequenced targeting 
the V4 region of the 16S rRNA gene. A total of 15,287,698 
sequences were identified before the denoising step 
(DADA2) and 13,127,373 sequences after denoising. A 
total of 18,010 amplicon sequence variants (ASVs) were 
observed in the study. After rarefying the total number 
of reads to 40,420 per sample, 16,376 different ASVs 
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remained and were used to quantify the nasal alpha and 
beta diversity.

In this study, the richness estimated by Observed 
ASVs  (F1, 114.18 = 13.375, p < 0.0001; Fig.  1a) and Chao 1 
 (F1, 114.38 = 12.0456, p < 0.0001, Fig.  1b), evenness, esti-
mated by Pielou,  (F1, 113.67 = 7.3700, p < 0.007; Fig.  1c), 
and phylogenetic diversity, estimated by Faith’s PD   
(F1, 112.82 = 10.212, p < 0.001; Fig. 1d), were all significantly 
lower in BRD animals compared to healthy animals.

Bovine nasal microbiome beta diversity
The nasal community structure or distance between the 
BRD and healthy group (beta diversity) as determined 
by Weighted UniFrac  (F1, 123 = 1.83,  R2 = 0.148, p < 0.03; 
Fig.  2a) and  Bray–Curtis dissimilarity  (F1, 123 = 2.1804, 
 R2 = 0.175, p < 0.007; Fig.  2b), was significantly differ-
ent between the two groups. In addition, the dispersion 
of the samples from the treatment group centroid was 
not significantly different (p > 0.05, see Additional File 
1: Table  S1). The distance between the group centroids 
was fairly small, 0.089 (Bray–Curtis) or 0.057 (Weighted 

UniFrac), indicating limited differences in their microbi-
ome community structure.

Cattle nasal microbiota taxonomical composition based 
on 16S rRNA amplicon sequencing
In this study, the top four most relative abundant phyla 
in the nasal microbiome from all animals were Pro-
teobacteria (~ 30% of the community on average), 
Firmicutes (~ 20%), Bacteroidetes (~ 20%), and Act-
inobacteria (~ 10%) regardless of the health status. At 
the family level, Moraxellaceae (22%), Pasteurellaceae 
(19%), and Corynebacteriacea (10%) had the highest rela-
tive abundance regardless of health status; followed by 
Mycoplasmataceae (3.5%) in BRD animals and Week-
sellaceae (3.7%) in healthy animals. Interestingly, the 
four genera with the highest relative abundance in BRD 
animals were Mannheimia (5.2%), Moraxella (4.6%), 
Mycoplasma (3.9%) and Corynebacterium 1 (2.8%), 
while the most relatively abundant genera in healthy ani-
mals were Corynebacterium 1 (4.8%), Moraxella (4.5%), 

Fig. 1 Alpha diversity of the nasal microbiome in cattle that are apparently healthy or display BRD clinical signs (BRD). Observed ASVs (a) and Chao 
1 (b) measure the richness of the microbiome community. Evenness was measured with Pielou (c), and the phylogenetic relationship was measured 
with Faith’s PD (d). An asterisk (*) and horizontal line represent a statistical difference (p ≤ 0.05) between the two groups. Colored circles and lines 
represent the means and standard error of the BRD and healthy groups, respectively, and the gray dots represent the raw data of each group
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Mannheimia (4.1%) and Pasteurella (4%) (see Additional 
File 1: Fig. S4).

DESeq analysis was used to identify differentially abun-
dant taxa in this study. A total of 15 ASVs were increased 
 (log2 fold change > 2, p ≤ 0.05), and 8 ASVs were 
decreased in relative abundance in BRD compared to 
healthy animals (Fig. 3). From the differentially abundant 
ASVs, the species Mycoplasma alkalences 14,918 and 
Mycoplasma arginini had the largest  log2 fold increase, 
6.16 and 3.97, in the BRD group compared to the healthy 
group. On the contrary, ASVs classified as unclassified 
Moraxellaceae, and Gemmobacter had the largest  log2 
fold decrease (5.61 and 3.05) in the BRD group compared 
to the healthy group. There were 4 ASVs identified as 
members of the Mycoplasma genera that were increased 
in the BRD group compared to the healthy group, while 
one Mycoplasma ASV (Mycoplasma bovirhinis) was 
decreased in the BRD group.

Prevalence and quantification of BRD pathobionts by qPCR
Quantification of P. multocida, H. somni, M. haemolytica, 
M. bovis and total 16S rRNA was performed by qPCR 
using the DNA extracted from nasal swabs collected from 
BRD animals and healthy pen-mates. H. somni (98%, 129 
samples out of 133) and P. multocida (97%, 130 out of 
133 samples) had higher prevalence regardless of clinical 
signs of BRD in all the samples, relative to M. bovis (61%, 
93 out of 133 samples) and M. haemolytica (70%, 81 out 
of 133 samples) (Fig. 4). Also, a difference in prevalence 
was observed between BRD and healthy animals for M. 

haemolytica (81 and 61%, respectively), and M. bovis (74 
and 50.7%, respectively) (Fig. 4). As a comparative analy-
sis, the prevalence of the four BRD pathobionts using 
the 16S rRNA gene sequencing data was determined 
(see Additional File 1: Tables S3-S4). In this study, some 
ASVs were specifically assigned to the BRD-associated 
species: one ASV was assigned to P. multocida and one 
to M. haemolytica, five ASVs were identified as M. bovis 
in the study, and none as H. somni (see Additional File 
1: Table  S3). Based on the 16S rRNA gene data regard-
less of the health status, similar to the qPCR data, the 
prevalence of P. multocida was high, 97%, 127 out of 131 
samples. The M. haemolytica ASV was only observed in 
1 sample out of 131, while Mannheimia as a genus had a 
61% prevalence and was slightly higher in BRD animals 
than healthy animals (see Additional File 1: Table  S4). 
Similar to the qPCR results, the most prevalent M. bovis 
ASV, ASV13707, had a higher prevalence in BRD ani-
mals (65%) than healthy animals (41%). An ASV assigned 
to the genus Histophilus had a prevalence of 76% over-
all with only a small difference between BRD and healthy 
animals. H. somni is the only recognized species in the 
Histophilus genus; thus, it can be assumed the identified 
ASV is H. somni [41] (see Additional File 1: Table S3-S4).

Interestingly, the total bacterial abundance was sig-
nificantly higher in the BRD animals than healthy 
animals; 8.49 ± 0.126  log10 mean copies in BRD ani-
mals and 7.99 ± 0.113  log10 copies in healthy animals 
 (F1,124.05 = 9.5567, p < 0.002).

Fig. 2 Principal coordinate analysis (PCoA) of Weighted UniFrac distances (a) and Bray–Curtis dissimilarity (b) between BRD and healthy animals. 
Ellipses indicate a 95% confidence interval of individuals belonging to each health status group. Axis 1 represents the axis that explains the greatest 
amount of the variation followed by Axis 2. Larger points indicate the centroids of the ellipses. Distances of the centroids between the two groups 
are indicated in the caption below each plot
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From all the animals (n = 133), the abundance per 
nasal sample of both M. bovis  (F1,122.72 = 15.7327, 
p < 0.0001; Fig.  5a) and M. haemolytica 
 (F1,123.25 = 10.9789, p < 0.0001; Fig.  5b) was increased 
nearly ten  fold in BRD animals compared to healthy 
animals. On the contrary, H. somni abundance was 
about 10% lower in BRD animals  (F1,124.00 = 8.9821, 
p < 0.003; Fig.  5c). There was no significant difference 
in P. multocida abundance based on health status. In 
addition, after quantifying the relative abundance of 
the four pathobionts in the whole bacterial community 
determined by the 16S rRNA gene abundance, only the 
relative abundance of P. multocida was significantly dif-
ferent, being higher in healthy (88.1%) than BRD ani-
mals (33.3%) animals  (F1,122.07 = 4.1703, p < 0.043).

Classification of healthy and BRD animals based 
on the nasal microbiome
Random forest analyses were performed to predict the 
health status of the animals based on (1) BRD pathobi-
ont gene copy number, 16S rRNA gene copy number and 
animal age, or (2) the microbial community composition 
based on 16S rRNA amplicon sequencing. In this pro-
cess, 60% of the samples (n = 124) were used for training 
the random forest model (n = 74) and 40% were used in 
the testing set (n = 50). The predicted health status was 
then compared to the visual observations of BRD clini-
cal signs. In the testing set, 30 animals were identified 
based on the BRD clinical signs as healthy and 20 as 
BRD. After performing the random forest analysis using 
the community composition (pruned ASV table), in the 

Fig. 3 Differentially abundant taxa (ASVs) between animals with BRD clinical signs (BRD) and healthy animals. Bar plot shows the taxa with a  log2 
fold change greater than 2 or less than − 2 and p ≤ 0.05. Those with a  log2 fold change > 2 were those enriched in BRD animals, while a  log2 fold 
change < − 2 were those decreased in the BRD animals. Taxa names contain numbers in parenthesis if multiple ASVs were assigned the same 
taxonomy
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Fig. 4 Prevalence of BRD pathobionts in the nasal microbiota of Holstein steers (n = 133) and between healthy (n = 75) and BRD (n = 58) Holstein 
steer pen‑mates according to clinical signs. Prevalence of Pasteurella multocida (a), Mannheimina haemolytica (b), Histophilus somni (c) and 
Mycoplasma bovis (d)

Fig. 5 Difference in bacterial abundance per sample (200 µl of extracted DNA) for Mycoplasma bovis (a), Mannheimia haemolytica (b) and 
Histophilus somni (c) between animals with (BRD) and without (Healthy) BRD clinical signs (n = 133). An asterisk (*) and horizontal line represent a 
statistical difference (p ≤ 0.05) between the two groups. Colored circles represent the means of the BRD, and healthy group, vertical lines indicate 
the standard error of the means, and the gray dots represent individual samples of each group
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testing set, 30 animals were predicted to be healthy and 
20 animals were predicted as BRD, with a sensitivity of 
60%, specificity of 73% and accuracy of 68%. When the 
BRD-pathobiont gene copy numbers, 16S rRNA gene 
copy number and animal age were utilized for the classi-
fication by random forests, in the testing set, a total of 17 
animals were predicted as healthy and 33 animals were 
predicted as BRD with a sensitivity of 55%, specificity of 
88% and misclassification rate of 34%. In addition, 11 out 
of 20 cattle visually identified as BRD-affected and 12 out 
of 30 visually identified as healthy agreed in the classifi-
cation-based community composition (ASV Table) and 
quantification of BRD pathobionts and 16S rRNA gene 
abundance (Fig. 6). In addition, with random forest it was 
possible to identify the factors that have a higher impact 
on the classification of the samples based on their mean 
decrease accuracy value. When classifying the samples 
based on the BRD pathobionts gene copy, 16S rRNA gene 
copy number and animal age, it was the decrease in H. 
somni and increase in M. haemolytica that had the high-
est impact on the animal classification (mean decrease 
accuracy 0.023 and 0.014, respectively) (see Additional 
File 1: Fig. S5). Also, when classifying the samples 
based on the community composition predicted by 16S 
rRNA gene sequencing (ASV table), the ASVs with the 

highest impact in the classification (mean decrease accu-
racy > 0.01) were Bibersteinia spp, uncultured Rikenel-
laceae RC9 gut group, Streptococcus species, uncultured 
Ruminococcaceae, Fastidiosipila, Azoarcus, unclassified 
Moraxellaceae, Ornithinimicrobium, and unclassified 
Muribaculaceae (see Additional File 1: Fig. S5). These 
results bring more information regarding other possible 
nasal microbes that could be associated with BRD and 
could be used as possible markers when diagnosing BRD 
using the nasal microbiome.

Nasal microbiome co‑occurrence analysis
In the study, a total of 18,010 ASVs were identified in 
the samples. After removing rare ASVs with an aver-
age relative abundance ≤ 0.0001, 1236 ASVs remained in 
the analysis and were used in the co-occurrence analy-
sis (Table  1). Positive associations indicate the ASV 
pairs that are more likely to co-exist in the same sample, 
whereas the negative associations represent the ASVs 
that are likely to not co-exist in the same sample.

After applying the filtering thresholds to identify ASV 
pairs most common in the nasal cavity (ASV pairs pre-
sent in more than 60% of the samples and a probability 
greater than 0.9), a total of 280 positive ASV pairs asso-
ciations remained in the healthy group and 90 positive 

Fig. 6 Probability of classifying animals as BRD or healthy (< 0.5 = healthy, > 0.5 = BRD) using Random Forest analysis. Classification of the animals 
was based on the microbial community composition (ASV table) and quantification of BRD pathobionts, 16S rRNA gene abundance and age (qPCR). 
The color indicates the initial animal classification based on the BRD clinical signs. Shape indicates if the animal classification agreed between 
the three methods: visual classification based on BRD clinical signs (V), microbial community composition (ASV Table) and quantification of BRD 
pathobionts and 16S rRNA gene abundance (qPCR)
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ASV pairs associations in the BRD group (see Additional 
File 1: Figs. S6 and S7). In the healthy animals, 32 ASV 
pairs were observed in nearly every sample (73 out of 
74 healthy animals) and with a co-occurrence probabil-
ity greater than 0.9 (see Additional File 1: Table  S5). In 
the BRD animals, only eight ASV pairs were observed 
in nearly every sample (56 out of 57 BRD animals) and 
with a probability greater than 0.9 (see Additional File 1: 
Table S6).

After applying the rules that negative associations 
should never co-occur in the samples with a probability 
of < 0.05, a total of 178 negative ASV pair associations 
were identified in the healthy (see Additional File 1: Fig. 
S8) from which only 32 negative ASV pairs associations 
were identified to less likely to co-exist in the samples 
with a probability < 0.04 (see Additional File: Table  S7). 
A total of 49 negative associations were identified in the 
BRD group (see Additional File 1: Fig. S9) from which 
only 13 negative ASV pair associations were identified 
to less likely to co-exist in the samples with a probabil-
ity < 0.04 (see Additional File 1: Table S8).

In addition to identifying the most prevalent ASV 
pair combinations in the nasal microbiome of healthy 
and BRD animals, ASV pair associations between com-
mensal microbiota and BRD-pathogens were identified 
with more relaxed filtering criteria (probability > 0.7). 
This allowed us to detect how common the BRD-patho-
bionts are associated with other bacteria in the cattle 
nasal cavity. We were able to identify in the BRD group 
one positive pair association between P. multocida and 
Escherichia present in 55 samples with a chance of occur-
ring in the same sample of 0.948. No other ASV pair 
associations between BRD pathobionts and commensal 
nasal microbiome were observed with a probability > 0.7.

Discussion
Bovine respiratory disease (BRD) is an ongoing health 
and economic problem in the dairy and beef industries, 
and there are multiple risk factors that make animals 
susceptible to BRD [3, 6]. Four major pathobionts have 
been identified to have a relation with BRD development: 
P. multocida, H. somni, M. haemolytica, and M. bovis [8, 
9]. In the field of BRD research, most nasal microbiome 
studies have focused on characterizing the respiratory 
microbiome using next-generation sequencing of 16S 

rRNA gene amplicons [2, 42] for the relative quantifica-
tion of BRD pathobionts in the respiratory tract [8, 28, 
43]. However, few studies combined the two approaches 
(16S rRNA gene amplicon sequencing and qPCR) to 
characterize the nasal microbiome and quantify the pres-
ence of the BRD pathobionts. In this study, nasal samples 
were collected from healthy and BRD-affected animals 
to identify a differences in their nasal microbiomes, the 
prevalence and abundance of four BRD pathobionts, and 
co-occurrences among the taxa in the nasal microbiome 
or between the BRD pathobionts and nasal microbiome. 
Based on our results, even though 16S rRNA amplicon 
sequencing was effective at predicting BRD and healthy 
animals, this method was unable to determine that BRD-
associated pathogen species were differentially abundant 
in the nasal cavity of BRD-affected cattle compared to 
healthy animals. On the other hand, by using qPCR, it 
was possible to identify that M. haemolytica and M. bovis 
were more prevalent and abundant in the nasal cavity 
of BRD animals, as well as to effectively predict healthy 
and BRD animals. This study will benefit the field of BRD 
research, because it was possible to detect BRD patho-
bionts in nasal samples and determine/predict healthy 
and BRD animals. This is important because nasal swabs 
could be used as a novel secondary clinical test for signs 
of BRD.

Animals with BRD clinical signs had decreased alpha 
diversity in their nasal microbiome
In this study, the nasal microbiome of BRD animals pre-
sented lower alpha diversity than healthy animals. The 
richness of the nasal microbiome in BRD animals com-
pared to healthy animals decreased by approximately 
20%. A similar trend was observed by both Timsit et al. 
[31] and Holman et al. [2] in which the median richness 
of BRD animals decreased about 50% compared to the 
median richness of the healthy animals. Different from 
our study, these two studies collected nasopharyngeal 
samples, not nasal swabs, but the microbial community 
diversity in BRD animals decreased regardless of the 
type of sample collected. In our study, the phylogenetic 
diversity of the nasal microbiome in BRD animals was 
decreased by approximately 11% compared to healthy 
animals. There is evidence that a greater phylogenetic 
diversity confers more stability to the ecosystem and 

Table 1 Co‑occurrence analysis summary for BRD (n = 57) and Healthy (n = 74) groups

Group ASV pair 
associations

ASV pair associations 
not included

ASV pairs 
remained

ASV pair 
associations (+)

ASV pair 
associations (−)

Random unclassified 
ASV pair 
combinations

BRD 763,230 60,569 702,661 92,500 15,313 594,848

Healthy 763,230 41,783 721,447 147,864 15,177 558,406
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resistance to pathogen colonization [44, 45]. Ecosystem 
stability is determined by the resistance, resilience, and 
functional redundancy that the microbial community 
could possess [44, 46]. Thus, it could be hypothesized 
that the greater alpha diversity observed in healthy ani-
mals provided greater community stability, functional 
redundancy, or pathogen colonization resistance, com-
pared to BRD animals. Nevertheless, more research is 
needed to test this hypothesis.

In addition to health status interaction with alpha 
diversity, alpha diversity was positively correlated with 
the environmental temperature. It has been identified 
that temperature can be considered an environmental 
condition that enhances bacterial growth, shaping the 
community [47, 48]. Additionally, in a longitudinal study 
characterizing the nasal microbiome change in human 
anterior nares throughout the different seasons in the 
year, it was identified that the bacterial community clus-
tered based on when the samples were collected [49]. In 
that study, a change in the community structure (beta 
diversity) was observed from February to March 2010, 
marking the progression from winter to spring in which 
the ambient temperature increases progressively; unfor-
tunately, no alpha diversity was analyzed in that study. 
However, it is possible that in our study, temperature 
could have contributed to the low alpha diversity values 
in the samples collected towards the end of the study, 
which marks a change from summer to winter 2020. 
Unfortunately, no other study has looked at the effect of 
ambient temperature on the bovine nasal microbiome as 
performed in our study.

Mycoplasma spp. and other associated bacteria were 
associated with BRD animals
Taxonomical composition of the nasal samples collected 
from BRD, and healthy animals were mostly composed 
at the phylum level of Proteobacteria, Firmicutes, Bac-
teroidetes, and Actinobacteria regardless of the health 
status and agrees with previous studies where they had 
been identified as common nasal microbiota members 
regardless of the health status [50]. However, differ-
ences at the genus level were observed between BRD 
and healthy animals. The nasal microbial community in 
BRD animals had a decrease in the relative abundance of 
ASVs classified as Clostridium sensu stricto 1, unclassi-
fied Moraxellaceae, Mycoplasma bovirhinis and Morax-
ella boevrei DSM 14,165. In a previous study analyzing 
the microbial community of different sites in the upper 
and lower respiratory of healthy cattle, the presence of 
Moraxella, Mannheimia, Clostridium senso stricto 1, and 
Mycoplasma were identified as commensal members of 
the cattle nasal microbiome [50]. Our results showed that 
the relative abundance of Mycoplasma spp., Trueperella 

pyogenes, and the genera Bibersteinia, Streptococcus and 
Moraxella were significantly increased in BRD animals. 
A different study identified that the genera Mycoplasma 
spp., Psychrobacter spp. and Mannheimia spp. were 
enriched in nasal swabs collected from BRD animals 
compared to healthy animals [51]. Also, T. pyogenes and 
Bibersteinia have been identified as secondary pathogens 
and related with BRD cases [8, 39, 52, 53]. These results 
suggest that T. pyogenes and Bibersteinia in the nasal cav-
ity could be related to the development of BRD and could 
be used in the process of BRD classification.

Increased abundance of M. haemolytica, M. bovis and total 
bacteria in the nasal cavity of BRD animals could be 
an indicator of BRD clinical signs
Characterization of the nasal microbiome community 
with 16S rRNA gene sequencing provides knowledge of 
the community structure present in animals differenti-
ated as BRD compared to healthy animals. Nonetheless, 
this method has low phylogenetic power to identify spe-
cific species and poorly discriminates some genera [54]. 
To overcome these limitations, qPCR was used to quan-
tify P. multocida, H. somni, M. haemolytica, M. bovis, and 
total bacteria between BRD and healthy animals.

The total 16S rRNA bacterial gene abundance was sta-
tistically increased in BRD animals compared to healthy 
animals. This could be an indication that the bacte-
rial concentration in the nasal cavity of BRD animals is 
higher than in healthy animals, or that a larger mucosal 
sample was collected from sick animals. Regarding the 
bacteria targeted, P. multocida and, H. somni were pre-
sent in nearly all the samples regardless of health status. 
In a study in which nasal swabs were taken from only 
healthy animals, qPCR analysis showed that P. mul-
tocida and H. somni were the bacteria with the highest 
prevalence whereas M. haemolytica was the least preva-
lent [28]. While P. multocida and H. somni in the lung 
are considered BRD pathobionts, they could be part of 
the core commensal nasal microbiome [50]. Previously, 
P. multocida, has been linked with respiratory disease 
in dairy calves and with shipping fever in cattle [55, 56] 
while H. somni has been isolated from 10% of the lungs of 
animals that died of BRD, especially in association with 
viruses [57, 58].

Another finding in the present study is that M. haemo-
lytica and M. bovis presented higher prevalence and 
abundance in nasal swabs from animals with BRD clini-
cal signs than in apparently healthy animals, indicating 
possible association with the disease. Both bacterial spe-
cies are recognized as commensal members of the nasal 
microbiome, and in situations where the host defense is 
compromised by stress they can access and colonize the 
lung [59, 60]. Furthermore, M. bovis has been identified 
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as a primary pathogen for BRD and it has also  been 
identified in deep nasopharyngeal and transtracheal 
aspiration samples of BRD-affected animals [34, 39]. In 
addition, M. haemolytica, has been identified in naso-
pharyngeal swabs and lung tissue samples of animals that 
died of acute fibrinous pneumonia and it also showed a 
coinfection with M. bovis, and Mannheimia species [8]. 
With these results, it is evident that M. bovis and M. 
haemolytica play a role in BRD development; unfortu-
nately, the majority of these studies did not collect nasal 
samples to identify the presence of the BRD pathobi-
onts in both the lung and the nasal cavity. In our study, 
since both M. bovis and M. haemolytica were enriched 
in the sick animals, it is possible that they both infected 
the lung, but this hypothesis would need to be tested in 
future studies to determine the predictive capacity of the 
nasal microbiome toward the lung microbiome.

A limitation in the treatment of BRD is the low accu-
racy in diagnosing sick animals and rapidly being able to 
determine the pathogen causing the disease. It is known 
that sick cattle will not present common clinical signs 
because they exhibit prey behavior in which they mask 
early symptoms; therefore, visual symptoms are often 
insufficient to identify sick animals [61, 62]. Comparison 
of the nasal microbial community composition and BRD-
associated pathogen quantification agreed at about 70% 
in classifying healthy and BRD animals when compared 
to the visual classification based on BRD clinical signs. In 
this study, one animal that was visually classified as BRD, 
but was classified as healthy by the two microbiological 
methods and based on the qPCR data (< 0.5 probability 
of being classified as BRD), had high H. somni, and low 
M. haemolytica abundance similar to the animals cor-
rectly classified as healthy by the three methods. A dif-
ferent animal that was visually identified as healthy but 
classified as BRD by the two methods (> 0.6 probability 
of being classified as BRD animals), had low H. somni 
with high M. haemolytica similar to the animals classi-
fied as BRD by the three methods. Thus, a combination of 
these methods could potentially be used in the future to 
increase the accuracy of diagnosing BRD.

BRD animals had decreased bacterial co‑occurrence 
in the nasal cavity compared to healthy animals
Bacterial-bacterial interactions can be synergistic or 
antagonist, and depending on the signal detected, can 
change their behavior on a population-wide scale [63]. 
It is thought that commensal members of the nasal 
microbiome could play a role in the health of the host by 
decreasing or enhancing the chance of pathogenic bac-
terial colonization [33, 34]. Even though most previous 
BRD studies compared the nasal microbial community 
between healthy and BRD-affected animals, few studies 

have investigated bacterial interactions or associations 
in the nasal microbiome. Thus, a co-occurrence analysis 
was performed to identify any ASV pairs specific to the 
BRD and healthy groups.

In this study, the nasal microbiome of healthy animals 
had more positive associations (ASVs pairs that co-exist 
in the same sample) and negative associations (ASVs 
pairs that do not co-exist in the same sample) than the 
BRD animals. It has been shown that microbes that 
coexist in close physical proximity to each other, display 
increased likelihood to interact with each other [64]. 
Thus, the difference in the number of co-occurrence taxa 
could be attributed to the higher diversity observed in the 
healthy compared to those affected by BRD. Nonethe-
less, more research is needed to determine the type of 
co-occurrence or interaction present in the nasal cavity 
of BRD and healthy animals (e.g., commensalism, syn-
ergism, competition, amensalism, and predation) [64] 
that could provide more information regarding how 
BRD develops. Fewer bacterial associations observed in 
the BRD group might indicate microbial dysbiosis in the 
BRD animals [65]. However, a previous study performed 
in human respiratory microbiome indicated that micro-
bial dysbiosis could not be determined as the cause of the 
disease [66].

Only one previous study investigated microbial co-
occurrence patterns present in BRD and healthy animals. 
In this study, the bacterial genera Mannheimia and Hist-
ophilus were substantially increased in BRD animals and 
the genus Fusobacterium co-occurred with Caviibacter 
in BRD-affected animals [65]. Also, negative associations 
between Moraxella, Corynebacterium, and Pasteurella 
and the archaeal genus Methanobrevibacter, with Myco-
plasma were observed in nasopharyngeal samples of cat-
tle transported to the feedlot [67]. Nonetheless, in our 
study, we found positive associations between M. bovis 
and Corynebacterium, albeit with a low probability of 
0.1 and 0.2 in the healthy animals and with a probabil-
ity of 0.3 in BRD animals. No other associations reported 
previously [67] were observed in the current study and 
could indicate that BRD pathobionts are less likely to 
co-occur with other members of the cattle nasal micro-
biome. Another interesting result in this study is that in 
healthy animals, Acinetobacter, Methanobrevibacter, and 
Corynebacterium 1 were the genera with the most co-
occurring interactions with other members of the nasal 
microbiome (probability > 0.9), and these three bacteria 
had been identified as members of the cattle nasal micro-
biome [42, 67, 68]. However, the genus Acinetobacter has 
been found to be increased in BRD-affected cattle [65]. 
Thus, the role of Acinetobacter in the nasal microbiome 
remains unclear. In the case of bacterial associations 
in the BRD animals, bacteria genera Flavobacterium, 
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Clostridium sensu stricto 1, Bacteroides and the archaeal 
genus Methanobrevibacter were the most likely to be 
associated with nasal microbiome members and again, 
these bacteria have been identified as members of the 
core nasal microbiome in cattle [50].

Despite the strong bacterial associations within the 
commensal bacteria, no BRD pathobionts were identi-
fied to have common associations with members of the 
nasal microbiome. It has been found that bacteria can 
enhance or prevent the growth of other bacteria when 
present in the same environment [64]. An in vitro study 
demonstrated that the presence of Staphylococcus epi-
dermidis, Rhodococcus spp., Moraxella spp., Corynebac-
terium spp., Micrococcus, and Streptococcus viridans 
enhanced the growth of P. multocida, H. somni, and M. 
haemolytica [33]; however, no other studies have investi-
gated bacterial interactions in the nasal cavity of healthy 
and BRD animals. Thus, it is possible that members of 
the nasal microbiome community are not enhancing or 
interacting with BRD-associated members in  vivo. This 
could give rise to a new working hypothesis that in the 
nasal microbiome BRD pathobionts have a neutralism 
interaction, meaning that BRD pathobionts can be pre-
sent in the same environment but never interact with 
other commensal bacteria [64]. Lastly, another expla-
nation for these results could be that BRD pathobionts 
produce metabolites that decrease the ability of other 
commensal members to co-exist in the same environ-
ment and co-occurrence interactions would therefore 
not be observable. Some studies have looked at viru-
lence factors of P. multocida, H. somni, M. haemolytica, 
and M. bovis [55, 60, 69], but these factors affect the host 
immune response; unfortunately, no studies have inves-
tigated how the presence of these pathogens and genera-
tion of metabolites could affect the growth or presence of 
the nasal microbiome in cattle.

Conclusions
Bacterial 16S rRNA gene sequencing demonstrated that 
the nasal microbiome of BRD animals have lower alpha 
diversity values (richness and evenness) than healthy 
animals. Lower alpha diversity could decrease micro-
bial  community stability in BRD animals, possibly mak-
ing them more susceptible to pathogen colonization. 
In addition to decreased diversity, animals in the BRD 
group had fewer bacterial cooccurrences than healthy 
animals potentially indicating dysbiosis in the nasal 
microbial community of animals with BRD clinical signs. 
Co-occurrence analysis demonstrated that core mem-
bers of the cattle nasal microbiome are the most common 
bacteria to co-occur with other members of the nasal 
microbiome, while BRD pathobionts co-occurred with 
few members of the cattle nasal microbiome. Detection 

and quantification of BRD pathobionts revealed that H. 
somni and P. multocida are commonly present in the 
nasal microbiome regardless of health status. However, 
the prevalence and abundance of M. haemolytica and M. 
bovis were increased in the BRD group, demonstrating a 
possible connection between these two bacterial species 
and BRD development. In addition, microbial community 
analysis indicated that increased relative abundance of 
Mycoplasma spp., Truperella pyogenes, Bibersteinia spp. 
in the nasal cavity of BRD animals could be related with 
BRD development. Characterization of the nasal micro-
bial community composition, quantification of BRD 
pathobionts and the total bacterial 16S rRNA gene were 
largely in agreement in classifying the animals as BRD or 
healthy in comparison with classifying the animals based 
on the visual clinical signs. Thus, these marker microor-
ganisms in nasal samples could be used as a potential sec-
ondary clinical method to provide additional information 
about animals after being identified by the visual clinical 
signs as needing additional clinical evaluation.

Materials
Animal population and selection
All procedures involving animal use were approved by 
the Purdue University Animal Care and Use Committee 
(protocol #1906001911). A total of 133 Holstein steers 
approximately 6–7 months old, housed in the same envi-
ronment at a feedlot (Indiana, USA) were sampled from 
July to December 2020; the animals selected were only 
sampled once. Animals with BRD clinical signs were 
identified following the DART method that uses depres-
sion, appetite loss, respiratory character change and rec-
tal temperature [38] as clinical signs of disease. Animals 
that exhibited 2 out of 3 clinical signs (not including rec-
tal temperature) were selected and are referred to as BRD 
animals. Once an animal was identified to have BRD clin-
ical signs, one or two apparently healthy pen mates were 
also selected for nasal swab sampling. More healthy ani-
mals were selected than BRD animals in case one of the 
healthy animals later displayed BRD clinical signs after 
sample collection. Healthy animals were identified as 
animals that did not present any BRD clinical signs such 
as depression, respiratory character change and appetite 
loss. After selecting the BRD and healthy pen-mates, rec-
tal temperature was measured to corroborate the visual 
classification, a temperature > 103 °F was established to 
corroborate BRD animals. Nonetheless, measurement of 
rectal temperature did not always indicate sickness, as a 
few animals without clinical signs also presented rectal 
temperature > 103 °F. The animals selected for the study 
were not previously treated (individually or mass-medi-
ated) for BRD or any other disorder with antibiotics for 
the previous 100 days. After the end of the study, animal 
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health records were reviewed and any healthy animals 
that were treated for BRD after sampling were removed 
from the study. A total of 75 healthy and 58 BRD animals 
were included in the study.

Cattle nasal swab collection and DNA extraction
After identifying healthy and BRD animals, the out-
side of the nostrils were cleaned with a paper towel, 
and two unguarded swabs were inserted simultaneously 
about 3–5  cm deep into one nostril and then into the 
other nostril, rotating against the mucosal surfaces for 
about 5 s in each nostril. Nasal swabs were placed in an 
empty 15  mL conical tube; the tubes were labeled and 
transported (1.5 h on ice) to the laboratory for process-
ing. During sampling, rectal temperature, and pen ID 
were collected for each animal for further data analy-
sis. Nasal swabs were processed to extract the bacterial 
and mucosa content from the tip of the swabs by adding 
1  mL of nuclease-free water and then mixed horizon-
tally by vortex for 5 min, after which the tip of the swab 
was removed and the liquid was centrifuged (6000 × for 
10 min) to form a pellet of the swab contents. The super-
natant was removed and the mucosal pellet was stored at 
− 20 C at this point. Total DNA was extracted from the 
pellets using the DNeasy Blood & Tissue Kit (Qiagen, 
Germantown, MD, USA) following the method described 
in Holman et al. [2]. 16S rRNA library pool preparation 
were performed following the Kozich et al. [70] protocol. 
The amplicons were sequenced using an Illumina MiSeq 
Sequencer (2 × 250 paired-end) at the Purdue Genomic 
Core Facility.

Raw sequence data obtained from the 16S rRNA gene 
amplification were analyzed using Quantitative Insight 
Into Microbial Ecology (QIIME2) v.2020.2. Using the 
DADA2 [71] denoising step, the forward and reverse 
sequences were trimmed at position 0, and the forward 
and reverse sequences were truncated at position 251 
and 223, respectively, to obtain sequences with a qual-
ity > Q30. The forward and reverse reads were then 
merged. The taxonomy of each sequence was assigned 
using SILVA 132, 515F/806 region database. Then, the 
sequences were rarified to 40,420 sequences per sample 
to calculate the alpha and beta microbial diversity in the 
nasal swab samples; in this step, seven samples (6 healthy 
and 1 BRD) were removed due to low sequence count. 
Alpha diversity was estimated in QIIME2 using the 
Observed OTUs and Chao1 metrics for richness, Pielou 
index for evenness and Faith (Faith’s PD) for phylogenetic 
diversity [72–75]. The Bray–Curtis Dissimilarity Index 
and Weighted UniFrac were used to analyze the Beta 
diversity [76] and plotted as principal coordinate analysis 
(PCoA) using R v. 4.0.3

A negative binomial distribution method, DESeq2 
[77], was used to determine differentially abundant taxa 
between BRD and healthy animals. The unrarefied ASV 
table was used as the input for the analysis (18,010 ASVs) 
ASVs with a  log2 fold change > 2 and statistical signifi-
cance of p ≤ 0.05 were selected as differentially abundant 
ASV between BRD and healthy animals.

Mock community and empty swabs sequencing analysis
The raw 16S rRNA sequences from the mock commu-
nity of 20 known bacterial strains DNA (20 Strain Even 
Mix 138 Genomic Material; ATCC® MSA-1002TM), 
and the DNA extraction negative controls used as DNA 
extraction negative control were analyzed separately 
using QIIME2 v.2020.2. as described above. To evalu-
ate the mock community sequencing quality, we used 
the QIIME2 (v.2-2020.2) function evaluate_seqs [78]. 
The presence of contaminants during DNA extraction 
and sequencing was determined by comparing the mock 
community (positive control) taxonomical composition 
to the mock community known composition. Any ASVs 
in the mock community (positive control) that did not 
match mock community reference sequences and were 
also present in the DNA extraction negative controls at 
a relative concentration higher than 10% were considered 
contaminants and were removed from the data.

qPCR analysis for BRD pathobionts and 16S rRNA gene
DNA extracted from pure isolates of P. multocida, H. 
somni, and M. haemolytica acquired from the Indiana 
Animal Disease Diagnostic Laboratory (ADDL) at Pur-
due University and DNA from M. bovis strain 25,523 
(American Type Culture Collection) was used to gener-
ate the qPCR standard curve to quantify the abundance 
of BRD pathobionts. PCR assays were performed to tar-
get the genes mentioned in Table 2 [28, 79].

The PCR assays for P. multocida, H. somni, M. haemo-
lytica, and M. bovis were performed in a 50  μl volume 
consisting of 25 μl of iTaq™ Universal Probes Supermix 
(BioRad, CA, USA), 12.5 μl Primer/Probe mix (Integrated 
DNA Technologies IDT, Coralville, Iowa, USA) listed in 
Table 1 with a concentration of 300 nM for the primers 
and 100 nM for the probes as reported in Thomas et al. 
[28], 10 μl nuclease-free water and 2.5 μl of nucleic acid 
template. PCR assays were performed in an Eppendorf 
Mastercycler Gradient Model 533 and the cycling condi-
tions for H. somni and P. multocida were 95 °C for 3 min 
followed, by 40 cycles of 95 °C for 3 s and 60 °C for 60 s. 
Cycling conditions for M. haemolytica were as follows: 
95 °C for 3 min, followed by 40 cycles of 95 °C for 3 s and 
69 °C for 60 s. Cycling conditions for M. bovis were 95 °C 
for 10 min, followed by 45 cycles of 95  °C for 30  s, and 
60 °C for 60 s.
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PCR-grade water was used as a negative control. PCR 
amplification quality was checked via gel electrophoresis. 
P. multocida, H. somni, M. haemolytica and M. bovis gene 
amplicons were cleaned and purified using a Monarch 
PCR and DNA Cleanup kit (New England BioLabs, MA, 
USA), amplicon concentration was determined by Qubit 
dsDNA HS Assay kit (Thermo Fisher Scientific, PA, USA) 
and the amplicons were stored at − 20  °C until further 
use. Amplicon copy number was calculated using the 
concentration and length of the amplicon.

For the qPCR standard sample dilutions, amplicon 
serial dilutions  (108 to  100) were created for each BRD 
pathobiont. The standard curve equation was generated 
using a linear regression of technical triplicate average 
quantification cycle (Cq) and  log10 amplicon copies/μl as 
known from each dilution. The qPCR technical triplicate 
assays were performed in 20 μl total volume containing 
10  μl iTaq™ Universal Probes Supermix (BioRad, CA, 
USA), 5  μl Primers/Probes and 5  μl of each bacterium 
amplicons generated in the PCR step. The qPCR assays 
were performed in CFX96 Real-Time System Thermal 
Cycler (BioRad, CA, USA). Amplification efficiency (E) 
was calculated using the slope of the standard curve and 
the formula: E (%) = (− 1 +  10−1/slope) × 100.

To quantify the abundance of P. multocida, H. somni, 
M. haemolytica and M. bovis in the nasal swabs, qPCR 
reactions were performed in triplicate, with a separate 
reaction for each bacterium using the cycling conditions 
and the primers and probe concentration described in 
the BRD pathobiont PCR step. To account for inter-plate 
variability only one technical replicate was included in a 
single plate. The BRD pathobiont copy number obtained 
from 5  μl of extracted DNA used in the qPCR assays 
were divided by 5 to get the number of copies per 1  μl 
and then, multiplied by the total volume obtained from 

the DNA extraction process (200 µl). This process deter-
mined the absolute abundance of each bacterium in the 
total extracted sample. In each qPCR plate, one standard 
curve dilution was utilized as the positive control and 
PCR-grade water as the negative control.

To quantify the 16S rRNA gene abundance present 
in the animal’s nasal cavity, DNA extracted from the 
nasal samples was used as the template to generate 16S 
rRNA amplicons by PCR. 16S rRNA gene amplification 
was performed in an Eppendorf Mastercycler Gradi-
ent Model 533, using the primers 8F (5′ AGA GTT TGA 
TCC TGG CTC AG 3′) and 1492R (5′ ACG GTT ACC TTG 
TTA CGA CTT 3′) to obtain the bacterial 16S rRNA gene 
amplicon that was further utilized as the qPCR template 
to generate the standard curve [82]. PCR assays were per-
formed in a 50  μl volume reaction consisting of 42.5  μl 
of AccuPrime™ Pfx SuperMix (Thermo Fisher Scien-
tific, MA, USA), 2.5 μl of each 10 μM primer (8F/1492R), 
1.5  μl of Nuclease-free water and 1  μl DNA template. 
The primer concentration and PCR cycling conditions 
were performed as stated in the protocol by Kozich et al. 
[70] protocol. PCR-grade water was used as a negative 
control and as a mock community (20 Strain Even Mix 
138 Genomic Material; ATCC® MSA-1002™) as a posi-
tive control. PCR was verified and amplicons purified as 
described above.

For the qPCR standard curve generation, a serial dilu-
tion  (108 to  100) was made of the 16S rRNA gene ampli-
cons. The qPCR assays were performed in 20  μl total 
volume containing 10  μl LightCycler 480 SYBR Green I 
Master (Thermo Fisher Scientific, PA, USA), 5  μl Prim-
ers/Probes and 5  μl of the gene amplicons. The qPCR 
assays were performed in a CFX96 Real-Time System 
Thermal Cycler (BioRad, CA, USA) using the universal 
bacteria primers 1132F and 1108R [83] at a concentration 

Table 2 BRD pathobiont primers and probes sequences for PCR and qPCR reactions

*Probe fluorophore and double quencher: 5′ 6‑FAM/ZEN/3′ IBFQ

Target Target gene Primer name Sequence (5′–3′) Size (bp) Ref

M. haemolytica sodA Mh‑SGF AGC AGC GAC TAC TCG TGT TGG TTC AG 26 [80]

M. haemolytica sodA Mh‑SGR AAG ACT AAA ATC GGA TAG CCT GAA ACG CCT G 31 [80]

M. haemolytica sodA Mh‑BV1P* TTC AAC CGC TAA CCA GGA CAA CCC AC 26 [80]

P. multocida 16S rRNA Pm‑TMF CGC AGG CAA TGA ATT CTC TTC 21 [81]

P. multocida 16S rRNA Pm‑TMR GGC GCT CTT CAG CTG TTT TT 20 [81]

P. multocida 16S rRNA Pm‑TMP* ACT GCA CCA ACA AAT GCT TGC TGA GTT AGC 30 [81]

H. somni 16S rRNA Hs‑TMF AGG AAG GCG ATT AGT TTA AGA GAT TAATT 29 [81]

H. somni 16S rRNA Hs‑TMR TCA CAC CTC ACT TAA GTC ACC ACC T 25 [81]

H. somni 16S rRNA Hs‑TMP* ATT GAC GAT AAT CAC AGA AGA AGC ACC GGC 30 [81]

M. bovis oppD PMB996‑F TCA AGG AAC CCC ACC AGA T 19 [79]

M. bovis oppD PMB1066‑R AGG CAA AGT CAT TTC TAG GTG CAA 24 [79]

M. bovis oppD Mbovis1016* TGG CAA ACT TAC CTA TCG GTG ACC CT 26 [79]
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of 6  pmol with cycling conditions of 40 cycles of 95  °C 
for 15  s and 60  °C for 1  min. The standard curve gen-
eration, calculation of amplification efficiency, and gene 
abundance were performed as described in the previous 
section. One standard curve dilution was utilized as the 
positive control and PCR-grade water as the negative 
control in each of the qPCR plates.

The prevalence of P. multocida, H. somni, M. haemolyt-
ica and M. bovis was calculated as the number of animals 
that tested positive for each bacterial species from the 
total numbers of samples (percentage) and the prevalence 
was also calculated between healthy and BRD animals. 
Samples with a Cq value greater than the Cq obtained 
with the endpoint of the standard curve (see Additional 
File 1: Table S9) were determined to be false positives. In 
addition, the relative abundance of the four BRD patho-
bionts was determined by dividing the bacterium copy 
number by the 16S rRNA gene copy number obtained 
per sample (determined by 16S rRNA gene abundance).

Statistical analysis for 16S rRNA gene sequencing 
and qPCR data
Alpha diversity metrics (Observed ASVs, Chao1, Pielou, 
and Faith’s PD) and quantification of BRD-associated 
pathogen gene copy number and 16S rRNA gene abun-
dance (qPCR) were analyzed using a General Linear 
Mixed Model with the random factor specified to only 
include random slopes using the afex package [84]. Sta-
tus of clinical signs (BRD or Healthy) was included as 
a fixed factor and pen as a random factor. The age and 
date of sampling were included as continuous factors in 
the model. We checked assumptions of normality of the 
residuals and homogeneity of variance were checked 
using the afex package. We log-transformed the depend-
ent variables when the assumptions were not met.  The 
F values reported include the listing of  the degrees of 
freedom associated with the model. To test the differ-
ence in beta diversity between healthy and BRD ani-
mals, a permutational multivariate analysis of variance 
test (PERMANOVA) of the Bray–Curtis dissimilates and 
Weighted UniFrac distances was performed using the 
adonis function from the vegan package [85]. In addition, 
a dispersion test was performed to determine the dis-
tance of the samples from the centroids of the two groups 
(BRD or healthy animals) using the vegan package [85], 
followed by a permutation test of multivariate homoge-
neity of groups dispersion using the vegan package [85]. 
Statistical significance was defined as p ≤ 0.05. All the 
statistical analyses involving the microbiome composi-
tion were performed in R v. 4.0.3 and the code, and data 
used in this study are available at https:// github. com/ 
Eunic eCent eno/ BRDNa sal.

Classification of healthy and BRD animals using random 
forest
A random forest analysis was performed with the rarified 
ASV table using the randomForest package in R v. 4.0.3. 
First, the samples (n = 124) were randomly divided into 
training set (60% of the data, n = 74) and testing set (40% 
of the samples, n = 50). ASV table obtained from the 
16S rRNA gene sequencing was pruned to only include 
the ASVs with a the relative abundance greater than 
0.0001 with 40,420 reads or more per sample leaving 
1257 ASVs for the analysis. Random forest analysis was 
then performed separately using the microbial commu-
nity (pruned ASV table) or BRD-pathobiont abundance 
(qPCR result) with 16S rRNA gene abundance (qPCR 
result) and animal age. To determine the classification 
accuracy, the sensitivity (Eq.  1), specificity (Eq.  2) and 
misclassification rate were calculated. Misclassification 
rate was calculated by comparing the animal visual clas-
sification with the classification assigned to the sample 
using Random Forest. Also, the samples classified as 
BRD or healthy based on the random forest that agreed 
with the visual classification were identified. Lastly, the 
factors that had the highest impact in classifying the 
samples were identified based on the mean decrease 
accuracy > 0.001.

Microbial community co‑occurrence analysis
A co-occurrence analysis was performed to identify ASV 
pairs that coexist in the sample (positive associations) or 
do not co-exist (negative association) in the nasal cavity 
of healthy and BRD animals. The ASV table was subset 
into two tables: samples from BRD and healthy animals. 
ASVs with an average relative abundance < 0.0001 were 
removed from the dataset, and 40,420 sequence counts 
or more per sample were used in the analysis. A total of 
1236 ASVs were used in the analysis. Then, the ASV table 
was converted to a binary format: presence (1) and 
absence (0). Co-occurrence analysis was performed with 
the package cooccur [86] in R (v. 4.0.3). Co-occurrence 
results were filtered to require that positive association 
ASV pairs be significantly different (p ≤ 0.05), present in 
at least 60% of the total number of sample (BRD n > 34 
samples and Healthy n > 45 samples), and with a prob-
ability > 0.9 that the two ASVs will co-occur in the same 
sample. It was required that negative associations have 

(1)

Sensitivity =
# of true positives

# of true positives + # of false negatives

(2)

Specificity =
# of true negatives

# of true negatives + # of false positives

https://github.com/EuniceCenteno/BRDNasal
https://github.com/EuniceCenteno/BRDNasal
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a significance of p ≤ 0.05, with probability < 0.05 that the 
two ASVs would occur in the same sample and never co-
occur in the samples.

Once the ASV pair combinations were identified, any 
pair combination (positive or negatively associated) with 
the BRD-pathobionts were selected with a probability 
threshold of 0.7. This allowed us to observe the associa-
tion of the pathogens with any other bacteria present in 
the nasal cavity of healthy and BRD animals.
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