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Abstract 

Background: The tonsil of the soft palate in pigs is the colonization site of both commensal and pathogenic micro-
bial agents. Streptococcus suis infections are a significant economic problem in the swine industry. The development 
of S. suis disease remains poorly understood. The purpose of this study was to identify whether the tonsillar microbi-
ota profile in nursery pigs is altered with S. suis disease. Here, the dynamics of the tonsillar microbiota from 20 healthy 
pigs and 43 diseased pigs with S. suis clinical signs was characterized.

Results: Based on the presence or absence of S. suis in the systemic sites, diseased pigs were classified into con-
firmed (n = 20) or probable (n = 23) group, respectively. Microbiota composition was assessed using the V3-V4 
hypervariable region of the 16S rRNA, and results were analyzed to identify the diversity of the tonsillar microbiota. 
The taxonomic composition of the tonsil microbiota proved to be highly diverse between individuals, and the results 
showed statistically significant microbial community structure among the diagnosis groups. The confirmed group had 
the lowest observed species richness while the probable group had higher phylogenetics diversity level compared to 
the healthy group. Un-weighted Unifrac also demonstrated that the probable group had a higher beta diversity than 
both the healthy and the confirmed group. A Dirichlet-multinomial mixture (DMM) model-based clustering method 
partitioned the tonsil microbiota into two distinct community types that did not correspond with disease status. 
However, there was an association between Streptococcus suis serotype 2 and DMM community type 1 (p = 0.03). 
ANCOM-BC identified 24 Streptococcus amplicon sequence variants (ASVs) that were differentially abundant between 
the DMM community types.

Conclusions: This study provides a comprehensive analysis of the structure and membership of the tonsil microbiota 
in nursery pigs and uncovers differences and similarities across varying S. suis disease status. While the overall abun-
dance of Streptococcus was not different among the diagnosis groups, the unique profile of DMM community type 1 
and the observed correlation with S. suis serotype 2 could provide insight into potential tonsillar microbiota involve-
ment in S. suis disease.
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Background
Streptococcus suis is a Gram-positive bacterium that 
is a common inhabitant of the nasal cavities and tonsil 
of swine [1]. S. suis is a zoonotic agent and considered 
an occupational disease that can affect people work-
ing in close contact with infected pigs or pork products 
[2–4]. Infections caused by S. suis result in considerable 

Open Access

Animal Microbiome

*Correspondence:  afarzan@uoguelph.ca
2 Department of Population Medicine, Ontario Veterinary College, 
University of Guelph, 50 Stone Rd E, Guelph, ON N1G 2W1, Canada
Full list of author information is available at the end of the article

http://orcid.org/0000-0002-9612-0263
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s42523-022-00162-3&domain=pdf


Page 2 of 13Niazy et al. Animal Microbiome            (2022) 4:10 

economical losses in the swine farming industry [5]. In 
fact, S. suis has been incorporated among the top ten 
pathogens in swine worldwide [6]. Another challenge is 
the main costs associated with S. suis disease  treatment 
and control [5]. Commonly, antimicrobials including 
beta-lactams such as penicillin, ceftriaxone, and ceftiofur 
are used to control the disease [7]. S. suis is considered 
to be a reservoir of antimicrobial resistance genes due to 
the usage of antimicrobials [2, 8]. Also, there has been no 
universal vaccine available and autogenous vaccines are 
commonly used with contradictory outputs [2].

There are presently 29 serotypes of  S. suis  identified 
based on capsular polysaccharide antigens [9]. Most stud-
ies indicate that serotypes isolated from diseased pigs pri-
marily belong to serotype 1–9, 1/2, and 14 with different 
distribution depending mainly on geographical regions 
[10]. So far, S. suisserotype 2 is most frequently recovered 
from the diseased pigs; however, the strains may vary 
genotypically and phenotypically between different con-
tinents [9]. While most pigs are asymptomatic carriers 
of the bacterium, approximately 5% of pigs develop clini-
cal signs of S. suis infection with pigs at age 5–10 weeks 
being most susceptible to infection [11]. Usually, S. suis 
infections are seen in weaned piglets about 2–6  weeks 
after weaning, not often in suckling and growing animals, 
and rarely in adult pigs. Clinical manifestations of S. suis 
infection include fever, septicemia, which in turn can lead 
to meningitis, endocarditis and lameness due to arthritis 
[1]. Commonly, sow vaccination is used in the field to 
provide passive protection to the piglets. While it is less 
costly, it offers weak results due to the decline of mater-
nal antibodies by 2–3 weeks post-weaning [1]. However, 
it is not fully understood why some pigs develop clinical 
signs of S. suis while others remain healthy carriers. One 
approach to understanding how S. suis can develop into 
infection is to look at the microbial environment of the 
tonsils. The tonsils of the soft palate play an important 
role in innate and acquired immunity and can provide 
an immediate defence mechanism against pathogens [12, 
13]. Paradoxically, the tonsils are also an important niche 
for microbial colonization and a portal of entry for a vari-
ety of microbes including those that are pathogenic [13].

Previous studies have examined the tonsil microbiota 
of swine populations by describing the core microbi-
ome and how the microbiome is developed through 
age. Actinobacteria, Bacteroidetes, Firmicutes, Fuso-
bacteria and Proteobacteria have been reported as the 
5 most predominant phyla in the tonsil microbiota in 
pigs [14, 15]. Several studies have examined the devel-
opment of the tonsil microbiota in healthy pigs from 
newborn to 19  weeks of age and found that a change 
in the host environment, such as change in feed, tem-
perature and medication can affect the microbial 

environment, potentially altering the presence of bac-
terial species abundance [15–17]. A study by Cortes 
et  al. demonstrated that in-feed medication, the stress 
of changing diet, and movement from farrowing to the 
nursery room were associated with a shift in bacte-
rial composition and affected the development of the 
microbiome [17].

Research investigating the interactions between the 
members of polymicrobial communities in the upper 
respiratory tract of swine is still in the early stages. 
However, culture-independent methods have recently 
revealed a complex consortium of microbes associated 
with respiratory diseases in swine [16] and identifying 
the combinations of organisms include bacteria, pro-
tozoans, viruses, and fungi [18]. Piglets are colonized 
by  S. suis  from vaginal secretions through parturition 
and during nursing [1]. This colonization may lead to 
an asymptomatic carriage or develop to an invasive 
disease, particularly in the subject of coinfections with 
porcine reproductive and respiratory syndrome virus 
(PRRSV), swine Influenza A Virus,  or polymicrobial 
infections [19].

The presence of multiple bacterial and viral patho-
gens may cause porcine respiratory disease complex 
(PRDC) [20]. While Actinobacillus minor and Act-
inobacillus porcintonsillarum are benign commensals, 
Actinobacillus pleuropneumoniae, Mycoplasma hyor-
hinitis, and Mycoplasma hyopneumoniae are known as 
swine pathogens [21]. Coinfections and combinations 
of causative infectious agents are frequently occurred 
in respiratory diseases in pigs [22]. A previous study 
demonstrated that highly virulent influenza A virus 
(IAV) infection promotes S. suis adherence, coloniza-
tion and invasion [23]. Another study has shown that 
pre-infected bone marrow derived dendritic cells with 
PRRS virus can amplify expression of pro-inflammatory 
genes caused by S. suis infection [24]. Pathogen-path-
ogen-host interactions associated with S. suis infection 
are also reported. A recent study showed that co-infec-
tion with B. bronchiseptica may increase the coloniza-
tion and the cytotoxic effects of S. suis [25]. In fact, the 
interactions occurring in the microbial communities 
could facilitate the pathogen survival in host systems 
[16, 19, 22–25]. In this study, pigs were not tested for 
presence of other respiratory bacterial and viral path-
ogens, however, the sick pigs were identified based on 
typical clinical signs of S. suis infection and confirmed 
by isolation of S. suis from systemic sites. The objec-
tives of this study were (i) to characterize the tonsil-
lar microbial communities of healthy pigs and those 
developing clinical symptoms of S. suis infection, (ii) 
to model the association between the tonsil microbiota 
composition and clinical S. suis disease.
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Results
Two samples were removed due to low reads resulting 
in samples from 63 pigs classified into three diagnos-
tic groups including 20 confirmed, 23 probable, and 20 
healthy pigs. A summary of the number of confirmed, 
probable, and healthy pigs before and after quality con-
trol is included in the supplemental material (Additional 
file  3: Table  S1). A total of 5,733,407 raw reads were 
processed, with an average of  91,006 reads per sample 
(median 92,001) and a total of 12,921 amplicon sequence 
variants (ASVs).

Diversity analysis
The rarefication curves showed sufficient sequence depth 
for all samples and that the within samples diversity was 
fully captured (Fig.  1a). Using the Kruskal‐Wallis test, 
there was no statistically significant difference among 
pigs in three groups detected based on the Shannon 
index (p = 0.2) (Additional file 3: Table S2). However, as 
shown by species observed index the confirmed group 
had the lowest richness species compared to the healthy 
(p = 0.051) and the probable (p = 0.038) groups (Fig. 1b). 
Based on Faith Phylogenetic diversity that assessed 
using the Tukey Honest Significant Difference method, 
the probable pigs had a higher phylogenetic diversity 
level compared to healthy pigs (p = 0.045) and showed 
a trend towards greater diversity than the confirmed 
group (p = 0.07) (Fig.  1b). Based on PERMANOVA, 
beta-diversity was not significantly different between the 
three groups based on Bray–Curtis distances (p = 0.22) 
(Fig.  1c); however,  un-weighted Unifrac demonstrated 
that the probable group had the highest phylogenetics 
diversity compared to healthy (p = 0.014) and confirmed 
group (p = 0.019), consistent with the increased alpha 
diversity observed for this group.

Taxonomic composition and core tonsillar microbiota
There were six phyla with over 1% relative abundance 
in all groups, which accounted for 98.7% of the total 
sequences including Firmicutes, Proteobacteria, Bacte-
roidetes, Fusobacteria, Tenericutes, and Actinobacteria. 
Also, there were four phyla with less than 1% relative 
abundance including Chlamydiae, Epsilonbacteraeota, 
Spirochaetes, and Patescibacteria (Additional file 1: Fig. 
S1a). At the family level, Streptococcaceae, Enterobacte-
riaceae, Pasteurellaceae, Bacteroideaceae, and Fusobac-
teriaceae  were found to be the top five families which 
accounted for 75% of the total sequences (Fig.  2a). 
The two most predominant genera were  Streptococ-
cus and Escherichia-Shigella, which accounted of 52% of 
the total frequency of the sequences (Additional file 1: 
Fig. S1b). While the taxonomic classification analysis 

was able to characterize 93% of the sequences to the 
family taxonomic level, only 84% of the sequences were 
assigned to the genus level.

Our results showed that Streptococcus genus consti-
tutes the largest proportion (32.7%) of the total reads, 
and within Streptococcus ASVs, the species Strepto-
coccus suis was the most abundant and accounted for 
25.7% of the total sequences with the highest frequency 
found in the healthy group (29.9%). Consistent with 
this finding, permutational multivariate analysis of var-
iance (PERMANOVA) and the homogeneity analysis 
indicated that Streptococcus ASVs abundance were not 
different between the probable and the healthy groups 
(p = 0.42) but tended to be higher in the healthy group 
compared to the confirmed group (p = 0.09).

Among the 12,921 ASVs, 537 were core taxa and pre-
sent in 50% of all the samples. Out of these bacterial 
taxa, 239 ASVs were shared by the confirmed, healthy, 
and probable groups, accounting for ~ 45% of the core 
tonsil microbiome (Fig.  2b). Over half of the shared 
ASVs (52%) across the three diagnosis groups were 
belonged to four families:  Streptococcaceae, Entero-
bacteriaceae, Bacteroidaceae and Pasteurellaceae, 
with  Streptococcus, Escherichia-Shigella, Bacteroides 
and Actinobacillus being the most shared genera. The 
healthy group shared 95% of the core ASVs with the 
probable group while shared 74.5% with the confirmed 
group.

Using Pairwise PERMANOVA analysis (permuta-
tions = 999), there was no difference among pigs in 
three diagnosis groups at the phylum and family levels 
(p = 0.48, p = 0.15 respectively). At the genus level, there 
was no difference between the healthy and the prob-
able groups (p = 0.17) and between the confirmed and 
the probable group (p = 0.28). However, the taxonomic 
composition of the confirmed group was different com-
pared to the healthy groups (p = 0.016). PERMANOVA 
analysis identified 15 of the 79 genera as the most impor-
tance taxa since they had higher correlation coefficients 
and high contribution to the differences in the tonsillar 
microbiota (Additional file 1: Fig. S1.c). Using Gneiss bal-
ance trees, Streptococcus parasuis, Peptostreptococcus sp. 
D1, Porphyromonas, and Parvimonas were found more 
abundant in the confirmed group while Bacteroides, 
Lachnospiraceae, and Campylobacter were found to be 
more abundant in the healthy group (Fig. 2c). In addition, 
there was a balance, referring to the log ratios between 
the species, between the abundance of Streptococcus suis, 
Escherichia-Shigella, Bergeyella and Moraxella. As shown 
in the proportion plot (Fig. 2d), Moraxella and Bergeyella 
porcorum were found to be higher in the diseased group 
(confirmed and probable cases)  while Streptococcus suis 
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and Escherichia-Shigella were found to be higher in the 
healthy group.

Clustering and microbial community structure
The non-metric  distance scaling (NMDS) analysis using 
both the un-weighted Unifrac matrix, and Bray–Cur-
tis dissimilarity revealed two clusters based on the 

bacterial profile that were not associated with the diag-
nostic groups (Fig.  1c). Therefore, a log-ratio principal-
component analysis (PCA) based method was used to 
explore those clusters and to investigate underlying 
structural differences in the microbial community struc-
ture regardless of the pigs’ disease status. The PCA using 
the Aitcheson matrix explained more than 93% of the 
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Fig. 1 A Rarefaction curves that estimate microbial diversity of three diagnosis groups. The lines represent the different sampling depth across 
the samples. B Phylogenetics (PD) and non phylogenetics (Observed ASVs and Shannon) alpha Diversity metrics among the 57 rarefied samples 
(18 confirmed, 17 healthy, and 22 probable cases) on 9 swine farms. The probable group had the highest level of phylogenetics diversity while 
the confirmed group had the lowest observed ASVs. Asterisks indicate significant differences between diagnosis groups *p < 0.05. C Non-metric 
multidimensional scaling (NMDS) plot of Bray–Curtis dissimilarity distance index for 57 rarefied samples (18 confirmed, 17 healthy, and 22 probable 
pigs) on 9 swine farms
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Fig. 2 A Relative abundance of bacterial families detected in the diagnosis groups (20 confirmed, 20 healthy, and 23 probable cases) on 9 
swine farms. Streptococcaceae had the higher relative abundance. B Three-way Venn diagram of the microbial ASV composition in the tonsillar 
microbiota of the confirmed, probable, and healthy groups. Percentages represent either unique or shared ASVs across the diagnosis groups. C 
Balance Trees generated using the Gneiss tool identified high abundance of Peptostreptococcus sp. D1, Streptococcus parasuis, and Parvimonas in the 
confirmed group while Bacteroides, Lachnospiraceae and Campylobacter were found to be higher in the healthy group. D The proportion plot of the 
abundance between Streptococcus suis, Moraxella, and Bergeyella porcorum based on Gneiss proportions for individual ASVs found to differ between 
the healthy and the combined diseased (confirmed and probable) cases. The top light blue represents numerator taxa, and the bottom dark blue 
represents denominator taxa
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Fig. 3 A DEICODE biplot using Aitchison distance. The principal components represent ~ 93% of variance. Principal component 1 (PC1) is 
negatively correlated with the abundance of Streptococcus but positively with Moraxella, Fusobacterium, and Escherichia-Shigella while principal 
component 2 (PC2) is positively correlated with Escherichia-Shigella, Mycoplasma, and negatively with Streptococcus. The arrow directions point to 
the increased log ratio between the features. Others refers to other observed S. suis serotypes (3, 4, 5, 7, 8, 10, 11, 12, 15, 16, 28, 29, 30 and 31). B 
The DMM model community types. B.1 the variable importance and the leading taxa of community type one that dominated with Streptococcus 
along with Moraxella, Bergeyella, and Veilonella. B.2 the variable importance and the leading taxa of community type two that dominated with 
Escherichia-Shigella along with Pasteurella, Trueperella, and Mycoplasma. The values of importance are scaled to relative abundance and transformed 
to square root
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variance in the data (Fig.  3a), and the principal compo-
nent 1 was negatively correlated with the abundance of 
Streptococcus but positively with Moraxella, Fusobacte-
rium, and Escherichia-Shigella. Using serotype informa-
tion available for these samples, we also investigated the 
correlation between distribution of S. suis serotypes and 
community structure. While S. suis serotype 2 was cor-
related only with principal component 1, serotype 9 was 
fairly distributed across the two principal components 
(Fig. 3a). Principal component 2 was positively correlated 
with Escherichia-Shigella and Mycoplasma but negatively 
with Streptococcus. The DMM community typing analy-
sis further supported the patterns seen by NMDS and 
PCA. The DMM model partitioned the data samples into 
two distinct community types (clusters based on micro-
bial community profiling) neither of which was corre-
lated with diagnosis groups.

Using chi-square test, the farm and age of pigs were not 
significantly associated with the health status of the pigs 
(p = 0.1 and p = 0.6, respectively) (Additional file  2: Fig 
S2.a/S2.b). Community types obtained from the DMM 
model were also not associated with farm, age or sex var-
iables. While using chi-square test, S. suis serotype 2 was 
significantly associated with community type 1 (p = 0.03) 

(Table 1). Streptococcus, Fusobacterium, and Actinobacil-
lus were found in both community types and associated 
with a unique relative abundance profile in each commu-
nity (Additional file 3: Table S3). Community type 1 was 
dominated by Streptococcus and was more influenced by 
Moraxella, Bergeyella, and Veilonella (Fig.  3b.1), while 
community type 2 was dominated by Escherichia-Shigella 
and Bacteroides and associated with Pasteurella, Truep-
erella, and Mycoplasma (Fig.  3b.2). Further, the analy-
sis of composition of microbiomes with bias correction 
method (ANCOM-BC) identified 193 ASVs that were 
differently abundant between the two DMM commu-
nity types (including 24 Streptococcus ASVs, Actinoba-
cillus indolicus, Glaesserella parasuis, Porphyromonas, 
Trueperella pyogenes, and Escherichia-Shigella and Myco-
plasma) (Additional file 3: Table S4).

Discussion
The purpose of this study was to examine whether devel-
opment of S. suis disease in nursery pigs is associated 
with structural changes in the tonsil microbiota. In par-
ticular, the tonsil microbiota of pigs with clinical signs 
of S. suis infection with presence (confirmed cases) and 
absence (probable cases) of S. suis in systemic sites and 

Table 1 The distribution of S. suis serotypes recovered from tonsil of pigs across the two identified Dirichlet-multinomial mixture 
(DMM) model community types

S. suis serotypes Number of isolates

Community type 1 (dominated by Streptococcus, 
Moraxella, Bergeyella, and Veilonella)

Community type 2 (dominated by Escherichia-
Shigella, Pasteurella, Mycoplasma, and 
Trueperella)

2 8 0

3 1 1

4 1 0

5 1 0

7 1 0

8 1 1

9 2 7

10 1 0

11 4 1

12 1 0

15 1 3

16 3 3

18 0 0

21 0 1

28 5 1

29 2 2

30 1 0

31 2 1

Untypable 6 2

Total 41 23
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healthy control pigs was determined and the relationship 
between the microbiota composition and S. suis disease 
was analyzed.

The tonsils of the soft palate are secondary lymphoid 
organs which are involved in both innate and adap-
tive immunity. They produce mucin to prevent bacte-
rial adherence, have physical barriers consisting of the 
epithelium and lumen of the crypts, produce antimicro-
bial peptides (AMPs), and trap microorganisms using 
phagocytes [12, 13]. Despite having a dynamic defense 
system, microbes are still able to colonize the tonsils. 
Bacterial pathogens including Actinobacillus pleuro-
pneumoniae, Glaesserella (Haemophilus) parasuis, Pas-
teurella multocida, Mycoplasma hypopneumoniae, and 
Mycoplasma hyorhinitis are often present in swine ton-
sils [26]. Pasteurellaceae, Streptococcaceae, and Moraxel-
laceae—among the top families identified in the current 
study—have previously been reported as the most fre-
quent and core families in the tonsil microbiome [14, 
15]. Pasteurellaceae and Streptococcaceae are most 
likely inherited from the vaginal tract during birth while 
Moraxellaceae were most likely inherited from teat skin 
[15].

Tonsil microbial communities were found to be highly 
diverse, with abundant ASVs being shared among diag-
nosis groups. Based on PERMANOVA analysis, the 
confirmed group had lower species richness and was sig-
nificantly different at the genera level from the healthy 
group. In addition, several taxa were differently abundant 
between the confirmed and the healthy group. Peptos-
treptococcus sp. D1, Streptococcus parasuis, Campylobac-
ter, Porphyromonas, and Parvimonas were all higher in 
the confirmed group. However, the healthy pigs were 
found to have more  Bacteroides and Lachnospiraceae 
which are considered beneficial commensals and have 
been associated with healthy piglets in previous research 
[27]. The colonization of tonsils with these beneficial 
commensal bacteria may play a role in preventing S. suis 
disease and should be investigated further. In addition, 
the lowest number of shared ASVs was found between 
the confirmed and the healthy group, suggesting that 
there was a considerable discrepancy in the community 
structure between these two groups.

The lack of significant difference in the abundance 
of S. suis ASVs between the confirmed and the healthy 
cases in this study could partly be due to the variabil-
ity introduced by sampling from multiple farms, as 
there might be a higher bacterial similarity between 
pigs within a single farm than between pigs from dif-
ferent farms. The nasal microbiota has been shown 
to be driven by sow contact [28] and then undergo a 
large transformation within the first 7 weeks of life and 
is not stabilized until 2 to 3  weeks post weaning (age 

of 5 to 6  weeks) [29]. Different management practices 
such as ventilation, pig density, farm health status, pig 
flow, feeding program, in-feed medication as well as 
pig genetics and age of pigs might have had an impact 
on the tonsil bacterial community in samples col-
lected from multiple farms in this study. Inclusion age 
and farms as variables didn’t explain the variation of 
the tonsil community composition (Additional file  2: 
Fig. S2.a/S2.b). As antibiotic use was not provided by 
three farms -accounting for 40% of the samples- it was 
not possible to include in water/feed medication to 
data analysis (Additional file  2: Fig. S2.c/S2.d). Post-
weaning pigs have been found to have an increase in 
Streptoccaceae but a decrease in Moraxellaceae in the 
tonsil microbiome, mostly due to carbadox usage [17]. 
In our study, there was a “balance” identified between 
the abundance of Streptococcus and Moraxella which 
showed an inverse relationship between these two taxa 
in sick and healthy cases, suggesting that shifts in the 
relative abundance of these two taxa may be informa-
tive to health status. However, use of antibiotics could 
not be factored into this analysis due to unreported 
data. More importantly, gneiss is not designed to infer 
differences in abundance for each taxon, instead, it can 
show whether the absolute abundances of species in the 
numerator have decreased or increased comparing to 
those in the denominator on average [30].

Complementary to previous research, the results of this 
study demonstrate that the tonsil microbiota community 
is highly diverse and rich in bacterial species [14]. The 
tonsil microbiota in probable cases, defined as animals 
showing clinical signs of S. suis infection but without 
recovery of S. suis from systemic sites, had higher phy-
logenetics diversity compared to that found in healthy 
and confirmed groups based on the un-weighted Unifrac 
analysis. A phylogeny-based metric, un-weighted Uni-
frac is described as a qualitative measure of beta diversity 
[31] as it not targeting the differences in taxa abundances 
but is instead designed to detect differences in the pres-
ence or absence of taxa in different communities. Fur-
ther evidence of the striking diversity of the probable 
group is that it had the largest number of unique ASVs. 
However, it is not clear why the probable group shared 
less ASVs with the confirmed group than those with the 
healthy group. Since antibiotic use was not recorded in 
the study it is possible that the higher diversity and lack 
of S. suis in systemic sites could be the result of various 
treatment regimens on different farms initiated prior to 
sampling. While PERMANOVA and core ASVs analysis 
found that the diagnosis groups had different observed 
ASVs and structure, pairwise comparisons did not detect 
differences between the three diagnosis groups, suggest-
ing a relative consistency between tonsillar microbiota in 
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different disease groups. It is worth mentioning that the 
farm samples were collected at different times, and the 
sampling time might be a factor driving microbial com-
munity differences, as more or less taxa might have been 
present during cleaning and/or feeding.

Given that the occurrence of S. suis disease is multi-
factorial [32], our analysis, in particular the characteriza-
tion of the probable group, support a likely relationship 
between tonsillar community structure and S. suis colo-
nization or presence of other respiratory pathogens in 
the tonsil; therefore, investigating the presence of S. suis 
co-infection with various respiratory viruses such as 
influenza A virus (IAV) and porcine reproductive and 
respiratory syndrome (PRRS) virus is vitally important.

Unlike operational taxonomic units ((OTUs) identi-
fied by clustering at 97% similarity), the analysis of ASVs 
(identified by 100% similarity) in this study, elucidated 
the importance of strain diversity for understanding bac-
terial communities. It has also been illustrated that the 
pig tonsil can be colonized simultaneously with differ-
ent S. suis serotypes [33]. As an initial step, the analysis 
was ran using OTUs clustering method which lacked 
the ability to reveal the differences between the groups 
of study (data not shown) [34]. In fact, the similarity of 
97% to identify the OTUs might have the potential to lose 
the resolution and may have accounted for the observed 
differences between methods [35]. The diversity of S. 
suis ASVs identified in this study suggests that species 
or strain level differences are likely important to under-
standing of the factors contributing to their differential 
abundance and to disease development.

In this study the DMM clustering model, which is 
based on the community profile of the samples, resulted 
in two distinctive metacommunities that did not corre-
late with disease status. In each of those two communi-
ties S. suis was associated with different taxa. Further, S. 
suis serotype 2 was strongly correlated with community 
type 1 that was also associated with higher abundance of 
Moraxella, Bergeyella, and Veillonela. This community 
structure might suggest potential interspecies interac-
tions and/or a co-occurrence relationship between the 
community members and S. suis serotype 2. This is fur-
ther supported by the finding that Moraxella and Ber-
geyella had a stronger association with diseased animals 
compared to healthy. Associated bacteria may facilitate 
colonization by certain strains of S. suis or pave the way 
for S. suis to shift from a commensal bacterium to an 
invasive pathogen and develop S. suis disease. It is likely 
that these taxa are interacting through one of the numer-
ous interspecies relationships and that the taxa of com-
munity type 1 may be important for the colonization of 
serotype 2 strains. For instance, it is well documented 
that there is a symbiotic relationship of oral biofilm 

formation between Veillonella and Streptococcus species 
in human oral cavities. Streptococcus species produce 
lactate which can be utilized by Veillonella, resulting in 
biofilm production [36], which is important for microbe-
microbe interactions in their host environment [37]. It is 
possible that the increased abundance of certain taxa in 
community type 1 could enhanced S. suis serotype 2 col-
onization and confer a higher risk to develop S. suis dis-
ease. Since serotype 2 is most frequently recovered from 
the diseased pigs [9], understanding the host and envi-
ronmental factors that promote community type 1 is crit-
ical to developing strategies to prevent the colonization 
of serotype 2 strains.

On the other hand, abundance of Escherichia-Shigella 
and association with Pasteurella and Mycoplasma were 
found to be taxonomic characteristics of community 
type 2. Pasteurella and Mycoplasma both are an oppor-
tunistic invaders commonly found in the swine tonsil 
[38]. The combination of Pasteurella and Mycoplasma 
has been frequently reported in several studies and 
associated with a decrease in the phagocytic abilities of 
the pig’s macrophages when the two pathogens are pre-
sent, indicating a potential interaction between these 
pathogens [38, 39]. Mycoplasma could also suppress the 
phagocytic responses in alveolar macrophages when pigs 
were exposed to Actinobacillus [40]. This suppression 
may explain a susceptibility of the pig with Mycoplasma 
to a secondary bacterial infection [40]. The presence of 
both Pasteurella and Mycoplasma in community type 
2 may indicate cooperation between these community 
members.

As shown in a study of the human microbiome, 
metagenomic analysis of the DMM metacommunities 
might also help to illustrate differences in the microbiota 
of each community type at the functional gene level [41]. 
Future studies are needed to  explore functional differ-
ences within tonsil communities and to further examine 
the co-infection dynamics of S. suis with various bacte-
rial taxa and respiratory viruses. Also, incorporating 
additional metadata such as antibiotic exposure, farm 
management, and pigs’ genetics could uncover more cor-
relations between disease status and the tonsil microbial 
community.

Conclusion
In this study, the composition of the tonsillar microbiota 
of healthy and diseased pigs was reported.

Significant differences in bacterial community com-
position, observed taxa, as well as phylogenetic diversity 
were found across the three diagnosis groups. Several 
bacterial members were shown to be significantly altered 
in animals depending on the health status of the animal 
including Streptococcus parasuis, Peptostreptococcus 
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sp. D1, and Parvimonas. The tonsil microbiota of both 
healthy and diseased pigs was dominated by Streptococ-
cus ASVs. The health status of the individual animal did 
not provide an explanation of the two community types 
obtained from the DMM model; however, the unique 
profile of community type 1 and the observed correla-
tion with S. suis serotype 2 could reveal new insights 
on the  tonsil microbiota interactions and their influ-
ence on S. suis infection. This model identified key taxa 
such as Mycoplasma, Pasteurella multocida, Morax-
ella, Veillonella, and Bergeyella that should be the focus 
of future research for their role in establishing tonsillar 
communities.

Methods
All animal research performed in this study was approved 
by the Animal Care Committee at the University of 
Guelph.

Farm and pig selection
Nine farms in Southwestern Ontario, Canada with on-
going S. suis outbreaks were identified and visited over a 
period of 16–18 months. On each farm, pigs with clinical 
signs of S. suis infection including ataxia, tremors, opis-
thotonos, paralysis, dyspnea, convulsions, nystagmus, 
lameness, erythema, and paddling were selected (cases). 
On the same farm, healthy pigs were selected from a 
group of low value pigs that were unthrifty or which had 
problems such as hernias or rectal prolapse but did not 
exhibit clinical signs of S. suis (controls). Depending on 
the frequency of on-going S. suis cases at each farm, some 
farms were visited multiple times. In total, 65 (45 sick 
and 20 healthy) pigs at age of 3–9  weeks were selected 
on 9 farms. In this study, pigs with clinical signs of S. suis 
disease were matched with the healthy controls from the 
same farm which likely represent the tonsil microbiota 
prior to disease development. The controls (11 F, 8  M), 
confirmed (6 F, 13 M) and probable (10 F, 12 M) were at 
age of 3–7 weeks, 3 to 9 weeks, and 3 to 7 weeks, respec-
tively. A summary of the number of pigs per farm and the 
number of visits can be found in (Additional file 3: Table 
SI).

Sample collection
The samples collected from sick pigs included meningeal 
swabs, blood samples, nasal and rectal swabs and tissue 
samples from heart, lung, liver, ileum, and tonsil of the 
soft palate. The meninges were swabbed (BBL culture 
swab) carefully to avoid potential contamination. Nasal 
and rectal swabs (BD E-swab) as well as tissue samples 
from tonsils of the soft palate and ileum samples were 

collected from healthy pigs. All samples were maintained 
at 4 °C until brought back to the laboratory. Tissues and 
swabs were stored at -20 °C until further processing.

S. suis isolation, identification, and serotyping
All samples were cultured for S. suis as described previ-
ously [42]. Briefly, tissues, swabs and blood were streaked 
on phenylethyl alcohol blood agar plates and incubated 
for 48 h at 35 °C in an atmosphere of 5%  CO2. The sus-
pected isolates were sub-cultured on Columbia blood 
agar plates (OXOID, Ottawa, Canada) and incubated 
for 48  h at 35  °C. Bacterial DNA was extracted from S. 
suis suspected colonies using the InstaGene Matrix kit 
(Bio-Rad) following the manufacturer’s instruction. The 
presence of glutamate dehydrogenase (gdh) and recombi-
nation/repair protein (recN) gene was tested by PCR. The 
isolates were confirmed as S. suis if both gdh and recN 
genes were identified, [33]. The S. suis isolates were sub-
jected to whole genome sequencing and serotyped by in-
silico pipeline SsuisSerotyping_pipeline [43].

A pig with clinical signs of S. suis disease was consid-
ered as “confirmed” case if S. suis was isolated from at 
least one systemic site (blood, spleen, lymph node, and 
meninges), or as “probable” case if it was diagnosed 
with S. suis infection in the farm and S. suis could not be 
recovered from any systemic site (Additional file 3: Table 
SI).

DNA extraction from tonsil tissues
The tonsil tissue was subjected to DNA extraction using 
the Qiagen DNeasy Blood and Tissue DNA extraction kit 
following the Gram-positive protocol. An initial check of 
the quality of the DNA was performed using a NanoDrop 
spectrophotometer (Thermo Fisher Scientific). The quan-
tity of the DNA was checked using a Qubit fluorimeter 
(Thermo Fisher Scientific). However, the NanoDrop can 
over-estimate DNA concentration and the Qubit doesn’t 
automatically provide information about impurities 
in DNA samples; factors which can negatively affect 
sequencing results [44]. Therefore, both methods were 
used for more accurate quantification analysis of the 
DNA samples.

16rRNA sequencing
16S rRNA gene (V3-V4 region) libraries were prepared 
at the Advanced Analysis Center at the University of 
Guelph, following Illumina’s 16S metagenomic sequenc-
ing library preparation protocol. Sixty-five libraries were 
then sequenced using Illumina MiSeq technology (Illu-
mina Inc) with Illumina MiSeq version 3 (paired-ends 
with 300 bp reads).
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Bioinformatics and statistical modeling
Amplicon sequences were processed through the Quan-
titative Insights Into Microbial Ecology (QIIME2 version 
2020.8) pipeline [45]. Paired end reads were assembled 
and assigned to amplicon sequence variants (ASVs) using 
the Divisive Amplicon Denoising Algorithm 2 (DADA2) 
[46] implemented through QIIME2 with quality filtering 
(Phred ≥ 20) and chimera removal (default setting). Mul-
tiple sequence.

alignment (MSA) was performed with MAFFT and 
then filtered to mask highly variable reads [47]. MAFFT 
is a MSA tool version 7 which is able to handle the direc-
tion in nucleotide alignment and combine unaligned 
reads into an existing alignment [47]. FastTree 2 was 
employed to generate and root a phylogenetic tree [48]. 
Taxonomic classification was performed  by training a 
Naive Bayes classifier on the Silva rRNA Database Pro-
ject Classifier V3/V4 region [49]. Filtering was performed 
to remove reads assigned to non-bacterial domain. In 
addition, singleton and doubleton reads were removed 
from the downstream analysis. The distribution of the 
taxa across the diagnosis groups was investigated using 
microbiome package and the diagrams were constructed 
using Venny 2.1.0 [50].

To analyze alpha and beta diversity metrics, the 
sequence reads were rarefied at a depth of 11,041 
using repeated rarefaction [51] resulting in 12,747 
ASVs. Alpha diversity was measured using the spe-
cies observed and Shannon indices for each sample, 
and the parameters were compared in the three diag-
nosis groups (confirmed, probable, healthy) using the 
Kruskal‐Wallis test and Tukey Honest Significant Dif-
ference method. Phylogenetic relationships among 
identified ASVs were calculated using Faith’s Phylo-
genetic Diversity (Faith 1992) using the rooted phy-
logenetic tree obtained from FastTree 2 tool [52]. 
Beta  diversity was evaluated using Bray–Curtis and 
un-weighted UniFrac distances, and a non-metric  dis-
tance scaling (NMDS) plot was used to represent the 
relationships between samples. PERMANOVA analysis 
was performed  to assess beta diversity and to identify 
the factors shaping the dynamics of the tonsil microbi-
ome using the adonis function in the R “vegan” pack-
age (v. 3) [53]. Homogeneity of multivariate dispersions 
analysis was performed using the betadisper function 
from vegan package. For the previous analysis, P-value 
is considered as significant if it is equal to 0.05 or lower. 
A log-ratio based principal-component analysis (PCA) 
designed for compositional data was performed using 
DEICODE method that does not require any rarefy-
ing step [54]. DEICODE was used to explore the asso-
ciation of the microbial communities’ composition 
with the explanatory variables including diagnosis 

groups (confirmed, probable, and healthy) and  differ-
ent S. suis serotypes. The confirmed and probable cases 
were combined into one group (designated ‘diseased’) 
in order to identify features that were differently abun-
dant and related to clinical signs of S. suis infection. 
Differential abundance analysis using balance trees was 
performed between the diseased and the healthy pigs 
using Gneiss implemented through QIIME2 with the 
default hierarchical cluster parameters. Correction for 
multiple comparisons and coefficients with false detec-
tion rate with corrected p-values less that 0.05 are dis-
carded [30]. A Dirichlet multinomial mixture (DMM) 
model, a probabilistic based method for community 
clustering of microbial population profiling, was used 
to identify subgroups or metacommunities with a simi-
lar composition [55]. The advantages of using DMM 
model is that DMM model can determine the optimal 
number of community types that fit the data best and 
identifies the contribution of each taxonomic group to 
each component. Chi-Square test of Independence was 
used to identify potential association between the com-
munity types and the exploratory variables. Differential 
abundance analysis was conducted at the aggregated 
Genus  level to identify possible differences between 
the metacommunities using analysis of composition of 
microbiomes with bias correction method (ANCOM-
BC) that applies the Wilcoxon rank test to find the sig-
nificance variables [56].
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Glutamate dehydrogenase gene; MSA: Multiple sequence alignment; NMDS: 
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tational multivariate analysis of variance; PRDC: Porcine respiratory disease 
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Additional file 1. Figure S1: Relative abundance of tonsillar microbiota 
of the diagnosis groups (20 confirmed, 20 healthy, and 23 probable cases) 
on 9 swine farms. A: Boxplots of the top 5 phyla show that Firmicutes had 
the highest relative abundance across the samples. Firmicutes outliers 
included two confirmed cases on two different farms and one healthy pig 
on another farm. B: Boxplots of the relative abundance of top 5 genera 
show that Streptococcus had the highest relative abundance across the 
three diagnosis groups. Streptococcus outliers include two confirmed 
cases from two different farms and one healthy pig on another farm. C: 
Model coefficients of the PERMANOVA analysis. Only the top 15 taxa that 
contribute most to the tonsillar community differences are shown. The 
genus Streptococcus had the largest positive coefficient, indicating that it 

https://doi.org/10.1186/s42523-022-00162-3
https://doi.org/10.1186/s42523-022-00162-3


Page 12 of 13Niazy et al. Animal Microbiome            (2022) 4:10 

was important to the model for disguising microbiomes in the diagnosis 
groups.

Additional file 2. Figure S2: Non-metric multidimensional scaling 
(NMDS) plot of Bray–Curtis dissimilarity distance index for 57 rarefied sam-
ples (18 confirmed, 17 healthy, and 22 probable pigs) on 9 swine farms. 
A: NMDS plot shows the distribution of the farms among the samples. B: 
NMDS plot shows the distribution of the age of the pigs per week among 
the samples. C: Bar plots show the distribution of the water medication 
from each farm. D: Bar plots show the distribution of the feed medication 
from each farm.

Additional file 3. Table S1: Total number of pigs before and after data 
quality filtering. Confirmed cases are pigs that showed clinical signs of S. 
suis infection and S. suis was found in the systemic sites such as blood, 
meninges, and/or spleen. Probable cases are pigs that showed clinical 
signs of S. suis infection but S. suis was not found in the any systemic 
site. Healthy controls are pigs without clinical signs of S. suis infection. 
*Samples that were excluded during the rarefying process. Table S2: Non 
phylogenetics alpha diversity (Observed, Shannon metrics), Reads per 
sample and phylogenetics (PD) Diversity matrix among the 57 rarefied 
samples from 18 confirmed, 17 healthy, and 22 probable cases. Table S3: 
Taxonomic contributions to Dirichlet multinomial mixture (DMM) model 
components identifying the important taxa that drivers the variances 
across the samples. Table S4: Top ASVs that are differently abundant 
between the two DMM community types as identified by ANCOM-BC.

Acknowledgements
We are grateful for the assistance of swine practitioners from Southern Ontario 
Veterinary Services, Demeter Services Vétérinaires Inc, Food from Thought, 
and the pork producers that participated in this project. This research was 
enabled in part by support provided by Compute Ontario (www. compu teont 
ario. ca) and Compute Canada (www. compu tecan ada. ca). The authors would 
like to thank Dr. Janet MacInnes and Dr. Emma Allen-Vercoe for their valuable 
advisory contribution to pursue the study.

Authors’ contributions
AF conceived and designed the study. SH performed the animal experiment. 
MN analysed the data. MN and SH wrote the paper. NR, KN and AF helped 
guide the development of the study and contributed to the analysis, drafting 
and revising the paper. All authors read and approved the final manuscript.

Funding
Funding for this research study was received from Ontario Pork, Ontario Min-
istry of Agriculture, Food, and Rural Affairs Research (OMAFRA), Canada First 
Research Excellence Fund, Swine Innovation Porc.

Availability of data and materials
The data and materials not presented in this manuscript are available from the 
corresponding author upon request.

Declarations

Ethics approval and consent to participate
Animal use in this project was approved by the University of Guelph Animal 
Care Committee (AUP# 3124) and follows Canadian Council of Animal Care 
guidelines (CCAC, 2009). As approved by the ethics committee, informed 
verbal consent was obtained from participating producers by phone and on-
farm during a questionnaire of farm operating procedures.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Bioinformatics Program, College of Biological Science, University of Guelph, 
Guelph, ON, Canada. 2 Department of Population Medicine, Ontario Veterinary 
College, University of Guelph, 50 Stone Rd E, Guelph, ON N1G 2W1, Canada. 

3 Department of Mathematics and Statistics, College of Engineering and Physi-
cal Science, University of Guelph, 50 Stone Rd E, Guelph, ON N1G 2W1, 
Canada. 4 Department of Pathobiology, Ontario Veterinary College, University 
of Guelph, 50 Stone Rd E, Guelph, ON N1G 2W1, Canada. 

Received: 25 October 2021   Accepted: 5 January 2022

References
 1. Gottschalk M, Segura M. Streptococcosis. In: Zimmerman JJ, Karriker 

LA, Ramirez A, Schwartz KJ, Stevenson GW, Zhang J, editors. Diseases of 
Swine. 11th ed. Hoboken: Wiley-Blackwell; 2019. p. 934–50.

 2. Palmieri C, Varaldo PE, Facinelli B. Streptococcus suis, an emerging drug-
resistant animal and human pathogen. Front Microbiol. 2011.

 3. Gottschalk M, Segura M, Xu J. Streptococcus suis infections in humans: the 
Chinese experience and the situation in North America. Animal health 
research reviews / Conference of Research Workers in Animal Diseases. 
2007;8.

 4. Rayanakorn A, Ademi Z, Liew D, Lee LH. Burden of disease and productiv-
ity impact of Streptococcus suis infection in Thailand. PLoS Negl Trop Dis. 
2021;15.

 5. Neila-Ibáñez C, Casal J, Hennig-Pauka I, Stockhofe-Zurwieden N, 
Gottschalk M, Migura-García L, et al. Stochastic assessment of the eco-
nomic impact of Streptococcus suis-associated disease in German, Dutch 
and Spanish Swine Farms. Front Veterinary Sci. 2021;8.

 6. VanderWaal K, Deen J. Global trends in infectious diseases of swine. 
Proceedings of the National Academy of Sciences of the United States of 
America. 2018;115.

 7. Seitz M, Valentin-Weigand P, Willenborg J. Use of antibiotics and antimi-
crobial resistance in veterinary medicine as exemplified by the swine 
pathogen Streptococcus suis. Curr Top Microbiol Immunol. 2016;398.

 8. Arndt ER, Farzan A, Maclnnes JI, Friendship RM. Antimicrobial resistance 
of Streptococcus suis isolates recovered from clinically ill nursery pigs and 
from healthy pigs at different stages of production. Can Vet J. 2019;60.

 9. Goyette-Desjardins G, Auger JP, Xu J, Segura M, Gottschalk M. Streptococ-
cus suis, an important pig pathogen and emerging zoonotic agent-
an update on the worldwide distribution based on serotyping and 
sequence typing. Emerg Microbes Infect. 2014;3.

 10. Gottschalk M. Diseases of Swine. 11 th. Wiley; 2019.
 11. Gottschalk M, Segura M. Streptococcosis. In: Diseases of Swine. 11th edi-

tion. Wiley; 2019.
 12. Belz GT, Heath TJ. Tonsils of the soft palate of young pigs: crypt structure 

and lymphoepithelium. Anatomical Rec. 1996;245.
 13. Horter DC, Yoon K-J, Zimmerman JJ. A review of porcine tonsils in immu-

nity and disease. Anim Health Res Rev. 2003;4.
 14. Lowe B, Marsh T, Isaacs-Cosgrove N, Kirkwood R, Kiupel M, Mulks M. 

Defining the “core microbiome” of the microbial communities in the 
tonsils of healthy pigs. BMC Microbiol. 2012;12.

 15. Pena Cortes LC, Leveque RM, Funk J, Marsh TL, Mulks MH. Development 
of the tonsillar microbiome in pigs from newborn through weaning. BMC 
Microbiol. 2018;18.

 16. Niederwerder MC. Role of the microbiome in swine respiratory disease. 
Vet Microbiol. 2017;209:97–106.

 17. Cortes LCP, LeVeque RM, Funk JA, Marsh TL, Mulks MH. Development of 
the tonsil microbiome in pigs and effects of stress on the microbiome. 
Front Vet Sci. 2018;5 SEP.

 18. Fittipaldi N, Segura M, Grenier D, Gottschalk M. Virulence factors involved 
in the pathogenesis of the infection caused by the swine pathogen and 
zoonotic agent Streptococcus suis. Future Microbiol. 2012;7.

 19. Obradovic MR, Segura M, Segalés J, Gottschalk M. Review of the specula-
tive role of co-infections in Streptococcus suis-associated diseases in pigs. 
Vet Res. 2021;52.

 20. Opriessnig T, Giménez-Lirola LG, Halbur PG. Polymicrobial respiratory 
disease in pigs. Animal health research reviews / Conference of Research 
Workers in Animal Diseases. 2011;12.

 21. Kernaghan S, Bujold AR, MacInnes JI. The microbiome of the soft palate of 
swine. Animal health research reviews / Conference of Research Workers 
in Animal Diseases. 2012;13.

http://www.computeontario.ca
http://www.computeontario.ca
http://www.computecanada.ca


Page 13 of 13Niazy et al. Animal Microbiome            (2022) 4:10  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 22. Saade G, Deblanc C, Bougon J, Marois-Créhan C, Fablet C, Auray G, et al. 
Coinfections and their molecular consequences in the porcine respira-
tory tract. Vet Res. 2020;51.

 23. Meng F, Wu NH, Nerlich A, Herrler G, Valentin-Weigand P, Seitz M. 
Dynamic virus-bacterium interactions in a porcine precision-cut lung 
slice coinfection model: Swine influenza virus paves the way for Strepto-
coccus suis infection in a two-step process. Infect Immun. 2015;83.

 24. Auray G, Lachance C, Wang Y, Gagnon CA, Segura M, Gottschalk M. Tran-
scriptional analysis of PRRSV-infected porcine dendritic cell response to 
Streptococcus suis infection reveals up-regulation of inflammatory-related 
genes expression. PLoS ONE. 2016;11.

 25. Vötsch D, Willenborg M, Baumgärtner W, Rohde M, Valentin-Weigand P. 
Bordetella bronchiseptica promotes adherence, colonization, and cyto-
toxicity of Streptococcus suis in a porcine precision-cut lung slice model. 
Virulence. 2021;12.

 26. Pieters MG, Maes D. Mycoplasmosis. In: Diseases of Swine. 11th edition. 
Wiley; 2019.

 27. Correa-Fiz F, Fraile L, Aragon V. Piglet nasal microbiota at weaning may 
influence the development of Glässer’s disease during the rearing period. 
BMC Genomics. 2016;17.

 28. Obregon-Gutierrez P, Aragon V, Correa-Fiz F. Sow contact is a major 
driver in the development of the Nasal microbiota of piglets. Pathogens. 
2021;10.

 29. Slifierz MJ, Friendship RM, Weese JS. Longitudinal study of the early-life 
fecal and nasal microbiotas of the domestic pig. BMC Microbiol. 2015;15.

 30. Morton JT, Sanders J, Quinn RA, McDonald D, Gonzalez A, Vázquez-Baeza 
Y, et al. Balance trees reveal microbial niche differentiation. mSystems. 
2017;2.

 31. Lozupone C, Lladser ME, Knights D, Stombaugh J, Knight R. UniFrac: an 
effective distance metric for microbial community comparison. ISME J. 
2011;5.

 32. Vötsch D, Willenborg M, Weldearegay YB, Valentin-Weigand P. Streptococ-
cus suis - The “two faces” of a pathobiont in the porcine respiratory tract. 
Front Microbiol. 2018;9 MAR.

 33. Denich LC, Farzan A, Friendship R, Arndt E, Gottschalk M, Poljak Z. A case-
control study to investigate the serotypes of S. suis isolates by multiplex 
PCR in nursery pigs in Ontario, Canada. Pathogens. 2020;9.

 34. Niazy M. A multi-omics model to identify host-microbiome interactions 
and Pathogen dynamic impacts on Streptococcus suis disease develop-
ment in Swine. 2021.

 35. Nearing JT, Douglas GM, Comeau AM, Langille MGI. Denoising the 
denoisers: an independent evaluation of microbiome sequence error- 
correction approaches. PeerJ. 2018;2018.

 36. Mashima I, Nakazawa F. Interaction between Streptococcus spp. and 
Veillonella tobetsuensis in the early stages of oral biofilm formation. J 
Bacteriol. 2015;197.

 37. Wang Y, Zhang W, Wu Z, Lu C. Reduced virulence is an important char-
acteristic of biofilm infection of Streptococcus suis. FEMS Microbiol Lett. 
2011;316.

 38. Amass SF, Clark LK, van Alstine WG, Bowersock TL, Murphy DA, Knox KE, 
et al. Interaction of Mycoplasma hyopneumoniae and Pasteurella multo-
cida infections in swine. J Am Vet Med Assoc. 1994;204.

 39. Ciprián A, Pijoan C, Cruz T, Camacho J, Tórtora J, Colmenares G, et al. 
Mycoplasma hyopneumoniae increases the susceptibility of pigs to 
experimental Pasteurella multocida pneumonia. Can J Vet Res. 1988;52.

 40. Caruso JP, Ross RF. Effects of Mycoplasma hyopneumoniae and Actinobacil-
lus (Haemophilus) pleuropneumoniae infections on alveolar macrophage 
functions in swine. Am J Vet Res. 1990;51.

 41. Weinstock GM. Genomic approaches to studying the human microbiota. 
Nature. 2012;489.

 42. Arndt ER, Farzan A, Slavic D, Maclnnes JI, Friendship RM. An epidemiologi-
cal study of Streptococcus suis serotypes of pigs in Ontario determined by 
a multiplex polymerase chain reaction. Can Vet J. 2018;59.

 43. Athey TBT, Teatero S, Lacouture S, Takamatsu D, Gottschalk M, Fittipaldi N. 
Determining Streptococcus suis serotype from short-read whole-genome 
sequencing data. BMC Microbiol. 2016;16.

 44. Simbolo M, Gottardi M, Corbo V, Fassan M, Mafficini A, Malpeli G, et al. 
DNA qualification workflow for next generation sequencing of histo-
pathological samples. PLoS ONE. 2013;8.

 45. Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA, 
et al. Reproducible, interactive, scalable and extensible microbiome data 
science using QIIME 2. Nat Biotechnol. 2019;37.

 46. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP. 
DADA2: high-resolution sample inference from Illumina amplicon data. 
Nat Methods. 2016;13.

 47. Katoh K, Standley DM. MAFFT multiple sequence alignment software 
version 7: Improvements in performance and usability. Mol Biol Evol. 
2013;30.

 48. Price MN, Dehal PS, Arkin AP. FastTree 2: approximately maximum-likeli-
hood trees for large alignments. PLoS ONE. 2010;5.

 49. McDonald D, Price MN, Goodrich J, Nawrocki EP, Desantis TZ, Probst A, 
et al. An improved Greengenes taxonomy with explicit ranks for ecologi-
cal and evolutionary analyses of bacteria and archaea. ISME J. 2012;6.

 50. Costanza R, de Groot R, Sutton P, van der Ploeg S, Anderson SJ, Kubisze-
wski I, et al. Changes in the global value of ecosystem services. Global 
Environ Change. 2014;26.

 51. Willis AD. Rarefaction, alpha diversity, and statistics. Front Microbiol. 2019.
 52. Faith DP. Conservation evaluation and phylogenetic diversity. Biol Con-

serv. 1992;61.
 53. Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, Mcglinn D, et al. 

Package “vegan” Title Community Ecology Package. Community ecology 
package. 2019;2.

 54. Martino C, Morton JT, Marotz CA, Thompson LR, Tripathi A, Knight R, et al. 
A novel sparse compositional technique reveals microbial perturbations. 
mSystems. 2019;4.

 55. Holmes I, Harris K, Quince C. Dirichlet multinomial mixtures: generative 
models for microbial metagenomics. PLoS ONE. 2012;7.

 56. Lin H, Peddada S das. Analysis of compositions of microbiomes with bias 
correction. Nat Commun. 2020;11.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Compositional analysis of the tonsil microbiota in relationship to Streptococcus suis disease in nursery pigs in Ontario
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Diversity analysis
	Taxonomic composition and core tonsillar microbiota
	Clustering and microbial community structure

	Discussion
	Conclusion
	Methods
	Farm and pig selection
	Sample collection
	S. suis isolation, identification, and serotyping
	DNA extraction from tonsil tissues
	16rRNA sequencing
	Bioinformatics and statistical modeling

	Acknowledgements
	References


