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Abstract 

The animal microbiota is closely linked to host health, contributing to 

metabolic processes, immune regulation, and defense against pathogens. 

The nasal microbiota has received relatively little attention compared with the 

gastrointestinal tract, despite its relevant role in respiratory health. Thus, 

investigating the nasal microbiota represents a promising strategy for 

improving the prevention and management of respiratory diseases. This 

thesis explores the establishment of the nasal microbiota in pigs, its detailed 

composition, and its association with the host immune system.  

The first objective of this thesis was to improve the analysis of the nasal 

microbiota of piglets, resulting in an optimized pipeline, using DNA from nasal 

swabs and massive sequencing of a 16S rRNA gene fragment. Subsequently, 

it undergoes various processing steps to assign the taxonomy, calculate the 

relative abundance of each taxon, and perform different diversity and 

compositional analyses.   

Next, to study the impact of sow-piglet contact in early life, the nasal 

microbiota of piglets in controlled environmental conditions but with varying 

durations of contact with their sows, was compared at weaning. Contact with 

sows proved to be a major factor affecting the nasal microbial composition of 

their offspring. Piglets with normal contact until weaning developed a nasal 

microbiota similar to that of healthy farm piglets, while limited or no contact 

led to altered microbiotas dominated by atypical taxa.   

Besides, efforts to characterize the nasal microbiota composition of domestic 

pigs frequently report the presence of anaerobic bacteria typically found in 

the gut, such as Bacteroidales and Clostridiales, although their presence in 

the nasal cavity remains poorly understood. The findings in this thesis, not 

only confirmed the fecal origin of these bacteria, but also demonstrated that 

their detection in the nasal cavity is not artefactual. Furthermore, 16S rRNA 

cDNA analyses revealed that these taxa are metabolically active.   
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Among the microbes found in the microbiota, those with the potential of 

causing disease, called pathobionts, are of special interest. Here, the 

genomes of Mycoplasma hyorhinis strains coming from different clinical 

backgrounds were compared to identify virulence determinants. Despite most 

of the genes were shared across strains, we identified a cluster of health-

associated strains with possible differential markers.  

Finally, in the current scenario of antimicrobial use reduction in animal 

production, vaccination is critical. Nevertheless, individual variation in 

antibody response remains poorly understood. While the microbiota has been 

linked to antibody response, this has not yet been explored in the nasal 

microbiota of pigs. In this study, piglets with stronger antibody responses had 

more diverse nasal and rectal microbiotas. Moreover, swine core nasal 

colonizers, including Bacteroidales, Clostridiales, Moraxella, Staphylococcus 

and Neisseria were linked to higher antibody levels. In the gut, Clostridiales 

showed a positive and Enterobacteriales a negative association.  

Globally, this thesis provides new insights into the development, composition, 

and immunological relevance of the nasal microbiota in pigs, paving the way 

for future strategies to promote respiratory health. 
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Resumen 

La microbiota animal está estrechamente ligada a la salud del hospedador, 

ya que participa en distintos procesos metabólicos, la regulación del sistema 

inmunitario y la defensa frente a patógenos. Aunque la microbiota nasal 

desempeña un papel relevante en la salud respiratoria, ha recibido 

considerablemente menos atención que la gastrointestinal. Por lo tanto, su 

estudio representa una estrategia prometedora para mejorar la prevención y 

el control de enfermedades respiratorias. Esta tesis explora el 

establecimiento de la microbiota nasal en cerdos, su composición detallada 

y su asociación con el sistema inmunitario del hospedador. 

El primer objetivo fue optimizar el análisis de la microbiota nasal en lechones, 

desarrollando un protocolo mejorado basado en muestras de hisopados 

nasales y secuenciación masiva de un fragmento del gen 16S rRNA. Este 

protocolo incluye varios pasos de procesamiento para asignar la taxonomía, 

calcular la abundancia relativa de cada taxón y realizar análisis de diversidad 

y composición microbiana. 

A continuación, se estudió el impacto del contacto con la madre en la vida 

temprana de los lechones, comparando su microbiota nasal al destete en 

condiciones ambientales controladas, pero con diferente duración en el 

contacto con sus madres. El contacto con la madre demostró ser un factor 

clave. Aquellos lechones con contacto normal hasta el destete desarrollaron 

una microbiota similar a la de animales de granja sanos, mientras que el 

contacto limitado o nulo condujo a microbiotas alteradas dominadas por 

taxones atípicos. 

Asimismo, frecuentemente se observa la presencia de bacterias anaerobias 

propias del intestino, como Bacteroidales y Clostridiales, en la cavidad nasal 

de cerdos domésticos No obstante, su presencia en esta localización es poco 

comprendida. Los resultados de esta tesis confirmaron no sólo el origen fecal 

de esas bacterias, sino que su detección en la nariz no es artefactual.  
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Además, a través del análisis del cDNA del gen rRNA 16S se comprobó que 

estas baterias eran activas metabólicamente. 

Entre los microorganismos detectados, los patobiontes, microorganismos 

potencialmente patógenos, suscitan especial interés. Se compararon los 

genomas de cepas de Mycoplasma hyorhinis procedentes de diferentes 

contextos clínicos para identificar determinantes de virulencia. Aunque la 

mayoría de los genes resultaron ser compartidos, se identificó un grupo de 

cepas asociadas a animales sanos con marcadores diferenciales 

prometedores. 

Finalmente, en el contexto actual de reducción del uso de antibióticos en 

producción animal, la vacunación cobra especial relevancia. No obstante, la 

variabilidad individual en la respuesta de anticuerpos aún no se comprende 

completamente. Si bien la microbiota se ha vinculado con la respuesta 

inmunitaria, la participación específica de la microbiota nasal en cerdos no 

había sido explorada. En este estudio, los lechones con mejores respuestas 

de anticuerpos mostraron tener microbiotas nasales y rectales más diversas 

en el momento de la vacunación. Además, varios colonizadores nasales 

comunes como Bacteroidales, Clostridiales, Moraxella, Staphylococcus y 

Neisseria se asociaron con niveles más altos de anticuerpos. En el intestino, 

Clostridiales mostró una asociación positiva y Enterobacteriales, negativa.  

En conjunto, esta tesis aporta nuevos conocimientos sobre el desarrollo, la 

composición y la relevancia inmunológica de la microbiota nasal en cerdos, 

y abre la puerta a futuras estrategias para promover la salud respiratoria. 
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Resum 

La microbiota animal està estretament vinculada a la salut de l’hoste, ja que 

participa en processos metabòlics, la regulació immunitària i la defensa 

contra patògens. Tot i que la microbiota nasal juga un paper rellevant en la 

salut respiratòria, ha rebut menys atenció que la gastrointestinal. És per això, 

que la seva investigació representa una estratègia prometedora per millorar 

la prevenció i el control de les malalties respiratòries. Aquesta tesi explora 

l’establiment de la microbiota nasal en porcs, la seva composició detallada i 

la seva associació amb el sistema immunitari de l’hoste. 

El primer objectiu fou optimitzar l’anàlisi de la microbiota nasal dels garrins 

mitjançant un protocol basat en hisops nasals i la seqüenciació massiva d’un 

fragment del gen 16S rRNA. Aquest protocol inclou diversos passos de 

processament per assignar la taxonomia, calcular l’abundància relativa de 

cada tàxon i realitzar anàlisis de diversitat i composició microbiana. 

Tot seguit, es va estudiar l’impacte del contacte de la truja amb els garrins 

durant els primers dies de vida, comparant la microbiota nasal dels garrins al 

deslletament en condicions ambientals controlades però amb diferents 

durades de contacte amb la truja. Aquest contacte va resultar ser un factor 

determinant. Aquells garrins amb contacte total van desenvolupar una 

microbiota nasal semblant a la d’animals sans de granja, mentre que el 

contacte limitat o nul va conduir a microbiotes alterades dominades per 

tàxons atípics. 

En diversos estudis s’ha observat freqüentment la presència de bacteris 

anaerobis típics de l’intestí, com els Bacteroidales i Clostridiales, a la cavitat 

nasal dels porcs domèstics Tot i això, aquesta presència és poc compresa. 

Els resultats d’aquesta tesi no només van confirmar l’origen fecal d’aquests 

bacteris, sinó també la seva que la seva detecció no és artefactual. A més a 

més, anàlisis de cDNA del rRNA 16S van revelar activitat metabòlica en 

aquests bacteris. 
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Entre els microorganismes detectats, els patobionts, microorganismes 

potencialment patògens, tenen un interès especial. Es van comparar els 

genomes de soques de Mycoplasma hyorhinis procedents de diferents 

contextos clínics per identificar determinants de virulència. Tot i que la 

majoria de gens es compartien, es va identificar un grup de soques 

associades amb animals sans amb marcadors diferencials prometedors. 

Finalment, en l’actual context de reducció de l’ús d’antibiòtics en producció 

animal, la vacunació és clau. No obstant això, la variabilitat individual en la 

resposta d’anticossos continua sent poc entesa. Encara que s’ha vinculat la 

microbiota a la resposta immunitària, no s’havia estudiat aquest vincle en la 

microbiota nasal dels porcs. En aquest treball, els garrins amb respostes 

d’anticossos més intenses presentaven microbiotes nasals i rectals més 

diverses. A més a més, colonitzadors nasals habituals com Bacteroidales, 

Clostridiales, Moraxella, Staphylococcus i Neisseria s’associaren a nivells 

més elevats d’anticossos. A l’intestí, Clostridiales va mostrar una associació 

positiva i Enterobacteriales, negativa. 

En conjunt, aquesta tesi aporta nous coneixements sobre el 

desenvolupament, la composició i la rellevància immunològica de la 

microbiota nasal en porcs, i obre la porta a noves estratègies per promoure 

la salut respiratòria. 
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General introduction 

1. The animal microbiota 

The term “microbiome (or microbiota)” was firstly used in 1988, as “a 

characteristic microbial community occupying a reasonably well-defined 

habitat which has distinct physio-chemical properties” (1). Since then, this 

term has been extensively used in many fields of life sciences. As all biomes, 

the microbiome can be divided into the living part, the microbiota, plus the 

microbial structures, components and the environmental conditions that 

surround it (2). Thus, the animal microbiota can be defined as the ensemble 

of microorganisms that inhabits the bodies of the animals, including bacteria, 

archaea, virus, fungi, algae and protozoa (2–4). These microorganisms are 

primarily located on body surfaces and cavities exposed to the external 

environment, such as the gastrointestinal and urogenital tracts, the airways, 

the oral cavity and the skin. The community composition varies markedly 

across anatomical sites, according to the distinct physicochemical and 

biological conditions of each niche (2,5). 

Traditionally, host-microbe interactions were viewed through a “separation” 

paradigm, categorizing microorganisms as pathogens, commensals, or 

symbionts, and interpreting their relationship with the host as either 

antagonistic or mutualistic. However, this perspective has shifted with the 

recognition of opportunistic pathogens and pathobionts, giving rise to a more 

holistic understanding of microbial-host coevolution (2). In this model, the host 

and its associated microbiota are considered a single evolutionary and 

functional unit, the holobiont (Figure 1), that coevolves as an integrated 

system. The host provides a stable, nutrient-rich and protective environment, 

while the microbiota contributes to essential functions, such as metabolic 

processing, immune modulation and protection against pathogens (2,4,6). A 

healthy holobiont is typically associated with a state of eubiosis, characterized 
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by high microbial diversity, resilience, and functional redundancy. This 

diversity not only enhances ecological stability but also expands the functional 

repertoire of the holobiont. In contrast, dysbiosis is often characterized by 

reduced diversity and compositional imbalance, and correlates with the 

emergence of a pathobiome, a microbial state linked to disease (2).  

 

Figure 1. Representation of host-microbes interaction. In the top part, a 
traditional framework that categorizes microbes based on isolated interactions 
(e.g., pathogens vs. symbionts) is shown. In the bottom part a holistic view of the 
holobiont is illustrated. This approach emphasizes that health and disease result 
not from individual microbes alone, but from the collective behavior, balance, and 
coevolution of the entire microbial ecosystem in dynamic interaction with the host. 
Adapted from Berg, et al. (2). 

 

Colonization of the host by microbial communities, particularly within the 

gastrointestinal tract, is associated with enhanced metabolic capacity. This is 

due to the extensive genetic repertoire contributed by these microorganisms, 

which collectively encode a gene pool estimated to be approximately 150 

times larger than that of the human genome (6). This vast reservoir of 
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microbial genes significantly expands the host’s functional potential. For 

instance, gut microbiota facilitates the degradation of otherwise indigestible 

dietary components, including complex polysaccharides, lipids, and proteins, 

via a diverse array of hydrolytic enzymes. These enzymatic activities 

contribute to the liberation of bioavailable nutrients and metabolites, playing 

a critical role in host nutrition, metabolism, and overall physiological 

homeostasis (2,5,6). 

Additionally, the microbiota serves as a primary line of defense against 

pathogenic microbes, either through direct antagonism or by supporting the 

stimulation of the host’s immune system (4,6), as illustrated in Figure 2 . 

Commensal microbes provide direct protection against pathogens through 

four main mechanisms:  

1. Producing antimicrobial compounds like bacteriocins or using type VI 

secretion systems to kill competitors (4,5).  

2.Promoting the formation of a glycoprotein-rich mucus layer that hinders 

pathogen adhesion and supports beneficial microbes, further enhancing the 

overall functional capacity of the microbiota (6).  

3. Secreting growth inhibitory metabolites, such as short-chain fatty acids or 

bile acid derivatives (4).  

4. Outcompeting effectively pathogens for nutrients and space (environmental 

niche) (4). 
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In addition, the microbiota can further contribute to host protection through 

immune system development, maturation and stimulation through binding of 

microbe-associated molecular patterns (MAMPs), such as lipopolysaccharide, 

peptidoglycan flagellin to Toll-like receptors (TLR),  or secretion of SCFA (7). 

These bacterial compounds can contribute to several immune processes, 

including anti-inflammatory - regulatory cytokines activation, secretion of 

immunoglobulin A and mucins to the epithelia, downregulation of 

inflammation pathways (cytokines and macrophages) in absence of infection, 

sustentation of the production of neutrophils or contribution to T and B cells 

regulation (4,6,7). 

 

Figure 2. Schematic representation of the beneficial actions exerted by 
commensal microbiota that contribute to exclusion of harmful pathogens. Here 
represented: A) Direct killing through type VI secretion system. B) Indirect killing 
through antimicrobial peptides release. C) Contribution to protective mucus 
formation and maintenance. D) Niche occupation or outcompetition. E) Immune 
system development and stimulation through MAMPs. 

 

A B

D

C
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Furthermore, gut microbial communities are closely linked to the health of 

various organs through many different compounds in the so-called gut-organ 

axes. They are involved not only in brain function, affecting mood, social 

behavior, depression, stress, and neurodegenerative disorders, but also in 

the health of the respiratory system, liver, kidneys, heart, skin, among others 

(5,6). 

Most of these functions can be compromised when the microbiota is disrupted, 

generating a multifunctional dysregulation in the host (5,7). In fact, mounting 

evidence suggests that perturbation of commensal communities in the 

microbiota is associated with many diseases such as bowel, cardiovascular, 

respiratory and periodontal diseases, cancer, diabetes, brain and 

neurodegenerative disorders or systemic diseases affecting specific organs 

(e.g., kidney, liver), among many others (4,5,7).  

 

2. The pig microbiota 

While most microbiota research has historically focused on humans, the study 

of the animal microbiota offers considerable potential for improving animal 

health as well. The critical role that the microbiota plays in various aspects of 

animal physiology, including metabolism, development, immunity, and 

disease resistance, highlights its potential for applications in veterinary 

medicine, livestock management, and wildlife conservation. Specifically in 

pigs, one of the biggest meat industries worldwide (8), microbiota studies are 

primarily centered around two main goals.: first, to ensure optimal productive, 

health and welfare parameters in herds, and second, to find feasible 

alternatives to the use of antibiotics.    

As in all animals, the pig microbiota is also shaped by different intrinsic and 

extrinsic factors acting through lifetime. Piglets initially acquire their 

microbiota from the vaginal tract during farrowing, and later from the skin, 

feces and other sow microbiotas, as well as from the farm environment and 
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early feeding, through maternal milk and colostrum (9,10). Apart from 

contributing to the establishment of commensal microbes, colostrum is very 

important in the early immune protection of the piglets (10). During the first 

life stages, the piglets’ microbiota is strongly influenced by the sow until 

weaning at 3-4 weeks of age (9–11).  Weaning is a very critical moment in 

piglets’ life, since they are removed from the sows, mixed with piglets from 

other litters and changed to solid feeding, causing significant stress in the 

animals (9,10,12,13). This stress is often accompanied by intestinal 

alterations (10,14) and microbiota changes (9,13,15), proliferation of 

pathogens and arise of diseases (10,16,17), and a reduction of growth (9,18). 

Afterwards, pig microbial communities become more stable and resilient to 

perturbations(15,19,20). Various external factors influence the microbiota 

throughout the pig’s life, including stress related to piglet processing, 

antibiotics and other treatments, environmental conditions, aging and 

interactions with other animals(9,10). 

 

3. The pig respiratory microbiota 

3.1 Composition of the pig respiratory microbiota 

Among the various microbiotas present in pigs, the respiratory microbiota 

appears to play an important role in maintaining respiratory health. This is 

especially relevant given the high prevalence and impact of respiratory 

diseases in swine populations (21,22). Thus, a well-balanced nasal 

microbiota may play a significant role in excluding respiratory pathogens, 

activating and modulating immune responses in the respiratory tract, and 

maintaining epithelial integrity and function through the stimulation of 

protective mucus and release of other compounds (5,7,23–25). Conversely, 

disruptions or imbalances in the microbial communities could impair these 

vital functions, potentially increasing susceptibility to respiratory infections 

(26) (Figure 3). For these reasons, in-depth investigation of the respiratory 
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microbiota is essential in research focused on improving swine health and 

developing effective disease prevention strategies.  

 

Figure 3. Nasal epithelium conditions in health (A) and disease (B). A) 
commensal microbiota contributes to pathogen exclusion, immune system 
stimulation and mucus formation (goblet cells). Dendritic cells sample the lumen 
and promote regulatory T cells (Immunomodulation/tolerance) and B cells to 
produce immunoglobulin (Ig)A, which blocks bacterial translocation across the 
mucosal barrier. Basal cells have the Progenitor/repair role. B) Loss of 
commensal microbiota and the previous functions. Epithelium loses integrity and 
pathobiont or opportunistic bacteria are translocated. Innate immune and 
adaptative (later on) immune responses are triggered producing more 
inflammation and damage. Adapted from Martel, et al. 2022 (7) and Hou, et al. 
2022 (5)  with information from (23–25). 
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The pig respiratory system consists of a series of organs divided into the 

upper respiratory tract (URT), comprising the nose, pharynx and larynx, and 

the lower respiratory tract (LRT), formed by the trachea and lungs (26). Since 

the URT is more exposed to the environment, its colonization starts during 

and soon after farrowing either from the sows’ vaginal, skin and fecal 

microbiotas but also from the environment (9,27). According to the 

environmental influence, higher bacterial loads and microbiota diversity were 

identified significantly in URT compared to LRT, decreasing from the nasal 

cavity and tonsils to the trachea, bronchi and lungs (28). In humans, several 

studies reported that bacteria in the URT at birth resembles the mothers’ 

vaginal microbiota in individuals naturally born and the skin microbiota in 

individuals born by C-section (26), but also that the main nasal microbial 

source in early life is the maternal nasal microbiota (29). The microbiota of 

newborn piglets is variable and strongly influenced by the litter of origin 

(27,30), but later on it stabilizes in a more resilient community after weaning 

(15).  

Regarding the microbiota composition in the URT, it is dominated by 

Proteobacteria and Firmicutes, while Bacteroidetes and Actinobacteria may 

be found in lower prevalence and abundance (26,28). At genus level, the 

nasal cavity is dominated by Moraxella, together with Glaesserella, 

Streptococcus, Lactobacillus and Clostridium (15,16,26,28). Despite the 

same phyla (and mostly the same genera) are also found as in high 

abundance in other URT organs, such as the tonsils and oropharyngeal cavity, 

the proportions at genus level differ (26,28).  

Although the LRT was historically believed sterile in health, mounting 

evidence has confirmed that microbes are present and shaped by a balance 

between immigration from the oropharyngeal microbiota and elimination by 

mucociliary clearance, coughing and the host immune system (28,31). In 

agreement, Pirolo, et al. showed that the microbiota in the posterior part of 

the URT (choana) resembled the one in the trachea, suggesting a URT 
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microbial source for the LRT (28).  However, it is still a debate whether 

microbes coming from the URT that are in constant elimination can be 

considered a true microbial community. In any case, analyses comparing the 

microbiota of the URT with LRT reported different communities between the 

two sites (28). Although there is a big variation between studies targeting the 

microbiota of the LRT, results point towards a dominance of 

Firmicutes/Proteobacteria with big variations at genus level, possibly 

enhanced by the limitations of working with the low biomass in lungs and 

methodological differences between studies (26,32). A recent LRT microbiota 

characterization identified Glaesserella, Streptococcus, Clostridium and 

Escherichia (among others in lower abundance), while Moraxella would be 

more URT-associated (28).  

 

3.2 The environment-nasal microbiota-host connection 

Interest in studying the pig nasal microbiota as a potential strategy to prevent 

swine respiratory diseases has grown significantly in recent years. Multiple 

studies have approached this microbiota from various angles, aiming to better 

understand its composition, dynamics, and role in health and disease. Taken 

together, these studies have revealed a connected system in which 

environmental factors, microbiota composition, and host health are related 

(Figure 4).  While some studies have explored how various environmental 

factors influence the composition and structure of the pig nasal microbiota 

(together with other respiratory tract organs), others have concentrated on 

uncovering the functional roles this microbial community plays in host 

physiology and health. 
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Figure 4. Representation of the environment-microbiota-host connected system 
where the pig health is directly related with the nasal microbiota and thus, to the 
environmental agents that may shape its composition. 

 

Regarding the first connection, the most extensively studied environmental 

factors are those that can disrupt the microbiota composition, such as various 

treatments commonly used in routine swine industry practices. The antibiotic 

treatment is maybe the most studied effect on the swine nasal microbiota as 

environmental perturbation (20,33–36). Collectively, these studies indicate 

that, although antimicrobials are effective tools for controlling infectious 

diseases, their use can disrupt the nasal microbiota potentially leading to a 

range of associated adverse effects. In fact, a previous study demonstrated 

that removal of metaphylactic antibiotics was a feasible strategy to restore 

microbial community balance and enhance the health and productivity of pigs 

(34). Moreover, the use of nasal probiotics has also been suggested as a 

promising approach to support the restoration of altered microbial 

communities (20). Vaccination has also been shown to significantly shape the 

nasal microbiota as well. In this case, piglets born to sows vaccinated against 

virulent Glaesserella parasuis showed a reduction of the microbial diversity 

as well as in the G. parasuis presence (37).  

In addition, several studies have shown that respiratory infections in pigs, 

either viral or bacterial, can induce moderate shifts in the respiratory 
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microbiota, including changes in community composition, bacterial 

abundances, and, in some cases, reduced diversity(38–43). Nevertheless, 

the extent and consistency of these effects vary across studies. Consistent 

with these findings, microbial differences between healthy and diseased pigs, 

whether of bacterial or viral origin, have been reported in the URT (44–46), 

as well as in LRT (32,47,48). 

The impact of farming conditions has been studied as well. For instance, the 

exposure to gaseous ammonia (common in intensive farms) was shown to 

negatively impact the nasal microbiota by reducing its diversity and some 

commensals’ relative abundance (49). The influence of different animal 

housing has also been investigated, revealing a significant impact on the 

microbiota, where environments with increased physical complexity, such as 

straw-based housing with reduced cleaning frequency, were associated with 

less optimal microbial profiles (50). Although it was not the main scope of the 

study, Weese, et al. reported that farm management practices, including diet 

type and antimicrobial exposure, significantly influenced the composition and 

richness of the nasal microbiota in slaughter-age pigs (51). The impact of the 

diet was further studied, revealing that dietary additives were associated with 

alterations in the microbiota, particularly within the nasal tract, and with a 

reduction in clinical signs (52). In fact, respiratory immunity can also be 

triggered from the gut through the so-called gut-respiratory axis (52–54) 

emerging as a promising strategy to improve respiratory health in mammals 

(55,56). 

The intrinsic effect of aging has also been evaluated, and changes and 

successions in nasal and tonsillar microbial communities have been 

described in studies collecting longitudinal data (13,15,20,27,30). Generally, 

these studies show that the porcine respiratory microbiota, both nasal and 

tonsillar, matures progressively into a more stable and resilient community. 

Moreover, these microbial communities tend to become more similar across 

individuals, typically observed after two or three weeks of age (13,15,27). 
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Nevertheless, this trend has not always been observed (30). Dominant taxa 

remain relatively stable, but notable shifts in their relative abundances occur 

over the animal's lifespan (15,20,27). In addition, aging has been associated 

with a gradual increase in alpha diversity, reflecting a progressive enrichment 

of the microbiota during the first weeks of life (15,20,30). Weaning is often 

associated with marked changes in the microbiota, including abrupt shifts in 

community composition and structure (13,15,27). These variations were 

linked to concurrent changes, such as dietary transition, environmental 

change and antimicrobial administration.  

Several studies focused on elucidating the role of the pig nasal microbiota on 

the host. For instance, variations in the diversity and composition of the nasal 

microbiota at weaning have been associated with the predisposition of 

developing diseases such as Glässer’s disease (16), Streptococcus suis (30) 

and Mycoplasma hyorhinis (17) associated disease. Also, the nasal 

microbiota has been proposed to modulate Staphylococcus aureus 

colonization. A study reported significant associations between carriage 

status and specific microbial profiles, such as a higher abundance of bacteria 

with probiotic potential in non-carriers and a predominance of potentially 

pathogenic taxa in carriers (57), where other did not demonstrate a conclusive 

impact (51). Furthermore, the influence of the nasal microbiota in a viral 

disease outcome was revealed (58), showing that the nasal microbiota 

composition can determine the disease outcome of the animal in a herd 

naturally infected with a highly virulent PRRSV-1 variant. With a different 

focus, the oropharyngeal microbiota was associated with pig productive 

performance, since its composition may also influence the animal weight gain 

(59). 

All environmental factors and host-effects studied for the respiratory 

microbiota of pigs are summarized in Figure 5. 
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Figure 5. Overview of the findings yielded by studies examining the swine 
respiratory microbiota, including both factors reported to modulate its composition 
and microbiota-mediated effects on the host. Arrows represent the directionality 
of associations described in the literature. 

 

3.3 Main respiratory bacterial pathogens of piglets 

All microbiotas harbor a fraction of pathobionts, bacterial species normally 

present but with the potential to cause systemic infections and disease under 

certain circumstances (4). In the case of the pig nasal microbiota, the most 

common pathobionts associated with early-life respiratory infections are 

Glaesserella parasuis, Streptococcus suis and Mycoplasma hyorhinis, which 
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are particularly recurrent and prevalent in the swine industry (21,60). These 

bacteria can spread beyond the respiratory tract, leading to systemic lesions 

such as polyserositis (8,21,22,60). 

3.3.1 Streptococcus suis 

Streptococcus suis is a Gram-positive bacterium capable of colonizing almost 

all anatomical sites in swine, transmitted vertically at birth and subsequently 

through horizontal routes, mainly via direct contact and aerosols (61). 

Although the palatine tonsil is considered its main niche (30), it is commonly 

detected in other sites of the upper respiratory tract, as well as in the intestinal 

and urogenital tracts, showing high prevalence across all age groups (21,62). 

Currently, 35 S. suis serotypes were initially identified, although some were 

later reclassified as other species (63,64). Serotype is 2 the most abundant 

worldwide as well as the most associated with pig and human diseases (65). 

Although there is no universal agreement on the determinants of virulence 

(66), several factors have been described, including capsular 

polysaccharides (CPS), surface components and secreted effectors. These 

contribute to evasion of phagocytosis, systemic dissemination, adhesion, 

cytotoxicity and induction of an exaggerated inflammatory response 

(21,62,65). 

It is frequent to find multiple strains of S. suis, even from different serotypes, 

within a single animal. However, clinical outbreaks in a herd are typically 

caused by a single strain (21,62), unless co-infections with other pathogens 

compromise the host’s immune system (67) and allow multiple strains to 

establish infection. In diseased animals, S. suis initially colonizes the 

respiratory mucosa, then breaches the epithelium and disseminates 

systemically through the bloodstream or lymphatics. The bacterium is also 

capable of crossing the blood-brain barrier (61), causing meningitis. 

Alternatively, systemic dissemination may originate from the gastrointestinal 

tract (21,62). 
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Clinical manifestations of S. suis infection are nonspecific and overlap with 

other infections, requiring isolation and identification of the pathogen for 

definitive diagnosis (21,62). The most common signs include fever, 

depression, inappetence, and lameness due to arthritis. Less frequently, 

nervous signs, anorexia, abortions and lesions (e.g. endocarditis, pneumonia, 

polyserositis and vaginitis) may occur (21,62,65) . 

Treatments with penicillin accompained by other antibiotics are widely used 

for therapeutic intervention (65). In addition, S. suis is susceptible to common 

disinfectants. 

3.3.2 Glaesserella parasuis 

Glaesserella parasuis, formerly Haemophilus parasuis, is a Gram-negative 

bacterium that colonizes the nasal cavity of piglets shortly after birth (28,68). 

It is transmitted vertically from sows to piglets and horizontally through direct 

contact (69). G. parasuis is considered a common pathobiont within the 

porcine respiratory microbiota. During early life, piglets are protected by 

maternal immunity, which declines as the piglets' own immune system 

matures. Factors, such as early weaning, suboptimal management, stress, 

co-infection with other pathogens and alterations in the nasal microbiota 

composition, have been associated with disease onset (69). 

To date, 15 serovars have been described (70), with serovars containing 

virulent and avirulent strains (69). Virulent and commensal strains of G. 

parasuis can coexist within the same herd, or even within a single animal (69). 

Nevertheless, outbreaks are usually related with one strain (71). PCR 

targeting vtaA genes (virulence-associated trimeric autotransporters) allows 

discrimination between virulent and avirulent strains (72). 

Avirulent strains typically remain restricted to the nasal cavity and are 

effectively cleared by host defenses, particularly porcine alveolar 

macrophages (PAMs), upon reaching the lung (73,74). These strains are also 

incapable of surviving in the bloodstream. In contrast, virulent strains evade 
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pulmonary and serum innate immune responses, delaying PAM activation 

and surviving in the blood to invade systemically (75). The resulting 

inflammatory response leads to polyserositis lesions, typical of Glässer’s 

disease (69). Although the role of G. parasuis as a primary respiratory 

pathogen remains unclear, it is frequently isolated from lungs of animals with 

respiratory disease, particularly in the context of secondary infections 

involving other viral or bacterial agents (69,74). Clinical manifestations are 

nonspecific and may include fever, coughing, abdominal breathing, swollen 

joints, lameness and neurological signs in acute cases. In chronic 

presentations, reduced growth and tissue lesions may be observed (8,21,69). 

Confirmation of clinical and pathological diagnosis needs to be performed in 

the laboratory. 

While commercial vaccines are available, G. parasuis infections are typically 

treated with antibiotics such as synthetic penicillin, ceftiofur, ampicillin and 

enrofloxacin (21,69). Nevertheless, antimicrobial resistance is increasingly 

reported, highlighting the importance of alternative strategies such as 

vaccination (8,69). Also, sow vaccination is being explored to enhance 

passive immunity, delay colonization in piglets, or selectively eliminate 

virulent strains from herds while maintaining commensal ones (68,76). 

3.3.3 Mycoplasma hyorhinis 

Mycoplasma hyorhinis is a small wall-less bacterium that inhabits the porcine 

respiratory microbiota, primarily colonizing the nasal cavity and tonsils. 

Transmission occurs both vertically and horizontally via direct contact or 

aerosols, contributing to the pathobiont’s endemic persistence within herds 

(21,77,78). 

Although no definitive associations have been established between genotype 

and virulence (79), strains exhibit variability in dissemination potential and 

pathogenicity (80–82). It remains unclear whether these differences stem 
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from genetic variation or from expression changes driven by environmental 

factors. 

M. hyorhinis has been isolated from the lungs of pigs with respiratory disease 

(78). Nevertheless, its role as a primary respiratory pathogen remains 

controversial, as it is more commonly involved in secondary infections in the 

presence of agents such as PRRSV or PCV2 (21,78). It is also frequently 

recovered from asymptomatic animals, supporting its opportunistic nature 

(79). 

Under specific, yet poorly understood conditions, certain strains are capable 

of systemic dissemination, causing various forms of serositis, including 

polyarthritis, pericarditis, pleuritis, peritonitis and meningitis (77,78), as well 

as otitis (83), conjunctivitis (84,85) and abortion (86). Associated clinical signs 

include fever, depression, reduced appetite and movement, respiratory 

distress, abdominal tenderness, joint swelling, and lameness (21). 

Due to the nonspecific nature of these symptoms, etiological diagnosis relies 

on tissue sampling followed by culture or PCR confirmation (78). To treat M. 

hyorhinis, antimicrobial therapy, typically involving fluoroquinolones, 

macrolides, pleuromutilins or tetracyclines, can be employed; however, 

resistance is rising. Promising alternatives include autogenous vaccines 

derived from at least three local strains (21,78). 

 

3.4. Control of swine respiratory pathogens 

Swine respiratory infections can be managed through two main strategies: 

prevention and treatment. Preventive measures focus on maintaining 

hygienic husbandry practices, preventing primary infections and disrupting 

pathogen transmission within herds, both of which are strongly associated 

with effective control of most respiratory pathogens (21,69). Although 

perinatal metaphylactic antibiotic treatments have been used to prevent 
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bacterial infections and promote growth (although this use was banned in 

Europe in 2006) (87–89), their use is increasingly discouraged due to 

associated risks and limited long-term benefits (87–89). Despite other 

preventive treatments such as vaccination with autogenous and commercial 

vaccines have been developed and are especially important to control viral 

infections (21,65,69,78), its use is still minor regarding bacterial infections in 

the swine industry (8). Treatment is mainly focused on using different 

antibiotics. Nevertheless, although antibiotics remain essential in modern 

medicine, their use is closely associated with the emergence of resistant 

bacterial strains and the disruption of beneficial microbial communities 

(20,33–36,90). Therefore, the development of alternative strategies for 

managing bacterial infections has become a critical research priority, as 

reflected in institutional calls (91). 

Host-targeted strategies stand as a promising option, especially those 

focused on protecting and supporting the beneficial microbiota, which 

deserve more attention (36). Beneficial microbiota can be modulated to 

support host health by preventing harmful factors from disturbing its 

composition or through different complementary strategies such as probiotics, 

prebiotics and postbiotics. Probiotics are live commensal microorganisms that 

provide beneficial functions to the host. Prebiotics, on the other hand, are 

defined as 'substrates selectively utilized by host microorganisms which in 

turn confer a health benefit. Postbiotics refer to bioactive compounds resulting 

from bacterial activity, including microbial components, which exert positive 

effects on the host (92). In addition, other microbiota modulation strategies, 

such as microbiota transplantation and phage therapy, can be used to 

modulate the microbiota composition (5,6,92,93).  

Despite such alternatives have been studied and even applied in human 

medicine for both gut and nasal microbiota (92–94), research on swine 

microbiota, particularly beyond the gut (9,95), remains limited (52). Up to now, 

few studies have evaluated the effect of probiotics in the swine respiratory 
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tract, showing the immunomodulatory capacity of Bacillus subtillis and a 

Lactococcus spp. cocktail in the nasal mucosa (96,97), or the capacity to 

modulate the microbiota composition with five porcine nasal colonizers and 

ameliorate changes introduced by antibiotic administration (20). Therefore, 

advancing research on microbiota modulation represents a promising 

alternative to reduce antibiotic use. By supporting the development of a stable 

and beneficial microbial community, these strategies may significantly 

enhance disease resistance and offer substantial health benefits for the swine 

industry. 

 

4. Study of the microbiota 

Metagenomic studies targeting the animal microbiota are mainly focused to 

understand the microbial community composition (i.e. “who’s there?”) and the 

functionality that these microbes bring (i.e. “what can they do?”) (98). The 

microbiota can be approached using culture-dependent and culture-

independent techniques (6). Culture-dependent microbiota studies are based 

on culturing, isolating and identifying microorganisms from a microbiota 

sample, but the number of bacteria isolable by culture-dependent methods is 

limited in comparison to the true size of the microbiota (6,99). The way to 

overcome this issue is through culture-independent techniques. Initially 

methods based on PCR like denaturing gradient gel electrophoresis, 

fragment polymorphisms, Sanger library sequencing or techniques based on 

DNA hybridization allowed to investigate bacterial diversity (6). Nevertheless, 

culture-independent techniques for the study of microbial populations quickly 

evolved with the appearance of next-generation sequencing (99,100), which 

allowed massive sequencing more efficiently in terms of effort, cost and time 

(6).  
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The sequencing of DNA can be targeted (i.e. amplicon sequencing) or 

untargeted (i.e. whole-genome shotgun sequencing), with different pros and 

cons that are summarized in Table 1 (98,99).  

With shotgun metagenomics virtually all the DNA extracted from a sample is 

sequenced, enabling comprehensive taxonomic resolution down to the strain 

level (99,101). It also allows the recovery of all functional genes present, 

offering direct insights into the functional potential of the microbial community 

(99). Moreover, it captures the entire community, including bacteria, archaea, 

viruses, and eukaryotes (99) . Despite these advantages, shotgun 

approaches require significantly higher sequencing coverage, which 

increases the cost, data complexity, and computational requirements (98,99). 

In addition, non-desired contaminant DNA can become a problem, especially 

for low-biomass samples (102).  

On the contrary, amplicon sequencing is directed to a specific marker, mainly 

to the 16S rRNA gene, taking advantage of its nine hypervariable regions to 

distinguish between bacteria (100,101), using one of the available broad 

databases of 16S genes: Greengenes, Silva or Ribosomal Database Project 

(103–105).  In marker gene-based approaches, sequenced amplicons are 

processed to identify distinct sequence variants and determine their 

abundances, which are then used to infer the taxonomic composition and 

diversity of the microbiota (100,101). These methods are cost-effective, 

computationally efficient, and well-suited for comparative studies. However, 

they present the limitation of having a resolution generally restricted to the 

genus or species level, which can hinder the differentiation of closely related 

strains (98,99,101). Additionally, they do not directly provide functional 

information, as only a marker gene is sequenced. Although functional 

inference tools such as PICRUSt or Tax4Fun are available (106,107), these 

approaches rely on indirect predictions and may be subject to inaccuracies. 

Furthermore, PCR-based amplification in this technique introduces bias, 
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primarily due to primer / region selection, but also because of differential 

efficiency, and chimera formation (99,100).  

Additionally, studies inferring the microbiota composition from 

retrotranscribed rRNA have arisen with the aim to identify active populations 

inside a whole microbial community. While this technique offers valuable 

insights, it also has its limitations, as rRNA levels do not always perfectly 

correlate with microbial growth or activity, although a general association is 

often observed (108). 

 

Table 1. Overview of the two main microbiota profiling approaches based on 

second generation sequencing tools. 

 16S rRNA  Whole-genome shotgun 

Target Specific regions of the 16S 
rRNA gene (bacteria / 

archaea) 

All DNA in the sample 
(bacteria, archaea and 

eukaryotes) 

Taxonomic 

resolution 

Genus level (sometimes 

species) 
Strain level 

Functional 

profiling 

Indirect (functional prediction 

tools) 

Directly from sequenced 

genes 

Coverage 

required 

Low (targeted amplification) High (in order to capture low 

abundant microbes / genes) 

Cost Lower Higher 

Contaminant 

DNA 

Lower (targeted amplification 

reduces noise) 

Higher (non-target DNA 

introduces noise, especially 

host-DNA) 
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Best suited 

for 

Microbial community profiling, 

especially in low biomass 

samples 

Comprehensive microbiome 

analysis, including functional 

potential 

Main 

limitations 
• Limited to 

bacteria/archaea 

• Confident to genus level 

• Lacks functional insights 

• Depends on PCR  

• Higher cost 

• Complex data analysis 

• More susceptible to 
contamination (non-

desired DNA) 

 

 

Sequencing methods are susceptible to other types of biases that can be 

introduced during microbiota sampling, sequencing and analysis, including 

differences in laboratory protocols, parameter choices, and computational 

pipelines (26,100). For instance, results can vary according to the sample 

type, sampling methodology, sample processing, sequencing strategy 

(including library preparation and chosen platform), marker gene region (in 

the case of 16S rRNA sequencing) and bioinformatic tools / databases used, 

among others (26,99,100). This methodological heterogeneity across studies 

can further amplify variability and hinder direct comparisons. Hence, reporting 

all methodological steps and addressing standardization remains a major 

challenge in microbiota profiling. 

Recent advances in third-generation sequencing technologies, like PacBio 

SMRT and Oxford Nanopore, offer key advantages over conventional 16S 

rRNA amplicon sequencing. Unlike short-read methods (~250–300 bp), they 

can sequence the full 16S gene (read lengths up to 10,000 bp), improving 

taxonomic resolution down to species and strain levels (6,98). These 

platforms also support PCR-free metagenomic sequencing, avoiding 

amplification bias (6). Furthermore, their long reads enable better genome or 

functional genes assembly in complex communities (Scholz). Moreover, they 
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can detect epigenetic modifications like DNA methylation, providing insights 

into host–microbe interactions through gene regulation (6). These 

improvements make third-generation sequencing a promising addition to the 

current microbiome research toolbox. 
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Motivation, Hypothesis and Objectives  

The nasal microbiota has a crucial role in pig health. Proper establishment of 

these microbial communities and perturbations in early life can significantly 

influence the host’s health throughout life. However, many aspects remain 

poorly understood and require further study. This thesis aims to understand 

the establishment, the detailed composition and the role of the nasal 

microbiota to identify beneficial members that may help developing future 

strategies for the stabilization of the microbiota through rational manipulation. 

Specifically, this thesis will investigate: the role of sows in shaping the early 

microbiota of piglets, the occurrence of anaerobic bacteria and virulent 

pathobionts in the nasal cavity, and the contribution of the nasal microbiota to 

the host immune response. 

The hypothesis of this thesis is that the swine nasal microbiota consists of a 

relatively defined community acquired in early life that is connected to the 

health of the host through the interaction with the immune system.  

The main objective of this thesis is to investigate the swine nasal microbiota 

composition, the factors driving its development, and its functional role on the 

host health.  

The specific objectives are: 

1. Establish an optimized and standardized pipeline for the study of the 

nasal microbiota of pigs. 

2. To investigate to which extent sows are important for the early 

establishment of the nasal microbiota in piglets. 

3. To expand the characterization of bacterial members of the swine nasal 

microbiota, including anaerobes. 

4. To study the role of the nasal microbiota in the antibody response to 

vaccination. 

5. To explore genomic variations among M. hyorhinis strains from different 

clinical origins with the goal of identifying virulence markers. 
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CHAPTER 1 
____________________________________________________________

_______ 

 

Analysis of the Nasal Microbiota in Healthy and Diseased Pigs 

(Adaptation of a 16S rRNA gene microbiota analysis pipeline for swine 
nasal microbiota studies) 

 

Pau Obregon-Gutierrez, Virginia Aragon, Florencia Correa-Fiz.  Methods Mol 

Biol. 2024; 2815:93-113. doi:10.1007/978-1-0716-3898-9_8 
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Abstract 

Massive sequencing of a fragment of 16S rRNA gene allows the 

characterization of bacterial communities in different body sites: the 

microbiota. Nasal microbiota can be analysed by DNA extraction from nasal 

swabs, amplification of the specific fragment of interest, and posterior 

sequencing. The raw sequences obtained need to go through a 

computational process to check their quality and then assign the taxonomy. 

Here, we will describe the complete process from sampling to get the 

microbial diversity of nasal microbiota in health and disease. 
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Introduction 

The microbiota has attracted significant attention in the last years, especially 

with the increased availability and cost-effective methodologies for massive 

sequencing. Most of the microbiota studies have focused on the human gut 

microbiota, but the microbiota from other mammalian hosts and other body 

locations is also of major interest to understand the health and physiology of 

the host and the interactions with pathogens. The microbiota found in the 

upper respiratory tract is considered one of the first lines of defense of the 

host against respiratory pathogens. These pathogens need to overcome the 

microbiota and the immune response of the host (which is in turn modulated 

by the microbiota) to colonize and infect the lower respiratory tract. Once 

there, some pathogens such as Streptococcus suis can invade and cause 

systemic disease. The main habitat of S. suis is the upper respiratory tract, 

particularly the tonsils, but this bacterium can also be detected in the nasal 

cavity as well. Little is known about the role of the microbiota in the tonsil or 

the nose of piglets in controlling the spread of S. suis disease. 

To study the different bacterial species composing a sample, traditional 

bacterial culture techniques were used to allow the biochemical and 

phenotypical characterization. However, this method is known to have several 

limitations related to the difficulty to culture obligate anaerobes or to control 

their survival during the transport or storage of the samples under standard 

procedure (109). The molecular approaches that appeared late in the 

twentieth century can overcome these restraints and rapidly became the gold 

standard to characterize these complex communities. Shotgun 

metagenomics or 16S rRNA amplicon sequencing are among the methods of 

choice to perform this kind of analysis with different limitations (110). 

Metagenome sequencing includes the massive sequencing of fragmented 

DNA that needs to be assembled in full or partial genomes through a complex 

and computing-demanding process. This sequencing method does not 

depend on amplification; hence it avoids any bias related to this, but it has its 
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own caveats. Computational limitations together with biases related to host 

sequencing or other non-target DNA sequencing are among the most 

common problems found. It is also significantly more expensive and 

challenging from the bioinformatics analysis point of view. On the other hand, 

amplicon sequencing, the most used method in the field of microbiome 

research (111), involves the amplification of a particular region of interest. 

Sequencing the 16S rRNA gene is typically used due to its high conservation 

throughout the whole Bacteria domain allowing the amplification of all 

bacterial members using degenerate primers designed to target this region. 

But also, within the V3–V4 regions typically targeted in this gene, there are 

highly divergent regions that allow distinguishing between different bacterial 

genera. The obtained reads can be taxonomically classified to infer the 

bacterial composition of the sample by comparison to a reference database. 

This method, apart from having a much lower economic cost, outputs lower 

complexity sequence data more computationally manageable. However, the 

classification obtained from this short region is not reliable at species or strain 

levels, since individual bacteria can share identical amplicon sequences 

making impossible the differentiation. Additionally, the amplification step can 

lead to more opportunities of error directly impacting in bacterial identification 

from sequences (112). The functional capacities can be inferred from these 

data, although the shotgun metagenomic approach can give a better 

resolution of the genes and pathways present in the dataset. Both methods 

share some technical issues due to DNA extraction, sample manipulation, 

and in-silico processing analyses. Controlling the methodology becomes 

crucial to deliver accurate results able to be reproduced and compared 

between experiments. Therefore, the relevance of defining a workflow from 

sampling to unravelling the communities’ composition and diversity becomes 

evident. 
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Materials 

Study Design 

The study design will depend on the objective of the study, but commonly 

different conditions of interest are selected to be compared; in this case, the 

analysis is focused in comparing animals showing clinical signs compatible 

with S. suis disease and healthy pigs. Several factors that can influence the 

nasal microbiota composition have been determined, including antibiotic 

treatment (34), contact with the sows (113), diet and food additives (52), or 

the age of the animals (9). Therefore, they must be controlled among the 

groups of interest. The type of sample will also depend on the objective. Using 

nasal swabs is usually enough for sampling the nasal microbiota; however, 

some authors have performed nasal washes, albeit detecting lower diversity 

(35). To study the tonsil microbiota, swabs may be considered too superficial, 

and the whole tissue can be used. It is evident that sometimes the availability 

of the samples will determine the sample to be used, since tissue samples 

normally require euthanasia of the animals, and this needs to be justified. In 

this chapter, we will focus on nasal swab samples. 

Laboratory Materials and Equipment 

- Sample Collection and Storage 

1.Thin aluminum swabs. 

2.1X phosphate-buffered saline. 

3.Microtubes (“Eppendorf tubes”). 

4.Stabilization solution for nucleic acids, such as DNA/RNA shield. 

- DNA Extraction 

1.DNA extraction kits. 

2.Vortex. 
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37.Centrifuge. 

48.Spectrophotometer (e.g., BioDrop). 

 

Methods 

Sample Collection and Storage 

Before the insertion of the swab in the nasal cavity, the snout needs to be 

cleaned to avoid introduction of external contamination in the samples. For 

young piglets, we recommend using thin aluminum swabs due to their narrow 

nasal passages. The two nares can be sampled with a unique swab (see Note 
1). Eight to ten animals are recommended to be sampled per group to obtain 

valid results, ensuring at least five samples per group for the bioinformatics 

analysis. Since sows are a major source of variability in young piglets, when 

possible, animals from different litters should be included in each group. 

Importantly, samples should always be taken in the same standardized way 

to guarantee unbiased sampling (see Note 2). 

Samples can be stored in 500 μL of PBS at −80 °C after vigorous vortexing. 

If transportation of the samples is necessary or freezing is not possible, 

samples should be placed in DNA/RNA shield, or similar stabilization solution 

for nucleic acids, immediately after collection (see Note 3). In parallel, a clean 

swab should be conserved in the same fashion to be processed as a negative 

control. 

All the information about the origin of the samples (age of animals, farming 

system, treatments, clinical status, sow origin, sow parity, sex, feed, etc.), 

which constitute the metadata, needs to be compiled and organized to enable 

the subsequent analysis. 

DNA Extraction 
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For DNA extraction, 200 μL of the swab suspensions can be used as a starting 

material for commercial kits. We have successfully used the Nucleospin Blood 

kit following the manufacturer’s instructions, but using 50 μL of elution buffer 

to elute the DNA from the column resulted in better yields. After extraction, 

the quality and quantity of DNA must be assessed with a spectrophotometer 

to be within the optimal range. For Illumina sequencing, the minimum required 

DNA concentration is set to 5 ng/μL per sample; however, in our experience, 

only when DNA extracted from nasal swabs is in the range of 30–200 ng/μL 

and with a ratio A260/280 higher than 1.8 is the sequencing yield adequate 

for analysis. Other kits, such as MagMAX Pathogen RNA/DNA kit or 

ZymoBIOMICS DNA/RNA Miniprep kits, can be used, especially with samples 

in DNA/RNA shield. Preliminary tests to optimize the methods for DNA 

extraction and storage conditions may be required with the specific samples 

and available equipment. 

All the samples should be prepared following the same protocol to avoid 

differences due to the method used. It is always a good practice to include a 

negative control (a clean swab in the same storage solution), especially if you 

think that the bacterial load could be low in the sampled animals (such as 

after an intensive antimicrobial treatment). 

Sequencing 

DNA samples will follow a standard protocol to produce a library for 

sequencing (see Note 4). This library can be prepared following the 

manufacturer’s recommendations. During this process, primers for 

sequencing will be incorporated into the DNA fragments, as well as specific 

barcodes for each sample since several samples are normally included in a 

single run. This barcoding allows the correct assignation of the reads from 

each sample (demultiplexing steps). Alternatively, the sequencing library may 

be performed by a specialized sequencing service. In such a case, it is 

recommendable to send the DNA samples within 24h post-extraction under 
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refrigeration (4 °C). If the samples are not processed within this time, storage 

should be done at −20 °C or below. 

There are several different platforms that can be used for amplicon 

sequencing, but Illumina is the most frequently used. Amplification of the V3–

V4 region of the 16S rRNA gene [10] allows the identification of typical nasal 

taxa using Illumina MiSeq pair-end 2 × 250 bp or 2 × 300 bp technology (MS-

102-2003 MiSeq® Reagent Kit v2, 500-cycle or MS-102-3003 MiSeq Reagent 

Kit v3, 600-cycle). For nasal samples, recommended primers are those used 

in the standard Illumina protocol (114): 

16S amplicon PCR forward primer: 

5’TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCW

GCAG 

16S amplicon PCR reverse primer: 

5’GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTA

TCTAATCC 

The cycling conditions include initial denaturation at 95 °C for 3 min followed 

by 30 cycles of 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 s and a final 

extension at 72 °C for 5 min. The PCR product must be checked to verify its 

size after purification (Bioanalyzer DNA 1000 chip). 

A number of 30–40 samples per run would output a total of 80,000 high-quality 

raw sequences per sample, where ~40% reads are filtered out in the following 

steps. This will allow the analysis to be done at a sampling depth of ~30,000 

sequences per sample. The rarefaction curves must be inspected in the 

downstream analysis to estimate the species richness. These accumulation 

curves represent the number of species as a function of the number of 

sequences taken, hence they grow rapidly (as the most common species are 

found), but they plateau when only rare species are left to be sampled, 

meaning that the expected number of species is reached. If more than 40 
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samples are to be sequenced, multiple runs should be performed. In this 

case, runs should be organized to contain samples from all the groups to be 

compared. Ideally, one of the samples should be sequenced in different runs 

as a control, especially in the case the runs are not performed at the same 

time. All samples (including those from different runs) should reach the 

plateau at the maximum depth to be included in the analysis, confirming the 

sample procedure was adequate. Occasionally, a sample fails to yield enough 

reads and should be excluded from the analysis. Reasons for this problem 

can be traced to the failure in obtaining enough bacterial material during the 

sampling procedure, in a deficient DNA extraction, or in problems when 

generating the sequencing library. 

Analysis 

The pipeline described below is intended to be used with the newest 

Quantitative Insights into microbial Ecology 2 (QIIME2) release (115); for this 

example Version 2023.2 was used. All the documentation is available at 

https://docs.qiime2.org/2023.2/. The step-by-step pipeline, schematically 

represented in Figure 1, is designed to be performed with Illumina paired-end 

output raw reads to get the final description of the microbiota composition in 

different groups (e.g., health and disease) and the diversity (within each 

sample and between the different groups) of the communities. Not all the 

parameters or the parameters available for each command are explained, but 

every command applied is described with the objective that an unexperienced 

user can go through it. 
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Figure 1. Workflow chart illustrating the steps for the in-silico analysis pipeline. 
A) Preprocessing steps from raw sequencing reads to feature table and 
intermediate files needed to perform downstream analyses. B) Result-oriented 
steps from microbiota intermediate files previously obtained to taxonomy and/or 
diversity analysis. Each box represents a set of commands detailed in the main 
text and linked by the number. For clarification, preprocessed files are shown in 
yellow, removed files in red, the external data base in gray, the processed 
microbiota data in blue, and output analysis files in green. 

 

As in any in-silico analysis, the initial step is to ensure that your computer 

fulfils the specific requirements to run QIIME2 software, where a minimum of 

32-Gb RAM would be enough for most users, but faster CPUs will allow 

shorter run times. The installation of a software is not a trivial step since, many 

times, a large list of dependencies is needed to complete the full installation. 

Fortunately, for QIIME2 core distribution, these steps are well described in the 

developers’ webpage (https://docs.qiime2.org/2023.2/install/) where its native 

installation is recommended as a conda environment. A virtual machine can 

be used alternatively but only if the conda installation is not available. The 

installation and correct activation of the QIIME2 environment can be verified 

by typing “qiime” in the command line, which should list all the available 

plugins. The QIIME2 Core 2023.2 distribution includes plugins and interfaces 

developed, maintained, tested, and distributed by the QIIME2 development 

team, but additional plugins are available to be installed. All the analyses 

detailed below are included in the core distribution and can be run in either 

Mac or Linux operating systems, where the latest versions are always 

recommended. Many steps in the pipeline can be computationally 

demanding, so they can be efficiently accelerated by parallelized computing. 

In the - -p-n-threads option, the number of concurrent tasks to be performed 

at the same time should be set (as included in the examples below, where 

this option is allowed). 

The sample metadata file (named as metadata.tsv) is one of the essential 

files in this kind of analyses, since it contains all the description of the samples 
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and will be used to define the study groups, so it is important to include all the 

data that can be useful in the downstream analysis (see Note 5). This file can 

be created using any spreadsheet program (e.g., Excel, LibreOffice or Google 

sheet) provided it is saved as a tab-separated-values (tsv) file, where all the 

collected parameters are located in different columns. Technical details, such 

as time point, body site, or sequencing run, should be included together with 

all the information specific for the microbiome study. As an example, to 

compare health and disease, a column indicating the clinical status of the 

animals must be included to split the animals into these two groups. If the 

process was correctly followed, the metadata.tsv file should be ready to 

proceed with the analyses; however, the file format can be previously 

validated to avoid errors when loaded in the following step (see Note 6). 

Once the software is correctly installed and the metadata file validated, the 

first step is to demultiplex the reads, i.e., sort the reads by sample. QIIME2 

provides tools to perform this step (Figure 1, step 1); however, most of the 

times, the sequencing services provide already demultiplexed samples, and 

this step is skipped. To import demultiplexed fastq files into a QIIME2 artifact 

(see Note 7), a manifest file must be prepared (Figure 1, step 2). In this 

comma-separated file (manifest), the unique sample id, the full path of the 

reads, and their direction (forward or reverse) must be specified (see Note 8). 

Also, it is important to specify in the same command the type of reads (“single” 

or “paired-end” reads). Raw reads are imported into an executable QIIME2 

artifact (qza) which can be converted into a viewable format (qzv) after using 

demux summarize command (see Note 9). This qzv file contains a report 

including the number, the quality, and the length of the reads in the samples. 

Secondly, primers can be removed with Cutadapt plugin (Figure 1, step 3). 

The primer sequences from the sequencing step should be included to be 

detected and trimmed (see Note 10). The –p-discard-untrimmed option 

allows to filter out those reads without primers, which can be contaminants, 

since they did not result from the amplification during the sequencing library 
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preparation. Finally, we must convert the qza format to a viewable qzv artifact 

as mentioned above. The commands to perform steps 2 and 3 as depicted in 

Figure 1, are detailed below. 

qiime tools import \ 

 --type 'SampleData[PairedEndSequencesWithQuality]' \ 

 --input-path nasal-PE-manifest \ 

 --output-path paired-end-demux.qza \ 

 --input-format PairedEndFastqManifestPhred33 

 

qiime demux summarize \ 

 --i-data paired-end-demux.qza \ 

 --p-n 100000 \ 

 --o-visualization paired-end-demux.qzv 

 

qiime cutadapt trim-paired \ 

 --i-demultiplexed-sequences paired-end-demux.qza \ 

 --p-cores 24 \ 

 --p-front-f CCTACGGGNGGCWGCAG \ 

 --p-front-r NACTACHVGGGTATCTAATCC \ 

 --p-match-adapter-wildcards \ 

 --p-match-read-wildcards \ 

 --p-discard-untrimmed \ 

 --o-trimmed-sequences trimmed-demux.qza 

 

qiime demux summarize \ 

 --i-data trimmed-demux.qza \ 

 --p-n 100000 \ 

 --o-visualization trimmed-demux.qzv 

 

The intermediate and final visualization outputs (paired-end-demux.qzv and 

trimmed-demux.qzv) should be checked in QIIME2 view 

(https://view.qiime2.org/). If the sequencing has been successful, these two 
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steps should only output few reads of difference (untrimmed reads not 

containing the primers). After, the quality of the reads at each nucleotide 

position should be inspected by visualizing the trimmed-demux.qzv file 

generated, to decide the parameters to be used in the next step: denoising. 

An example on how to decide dada2 truncation parameters is shown and 

explained in Figure 2 and Note 11, respectively. 

 

Figure 2. Plots evaluated to decide truncation and trimming parameters (a) 
Quality plot per base pair of forward and reverse reads. (b) Quality plot of reverse 
reads (zoomed in). The line in boxplots indicates the mean of the quality at each 
position. (c) Forward and reverse read length summary. 

 

Dada2 (116) is an algorithm developed to perform the denoising steps, i.e., 

filtering reads by quality, joining paired-end reads, removing chimeras, and 

sorting the reads into amplicon sequence variants (ASVs) implemented in 

QIIME2 in qiime dada2 command (Figure 1, step 4). Many parameters can 

be set manually (or used by default) in this step, but it is relevant to pay 
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especial attention to two of them: --p-trim-left and and –p-trunc-len. These 

options are thought to remove low-quality positions of the reads in the 5′ and 

3′ ends, respectively. When denoising reads with dada2, it is important to 

remove low-quality nucleotide positions that would add no valuable 

information but noise to the analysis (as stated in Note 11). Dada2 provides 

three output files: 1, denoising stats, allows to assess how reads were 

processed and deleted at each step; 2, the representative sequences file, 

which contains all the different ASVs; and 3, the feature table, where ASVs’ 

abundances across samples can be found. Next steps are performed to 

convert these three files for visualization (taking as input each of the 

generated “qza” files and ouputting the corresponding “qzv” file). The 

commands to perform step 4 as depicted in Figure 1 are shown below. 

qiime dada2 denoise-paired \ 

 --i-demultiplexed-seqs trimmed-demux.qza \ 

 --p-trunc-len-f 230 \ 

 --p-trunc-len-r 216 \ 

 --o-table table-unfiltered.qza \ 

 --o-representative-sequences rep-seqs-unfiltered.qza \ 

 --o-denoising-stats denoising-stats.qza \ 

 --p-n-threads 24 

 

qiime feature-table summarize \ 

 --i-table table-unfiltered.qza \ 

 --m-sample-metadata-file metadata.tsv \ 

 --o-visualization table-unfiltered.qzv 

 

qiime metadata tabulate \ 

 --m-input-file denoising-stats.qza \ 

 --o-visualization denoising-stats.qzv 

qiime feature-table tabulate-seqs \ 

 --i-data rep-seqs-unfiltered.qza \ 

 --o-visualization rep-seqs-unfiltered.qzv 
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Denoising with dada2 algorithm corrects reads using an error model 

specifically trained for the specific dataset. Therefore, all the stated steps 

above need to be individually done for each sequencing run (in the example 

commands below, run A, B, and C) for a correction model suitable for each 

batch to be used. Afterwards, feature tables and representative sequences 

obtained from different runs should be joined to be further analyzed together. 

This merging step can be done using qiime feature-table merge as described 

below. As this step is optional, it has not been included in Figure 1. 

qiime feature-table merge \ 

 --i-tables table-unfiltered-runA.qza \ 

 --i-tables table-unfiltered-runB.qza \ 

 --i- tables table-unfiltered-runC.qza \ 

 --o-merged-table table-merged.qza 

 

qiime feature-table summarize \ 

 --i-table table-merged.qza \ 

 --m-sample-metadata-file metadata.tsv \ 

 --o-visualization table-merged.qzv 

 

qiime feature-table merge-seqs \ 

 --i-data rep-seqs-unfiltered-runA.qza \ 

 --i-data rep-seqs-unfiltered-runB.qza \ 

 --i-data rep-seqs-unfiltered-runC.qza \ 

 --o-merged-data rep-seqs-merged.qza 

 

qiime feature-table tabulate-seqs \ 

 --i-data rep-seqs-merged.qza \ 

 --o-visualization rep-seqs-merged.qzv 

 

In order to ensure that all amplicons (ASVs) are not artifacts generated in 

sequencing, it is important to filter them out using qiime2 quality control plugin 

(117). In this step (Figure 1, step 5), all ASVs that do not match at 65% identity 
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and 50% query cover against the latest Greengenes bacterial 16S rRNA gene 

database (118) (clustered at 88%, available at 

https://docs.qiime2.org/2020.8/data-resources/) using vsearch (119) are 

discarded (see Note 12). Those ASVs kept after this filtering step are stored 

as “hits” (hits.qza), while those not matching the selected parameters are 

stored as “misses” (misses.qza). Below are found the commands to perform 

step 5 as depicted in Figure 1. 

qiime quality-control exclude-seqs \ 

 --i-query-sequences rep-seqs-merged.qza \ 

 --i-reference-sequences 88_otus.qza \ 

 --p-method vsearch \ 

 --p-perc-identity 0.65 \ 

 --p-perc-query-aligned 0.5 \ 

 --o-sequence-hits hits.qza \ 

 --o-sequence-misses misses.qza 

 

qiime feature-table tabulate-seqs \ 

 --i-data hits.qza \ 

 --o-visualization hits.qzv 

 

qiime feature-table tabulate-seqs \ 

 --i-data misses.qza \ 

 --o-visualization misses.qzv 

 

Finally, this “hits.qza” file is renamed for clarification as rep-seqs-filtered.qza, 

and it is then used to filter the feature table (table-merged.qza or table.qza) 

to retain only the ASVs included in it (using qiime feature-table filter-features). 

mv hits.qza rep-seqs-filtered.qza 

 

qiime feature-table filter-features \ 

 --i-table table-merged.qza \ 

 --m-metadata-file rep-seqs-filtered.qza \ 
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 --o-filtered-table table-filtered.qza 

 

qiime feature-table summarize \ 

 --i-table table-filtered.qza \ 

 --m-sample-metadata-file metadata.tsv \ 

 --o-visualization table-filtered.qzv 

 

The obtained table contains the ASVs and their relative abundance in each 

sample. To unravel the taxonomical composition in the samples, these ASVs 

must be compared to a database to infer their classification (Figure 1, step 6). 

Although QIIME2 software offers several options to taxonomically classify the 

ASVs, it is recommended to use a pretrained Naïve-Bayes classifier (120) 

method (available at https://docs.qiime2.org/2023.2/data-resources/) using 

feature-classifier plugin (see Note 13). The output taxonomy.qza file contains 

the taxonomical assignation to each ASV with a percentage of confidence and 

can be inspected when converted to qzv file. The required commands to 

perform step 6 (Figure 1) are described below. 

qiime feature-classifier classify-sklearn \ 

 --i-classifier classifier.qza \ 

 --i-reads rep-seqs-filtered.qza \ 

 --o-classification taxonomy.qza 

 

qiime metadata tabulate \ 

 --m-input-file taxonomy.qza \ 

 --o-visualization taxonomy.qzv 

 

Once the sequences have been classified, the obtained taxonomy.qza file 

should be used to perform a last filtering step to the feature table to remove 

nonbacterial 16S rRNA gene ASVs (Figure 1, step 7). Since this gene can 

also be found in Archaea, chloroplasts, and mitochondria, these ASVs must 
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be removed from the feature table and, accordingly, from the sequences. The 

files obtained until here will serve as inputs for all the downstream analyses. 

qiime taxa filter-table \ 

 --i-table table-filtered.qza \ 

 --i-taxonomy taxonomy.qza \ 

 --p-exclude Archaea,Chloroplast,mitochondria \ 

 --o-filtered-table final-table.qza 

 

qiime feature-table summarize \ 

 --i-table final-table.qza \ 

 --m-sample-metadata-file metadata.tsv \ 

 --o-visualization final-table.qzv 

 

qiime feature-table filter-seqs \ 

 --i-data rep-seqs-filtered.qza \ 

 --i-table final-table.qza \ 

 --p-no-exclude-ids \ 

 --o-filtered-data final-rep-seqs.qza 

 

qiime feature-table tabulate-seqs \ 

 --i-data final-rep-seqs.qza \ 

 --o-visualization final-rep-seqs.qzv 

 

One of the main goals in microbiome analysis consists in characterizing the 

diversity within the samples (alpha diversity) and between (beta diversity) the 

groups under study. There are several metrics that can be used to perform 

these estimations. In this chapter, the estimation of those metrics more 

commonly used is described (see Note 14). 

Several phylogenetic diversity metrics require a rooted phylogenetic tree to 

be computed to classify the ASVs (Figure 1, step 8). First, a multiple sequence 

alignment is done with MAFFT (qiime alignment mafft, (121)). The 
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hypervariable regions are generally considered to add noise to a resulting 

phylogenetic tree so they should be masked (122)- (qiime alignment mask). 

Finally, the tree is built from the masked alignment using Fasttree (123) and 

rooted (qiime phylogeny midpoint-root). The required commands to perform 

step 8 in Figure 1 are the following: 

qiime alignment mafft \ 

 --i-sequences final-rep-seqs.qza \ 

 --o-alignment aligned-rep-seqs.qza \ 

 --p-n-threads 8 

 

qiime alignment mask \ 

 --i-alignment aligned-rep-seqs.qza \ 

 --o-masked-alignment masked-aligned-rep-seqs.qza 

 

qiime phylogeny fasttree \ 

 --i-alignment masked-aligned-rep-seqs.qza \ 

 --o-tree unrooted-tree.qza \ 

 --p-n-threads 8 

 

qiime phylogeny midpoint-root \ 

 --i-tree unrooted-tree.qza \ 

 --o-rooted-tree rooted-tree.qza 

 

All the downstream analyses will be performed using the final filtered 

representative sequences (rep-seqs.qza), the feature table (table.qza), and 

the phylogenetic tree (unrooted-tree.qza and rooted-tree.qza) generated 

throughout these previous steps. 

Next steps will permit the computation of both alpha and beta diversity metrics 

which are essential to understand the variability of the samples (alpha 

diversity) and the diversity between (beta diversity) the different groups under 

study (Figure 1, step 9). To make these analyses comparable among samples 
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with different number of reads, it is mandatory to set a sampling depth 

common to all the samples to be analyzed. This value, selected by inspecting 

the table.qzv, is normally set to the lowest sampling depth at which all the 

diversity was captured in the dataset (10,000 in this example), with the 

objective of preserving the maximum number of samples and retaining 

enough number of sequences. The total counts from each sample will be 

randomly subsampled using the value provided when set in the - -p-sampling-

depth parameter using the qiime diversity core-metrics command (which is a 

workflow itself calculating different metrics for alpha and beta diversity). The 

output for this step will be saved in the newly created core-metrics directory 

(defined in the - - output-dir option). The “qza” files inside this folder will allow 

further diversity analysis or plot generation, and “qzv” files will explain the 

main diversity characteristics of the samples. The diversity of each sample 

can be investigated with the alpha-rarefaction-full.qzv file (rarefaction curves 

of the computed indexes per sample groups through different sampling 

depths), while beta diversity can be visualized using the emperor PcoA plots 

(124,125). When opening the emperor files for each beta diversity metric in 

qiime view, several options become available interactively that help the user 

to understand the differences between groups (such modifying color or 

changing the shape by different categories). 

qiime diversity core-metrics-phylogenetic \ 

 --i-phylogeny rooted-tree.qza \ 

 --i-table final-table.qza \ 

 --p-sampling-depth 10000 \ 

 --m-metadata-file metadata.tsv \ 

 --output-dir core-metrics \ 

 --p-n-jobs-or-threads 4 

qiime diversity alpha-rarefaction \ 

 --i-table final-table.qza \ 

 --i-phylogeny rooted-tree.qza \ 

 --p-max-depth 10000 \ 
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 --m-metadata-file metadata.tsv \ 

 --p-metrics chao1 \ 

 --p-metrics shannon \ 

 --p-metrics observed_features \ 

 --p-metrics simpson \ 

 --p-metrics faith_pd \ 

 --o-visualization core-metrics/alpha-

rarefaction_full.qzv 

 

qiime diversity alpha \ 

 --i-table final-table.qza \ 

 --p-metric chao1 \ 

 --o-alpha-diversity core-metrics/chao1_vector.qza 

 

qiime diversity alpha \ 

 --i-table final-table.qza \ 

 --p-metric simpson \ 

 --o-alpha-diversity core-metrics/simpson_vector.qza 

 

The diversity analyses within QIIME2 provide the computation of alpha and 

beta diversity metrics and output interactive visualization, but also they can 

provide the statistical tests to find out the variable (included as a column in 

the metadata) that is most strongly associated (and statistically significant) to 

the differences observed in the microbial diversity. These questions can be 

answered executing the qiime diversity alpha or beta-group significance 

scripts (126,127). The results from alpha significance can be visualized as 

boxplots of the computed alpha diversity indexes per category at the 

maximum sampling depth. The statistical significance of alpha diversity 

differences is calculated with nonparametric t tests (with 999 random 

permutations). On the other hand, the significance of the beta diversity 

comparisons (suspected through the visualization of emperor plots) can be 

calculated using PERMANOVA, and the estimation of P-values is done 
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through 999 random permutations of the dataset. Moreover, the percentage 

of variation between grouped samples (size effect) can be measured by R2 

using the Adonis function (128), implemented in qiime diversity adonis (see 

Note 15). All these steps also belong to step 9 in Figure 1. 

qiime diversity alpha-group-significance \ 

 --i-alpha-diversity core-

metrics/observed_features_vector.qza \ 

 --m-metadata-file metadata.tsv \ 

 --o-visualization core-metrics/observed-features-

group-significance.qzv 

 

qiime diversity alpha-group-significance \ 

 --i-alpha-diversity core-metrics/shannon_vector.qza \ 

 --m-metadata-file metadata.tsv \ 

 --o-visualization core-metrics/shannon-group-

significance.qzv 

 

qiime diversity alpha-group-significance \ 

 --i-alpha-diversity core-metrics/chao1_vector.qza \ 

 --m-metadata-file metadata.tsv \ 

 --o-visualization core-metrics/chao1-group-

significance.qzv 

 

qiime diversity alpha-group-significance \ 

 --i-alpha-diversity core-metrics/simpson_vector.qza \ 

 --m-metadata-file metadata.tsv \ 

 --o-visualization core-metrics/simpson-group-

significance.qzv 

 

qiime diversity beta-group-significance \ 

 --i-distance-matrix core-

metrics/jaccard_distance_matrix.qza \ 

 --m-metadata-file metadata.tsv \ 
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 --m-metadata-column variable \ 

 --o-visualization core-metrics/jaccard_variable-

significance.qzv \ 

 --p-pairwise 

 

qiime diversity beta-group-significance \ 

 --i-distance-matrix core-

metrics/bray_curtis_distance_matrix.qza \ 

 --m-metadata-file metadata.tsv \ 

 --m-metadata-column variable \ 

 --o-visualization core-metrics/bray_curtis_variable-

significance.qzv \ 

 --p-pairwise 

 

qiime diversity adonis \ 

 --i-distance-matrix core-

metrics/jaccard_distance_matrix.qza \ 

 --m-metadata-file metadata.tsv \ 

 --p-formula variable_or_formula_of_variables \ 

 --o-visualization core-metrics/jaccard_ADONIS-

variable.qzv 

 

qiime diversity adonis \ 

 --i-distance-matrix core-

metrics/bray_curtis_distance_matrix.qza \ 

 --m-metadata-file metadata.tsv \ 

 --p-formula variable_or_formula_of_variables \ 

 --o-visualization core-metrics/bray_curtis_ADONIS-

variable.qzv 

 

The visualization of the taxonomical composition of the samples at 

different taxonomical levels, while grouping samples into the study 

groups, can be done using bar plots (Figure 1, step 10). The whole 
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relative frequency table of the taxa found in the samples can be 

extracted by grouping the ASVs from the feature table at a desired 

taxonomic level in the command qiime taxa collapse (from domain to 

species, 1–7). In this case, to find out the abundance of the 

Streptococcus genus in the samples, the relative frequency of all 

genera detected can be extracted (level 6), and then Streptococcus 

string can be used to filter by this genus (see Note 16). Sometimes, it 

may be interesting to have the information of the relative frequency 

table at ASV level, then the first step intended to collapse at higher 

taxonomical levels needs to be omitted. 

qiime taxa barplot \ 

 --i-table final-table.qza \ 

 --i-taxonomy taxonomy.qza \ 

 --m-metadata-file metadata.tsv \ 

 --o-visualization taxa-bar-plots.qzv 

 

qiime taxa collapse \ 

 --i-table final-table.qza \ 

 --i-taxonomy taxonomy.qza \ 

 --p-level 6 \ 

 --o-collapsed-table table-l6.qza 

 

qiime feature-table relative-frequency \ 

 --i-table table-l6.qza \ 

 --o-relative-frequency-table table-rel-freq-l6.qza 

 

qiime tools export \ 

 --input-path table-rel-freq-l6.qza \ 

 --output-path l6-rel-freq-table 

biom convert \ 

-i l6-rel-freq-table/feature-table.biom \ 

-o l6-rel-freq-table.tsv –to-tsv 
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This pipeline is intended to give the user an overview on the diversity, the 

taxonomical composition, and the significant differences between and within 

the groups under study. However, the feature table and the representative 

sequences can be used as inputs for many downstream analyses within 

QIIME2 by using several plugins (Figure 1, step 11). Moreover, other 

bioinformatics tools (outside QIIME2) will accept QIIME2-exported files as 

input and may be useful to expand or focus the analyses. 

 

Notes 

1. The swab needs to go deep enough into the nose to obtain a representative 

sample. 

2. It is recommended that sampling is performed by the same person to avoid 

differences in sample collection. 

3. Note that RNA later is not a good option for storage of swabs. 

4. Note that also RNA may be used as starting material for sequencing after a 

step of retro-transcription. 

5. The sample metadata file is a tab-separated text which contains sample ids in 

the first column, while in the rest of columns include all the information for each 
sample. The first two rows include the names of the categories and a label 
defining whether these categories are numeric or categorical. An example sample 

metadata file can be downloaded from a QIIME2 tutorial 
(https://docs.qiime2.org/2023.2/tutorials/moving-pictures-usage/). It is important 

to check that everything, including the words “numeric” and “categorical,” are well 
spelled (they are case sensitive, e.g., within the category “clinical status,” “health,” 

and “Health” would be treated as samples from different groups). 

6. Although the generated file as metadata can be directly loaded in Qiime2, if 
errors are present, they will be detected one at a time making the identification 

and resolving process long. Instead, it is recommended to perform the validation 
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of the metadata file before using Keemei (129) that will make a report with all the 

errors and warnings at a time. 

7. QIIME2 software works with artifacts, which are compressed files (zip) that 

contain both data and the information about the data (metadata). There are two 
types of artifacts: the executable (.qza) and the visualizations (.qzv), viewable in 

QIIME2 view interface (available at https://view.qiime2.org/). 

8. A typical manifest file is a plain file which contains all the information described 

tab separated, with each sample in a different row separated by a newline. 

9. The qiime demux summarize command allows to visualize the demultiplexed 
sequence artifact. In the case of fastq reads, this option outputs a plot describing 

the quality for each nucleotide position of the original reads using a subsample of 

a defined number of reads (this parameter can be set with the - -p-n flag). 

10. In this example command, cutadapt plugin is used to remove the primers from 
paired-end reads. The primers targeted to amplify the V3–V4 region can be set 

in the corresponding parameters (--p-front-f, --p-front-r). This plugin also offers 
options to trim the reads (i.e., trim the first n bases) or to demultiplex barcodes in 

case the sequencing facility outputs undemultiplexed reads. 

11. Example on deciding dada2 truncation and trimming parameters. In the 
example (Figure 2), it is clear how quality drops along the read (Figure 2a), 
especially in reverse reads. Thus, if no truncation is applied (--p-trunc-len, in 3′ 

end), all reads with low quality will be discarded. Zooming in qiime2 view (Figure 
2b), a truncation position where quality is acceptable can be selected, but this 

should be always lower than the reads’ length (Figure 2c). If a truncation position 
higher than the reads’ length is selected (Figure 2c), all reads smaller than this 

selection will be discarded. If no truncation position is specified, all reads will be 
used, and most of them will be discarded when low-quality positions are detected. 

But on the contrary, if truncation is too extreme, the merging of the paired-end 
reads performed in the next step will not be successful. Therefore, a compromise 

between eliminating bad-quality positions allowing the merging of the reads must 
be achieved. Similarly, the low-quality positions in the 5′ end can be trimmed (--
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p-trim-left); however, quality is usually high at these positions. It may be required 

to perform this step several times to get the best parameters for the analysis. 

12. Quality filtering parameters used herein may seem quite permissive, but the 

purpose of this step is only to remove sequences not coming from 16S rRNA 
gene amplification. This filtering can be applied directly on dada2 output 

sequences (in the example shown there is only one run) or on the merged 
sequences (if different runs were merged). After the filtering, it is important to 

check that the majority of the ASVs were kept in the hits.qza file, with the 
expected amplicon lengths in the sequence length summary. On the contrary, few 
sequences should be discarded as “misses” (and with shorter lengths than 

expected). 

13. There are other options to classify our features, as well as training the 
classifiers (see https://docs.qiime2.org/2023.2/plugins/available/feature-

classifier/ for further info). 

14. In this diversity analysis example, four alpha diversity measures assessing 

the richness and evenness of our samples are calculated (observed features, 
Chao (130), Shannon (131), and Simpson (132) indexes). The beta diversity of 

the samples is estimated with the non-phylogenetic dissimilarity indexes Bray and 
Curtis (133) and Jaccard (134) (quantitative and qualitative, respectively) and 

weighted (135) and unweighted (136) UniFrac phylogenetic distances 

(quantitative and qualitative, respectively). 

15. The beta diversity significance commands (PERMANOVA and Adonis) are 

shown for the two non-phylogenetic indexes, but the same commands can be 

applied for the two UniFrac phylogenetic analyses changing the qza files as input. 

16. In order to find out the relative abundance across samples of the taxa, the 
relative frequency table can be manually inspected. However, simple commands 

can help to automatically extract the abundances of desired taxa. As an example, 
it is provided a way to perform this step using the grep command (directly applied 

in the terminal, bash language). Three options are provided with the -w -F -f flags. 
First, the string we want to search which is the taxon name (an asterisk in the 
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beginning, replaces any character found before the taxon name); second, the file 
where the search has to be done, i.e., the relative frequency table; and third, the 

output file name has to be defined (in the example, streptococcus-

abundances.tsv). The command applied for Streptococcus would look like this: 

grep -w -F -f *Streptococcus l6-rel-freq-table.tsv > streptococcus-abundances.tsv. 

If the relative frequency of a bunch of taxa is desired, a plain file with the taxa 
names separated by comma (csv file, my_taxa.csv in the example below) should 

be prepared in any spreadsheet program and then use it in the -f option when 

applying this command: 

 grep -w -F -f my_taxa.csv l6-rel-freq-table.tsv > taxa-abundances.tsv 
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CHAPTER 2 
____________________________________________________________
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Sow Contact Is a Major Driver in the Development of the Nasal 
Microbiota of Piglets 

 

Pau Obregon-Gutierrez, Virginia Aragon, Florencia Correa-Fiz.  Pathogens. 
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Abstract 

The nasal microbiota composition is associated with the health status of 

piglets. Sow-contact in early life is one of the factors influencing the microbial 

composition in piglets; however, its impact has never been assessed in the 

nasal microbiota of piglets reared in controlled environmental conditions. 

Nasal microbiota of weaning piglets in high-biosecurity facilities (BSL3) with 

different time of contact with their sows (no contact after farrowing, contact 

limited to few hours or normal contact until weaning at three weeks) was 

unveiled by 16S rRNA gene sequencing. Contact with sows demonstrated to 

be a major factor affecting the nasal microbial composition of the piglets. The 

nasal microbiota of piglets that had contact with sows until weaning, but were 

reared in high biosecurity facilities, was richer and more similar to the 

previously described healthy nasal microbiota from conventional farm piglets. 

On the other hand, the nasal communities inhabiting piglets with no or limited 

contact with sows was different and dominated by bacteria not commonly 

abundant in this body site. Furthermore, the length of sow–piglet contact was 

also an important variable. In addition, the piglets raised in BSL3 conditions 

showed an in-creased richness of low-abundant species in the nasal 

microbiota. Artificially rearing in high biosecurity facilities without the contact 

of sows as a source of nasal colonizers had dramatic im-pacts on the nasal 

microbiota of weaning piglets and may introduce significant bias into animal 

research under these conditions.  
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Introduction 

The dynamic ensemble of microbiological communities inhabiting animal 

body sites is called microbiota (4) and comprises many different types of 

microorganisms that provide the host with an important set of functions (137–

139). Studies unraveling the many positive aspects of the microbiota on 

different animal hosts (such as metabolic benefits, immune system 

maturation, and protection against pathogens) (4,9,10,140), together with the 

fact that the microbiota comprises potential pathogens (4), have put this area 

in the focus of microbiological research during recent years. Many studies 

have shown that a stable, specific and diverse community of commensal 

microbes is associated with health in humans (3), but also in different animals 

(9,10,137). On the other hand, alterations on beneficial bacteria can result in 

overgrowth of opportunistic pathogenic bacteria and predispose to disease 

(4). However, most of these studies have been carried out on humans, leaving 

animal microbiota less assessed (3). Animal microbiota composition varies 

among individuals due to the action of many factors, such as the environment, 

host-genetics, the diet, the use of antimicrobials and the maternal 

transmission in early life, among others (4,9,10,141). 

Among animal farming, pig industry is one of the most important worldwide, 

since pork is one of the world’s most consumed meats (142). Antimicrobials 

have been widely used for many years in swine production with a great 

success controlling bacterial diseases, but antimicrobial resistance has 

generated a strong institutional call for the reduction of antimicrobial use in 

farm animals (91,143). In addition, antimicrobials have the potential to disrupt 

the beneficial microbial communities of the microbiota (10,14,34). Therefore, 

alternative tools to control diseases while ensuring balanced costs and low 

economic loses are of great interest (26), including those directed to the 

development and maintenance of healthy microbial communities (10,137). 
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The largest animal microbial ecosystem is the gastrointestinal tract, which has 

been the focus of most microbiota studies, because of its impact on the host 

(10,14,139,144,145). Nevertheless, other microbial niches (nasal, oral, skin, 

vagina, etc.) may also play important roles (16,145), and need more 

consideration. The upper respiratory tract, in particular the nasal cavity, is the 

entry way of many respiratory pathogens. Therefore, understanding the nasal 

microbiota and the factors that modulate its composition can be essential for 

improving the control of respiratory infections (26). Furthermore, early life 

conditions can determine the development and subsequent composition of 

the microbiota and affect the health status later in life (16). 

Recently, some studies have correlated the pig microbiota composition with 

health or disease (10,12,14,16). This is especially important at weaning, 

which is a critical moment due to the changes in feeding, antimicrobial 

treatments, and physical and social environment (9,10,12,14,26). The 

microbial composition at this moment is still unstable and can play a key role 

in the subsequent health status of the animals (10,12,16,17,140,146,147). 

Later, the microbiota constitutes a stable and resilient community that is able 

to resist some perturbations (26). Hence, during the first period of life, when 

the microbiota can undergo many fluctuations, it may be important to favor its 

stabilization with beneficial communities in order to wean healthier and more 

resilient piglets. 

Several studies have established that correlations between the microbiota of 

sows and their piglets depend on different aspects such as the delivery mode, 

feeding and direct contact between the litter and sow (9–11,14,27,148). Initial 

colonization of piglets is mainly derived from vaginal microbiota in natural 

delivery, and later from skin, food or the environment (10,26,27,140,149). 

However, the nasal microbiota has not been the focus of these studies. On 

the other hand, some disease models for endemic pathogens require piglets 

with no contact with the sows and are therefore artificially reared; the so-

called snatch-farrowed colostrum-deprived piglets or the caesarean-derived 
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colostrum-deprived models (150–152). Isolation facilities and high biosafety 

level facilities, which ensure a particularly clean environment, are sometimes 

used to house these highly susceptible pig models. It is clear that depriving 

the newborn piglets from colostrum, their initial source of immunity, has a big 

impact on the piglet health (10). Nevertheless, the impact of this artificial 

environment and rearing conditions on the microbiota of the piglets has never 

been evaluated, especially focusing on nasal microbiota. Therefore, the aim 

of this study was to assess how a reduced contact with sows and the high 

biosecurity conditions where piglets are raised affect the nasal microbiota 

composition of piglets at weaning. 

 

Results 

Sample Collection and Sequencing 

Nasal samples were taken at three to four weeks of age (common age of 

weaning) from piglets raised either in Biosafety Level 3 (BSL3) facilities or in 

conventional farms, as depicted in Table 1. To examine the effect of the sow 

in the nasal microbiota of the offspring, piglets were allowed to have different 

degree of contact with their sows. Thus, piglets grown in BSL3 conditions (L3) 

belonged to three different groups: one group of snatch-farrowed colostrum-

deprived piglets, taken at delivery in farms with no contact with the dams 

except for the birth canal (no-contact, L3-NC); a second group with less than 

12 h of contact with the sows after birth in the farm, before they were 

transferred to the BSL3 facilities for housing (limited-contact, L3-LC); and a 

third group of piglets that were born and raised in the BSL3 facilities and 

stayed with their sows until sampling (full-contact, L3-FC). In addition, piglets 

in group L3-LC belonged to two subgroups depending on the treatment at 

birth with crystalline ceftiofur (treated or control). Total DNA was extracted 

from nasal swabs and the V3-V4 region of the 16S gene was amplified and 

sequenced. The sequences from the nasal swabs of a group of conventional 
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piglets at weaning, born and raised at the farm (farm born-farm raised, FB-

FR) from three farms with confirmed good health status (no clinical signs in 

maternity and nursery units) from Catalonia (GM, PT and VL) from a previous 

study (16), were also included in the analysis. A total of 31,245,358 paired-

end reads were obtained from five different runs. Paired-end reads were 

joined, quality filtered and sorted into amplicon sequence variants (ASVs). An 

amount of 29,794 ASVs were obtained, with a total frequency of 3,569,216 

sequences (mean frequency of 71,384.32 per sample). The rarefaction 

curves were built (Figure 1A and Figure S1A) to determine the optimal depth 

where the plateau was reached and, hence, the microbial communities were 

well represented. In order to normalize data (rarefaction), one sample from 

L3-LC group was removed due to its low coverage (5,320 sequences in 

comparison with 73,555 for the rest of the samples) to mitigate possible 

biases related to uneven sampling depths  (153). 

Table 1. Sample group distribution with main characteristics and dataset study 
reference. 

Group Housing Birthplace Sow-
Contact 

Perinatal 
Treatment 

Reference 

L3-NC BSL3 Farm 
(snatch 

farrowed) 

No Colistin and 
crystalline 

ceftiofur (N = 

6) 

This study 

L3-LC BSL3 Farm Less than 
12 h 

Crystalline 
ceftiofur (N = 

7) 
Untreated (N 

= 6) 

This study 

L3-FC BSL3 BSL3 Until 

weaning 

Untreated (N 

= 11) 

This study 
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Figure 1. Alpha diversity of the nasal microbiota of 3–4-week-old piglets raised 
under BSL3 conditions with different degree of contact with their sows. Alpha 
diversity was measured at a depth of 32,392 by observed ASVs (A), Chao1 (B), 
Shannon–Weaver (C) and Simpson (D) indices for the different groups under 
study: piglets with no contact with the sow except for the birth canal (L3-NC, in 
red); piglets with limited contact of less than 12 h (L3-LC, in blue) and those that 
had full normal contact with their sows (L3-FC, in green). Group L3-LC included 
animals treated with ceftiofur (‘Ceftiofur’, in light blue) or non-treated (‘Control’, in 
dark blue). Significant p values from Kruskal–Wallis pairwise tests are depicted. 
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Alpha Diversity of the Nasal Microbiota of Piglets with Different Degree 
of Sow Contact 

To assess the effect that sows have on the nasal microbiota of their piglets, 

samples from piglets raised under the same BSL3 conditions but with different 

sow–contact time were compared. Samples were rarefied to an even depth 

of 32,392 sequences/sample and alpha diversity was evaluated through 

different metrics. The mean number of ASVs at this depth was 860 for L3-NC, 

803 for L3-LC and 1470 for the L3-FC group (Figure 1A). The highest 

richness of L3-FC group was confirmed when estimated through Chao1 index 

(Kruskal–Wallis test, 999 permutations, p < 0.05, Figure 1B). However, when 

evenness was taken into consideration, the group showing significantly higher 

diversity was L3-NC, either by Shannon (Figure 1C) or Simpson (Figure 1D) 

indices. The alpha diversity variability within each group increased with the 

length of sow–piglet contact, especially when including evenness (Figure 

1C,D). 

The comparison of ceftiofur-treated and non-treated piglets within the L3-LC 

group did not show significant differences in alpha diversity (p = 0.87, 

observed features; p = 0.75, Chao1; p = 0.63, Shannon; p = 0.42, Simpson). 

 

Nasal Microbiota Composition of Piglets Differed Depending on the 
Degree of Contact with Sows 

To unravel compositional differences between groups, beta diversity was 

estimated with unweighted and weighted UniFrac phylogenetic distances. 

Principal coordinate analysis (PCoA) was performed to assess the degree of 

clustering among groups and the percentage of variation explained by each 

clustering was estimated (Adonis function from the Vegan package). Sample 

clustering of the three groups under study was statistically significant when 

evaluated with unweighted and weighted UniFrac distance matrices 

(PERMANOVA, p = 0.001 in all cases). Sow–piglet contact explained 43% 
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and 82% of the clustering in the unweighted and weighted analysis, 

respectively (Adonis, p = 0.001). A PCoA biplot was built to represent the most 

relevant genera that describe the separation in the same PCoA space 

together with the samples (Figure 2A). In the biplot analysis, Enhydrobacter, 

Moraxella and Rothia vectors were directed to the PCoA space occupied by 

samples from L3-FC group, indicating that these genera might be associated 

to this group. The vectors of two genera from Firmicutes (from Clostridiales 

order and Ruminococcaceae family) were pointing to the L3-NC space and a 

genus from Bacteroidetes (from family S24-7, also known as Muribaculaceae) 

to the L3-LC space. Interestingly, L3-NC and L3-LC groups were qualitative 

and quantitatively more similar between them than to L3-FC, as indicated by 

the lower distances between them (Figure 2B,C). 

Ceftiofur treatment within L3-LC did not influence the nasal microbiota 

composition under these conditions (Figure 2A). This was confirmed by 

comparing only these two subgroups, ceftiofur treated and non-treated, from 

L3-LC under beta diversity metrics (PERMANOVA, p = 0.445 and p = 0.146 

for unweighted and weighted UniFrac, respectively). 

The effect of contact between sow and piglets was also evaluated by 

comparing the clustering between the group of ‘positive contact’ (L3-LC and 

L3-FC together) and ‘negative contact’ (L3-NC). Moreover, we calculated the 

effect of ‘normal sow–contact’ (L3-FC) versus ‘altered contact’ (L3-NC and 

L3-LC together). The percentage of explanation of these clusters were lower 

in positive or negative contact (12% and 18% for unweighted and weighted 

Unifrac, p < 0.01) than for normal vs. altered contact (31% and 68%, p = 

0.001), indicating that the time of contact with the sows is a stronger driver of 

microbiota composition than the mere existence of this contact. 
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Figure 2. Beta diversity of the nasal microbiota of 3–4-week-old piglets raised 
under BSL3 conditions with different degree of contact with their sows. A) 
Principal coordinate analysis representing beta diversity of the nasal microbiota 
of piglets raised in BSL3 conditions with no contact with sows except the birth 
canal (L3-NC, in red), limited contact of less than 12 h (L3-LC, in blue) and full 
normal contact (L3-FC, in green) was computed through weighted UniFrac 
analysis. The six most relevant genera explaining the differences among groups 
are plotted in the PCoA space. The length of each of the taxonomic vectors 
approximates the variance of each taxon throughout the samples. Group 
clustering distance to L3-NC (B) and to L3-FC (C) computed by PERMANOVA 
pairwise test with weighted UniFrac distance matrix (p = 0.001 in all cases). 
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Comparison of the Nasal Microbiota Core from Animals with Variable 
Sow Contact 

To unravel the composition of the different groups with variable sow contact, 

the ASVs were taxonomically classified. Three phyla comprised 88% of the 

global relative abundance: Firmicutes (49%), Bacteroidetes (23%) and 

Proteobacteria (16%). Within the Firmicutes, and Clostridiales orders it was 

the most relatively abundant (41% of the global relative abundance), 

comprising of mainly two families: Ruminococcaceae and Lachnospiraceae. 

Among the classified genera, the most relatively abundant were Oscillospira, 

Ruminococcus and Coprococcus. Firmicutes were similarly represented by 

Bacillales and Lactobacillales orders, such as Streptococcus, Lactobacillus 

and Staphylococcus. The most relatively abundant families among 

Bacteroidetes phylum belonged to Bacteroidales order (22% of the global 

relative abundance), where Prevotellaceae (mainly represented by Prevotella 

genus) and S24-7 were the most relatively abundant. Most Proteobacteria 

were classified as Gammaproteobacteria, where Moraxellaceae was the most 

relatively abundant family within this phylum and the second globally, mainly 

composed of Enhydrobacter and Moraxella genera. Regarding other phyla, 

some relatively abundant families were Micrococcaceae (Actinobacteria), 

mainly represented by the genus Rothia; and Spirochaetaceae 

(Spirochaetes), mainly represented by Treponema. Taxonomical composition 

at genus level of the most relatively abundant taxa globally (>1% relative 

abundance in one group at least) is depicted in Figure 3. The full list of the 

taxonomical assignment of the most relatively abundant taxa from the 

different groups is included in Table S1, and the corresponding plots at phyla 

and family levels can be found in Figure S1. 
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Figure 3. Taxonomical composition at genus level of the nasal microbiota from 
piglets raised in BSL3 conditions with variable contact with sows. Only taxa with 
global relative abundance higher than 1% in at least one group is color-coded. All 
genera with less relative abundance than 1% have been grouped and are shown 
in grey. L3-NC, no contact with the sows except the birth canal; L3-LC, limited 
contact of less than 12 h; and L3-FC, full normal contact until weaning at 3 weeks 
of age. Genera belonging to most relatively abundant phyla have been colored in 
common color-scheme to simplify its visualization; green for Firmicutes, blue for 
Bacteroidetes, and red for Proteobacteria. The legend shows the genera ordered 
by global relative abundance from bottom to top. 
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The core microbiota was defined as the taxa represented in more than 80% 

of samples in each group at two different levels: family and genus. The 

number of core taxa found was 65, 75 and 102 families and 86, 109 and 185 

genera for L3-NC, L3-LC and L3-FC, respectively. The number of shared and 

exclusive taxa among groups is represented in Figure 4, while the full list of 

taxa is available in Table S2. A common core for the three groups was 

composed of 43 families and 53 genera, which included the majority of most 

relatively abundant families and genera (26 out of 33 of families, and 26 out 

of 34 genera), previously defined as those taxa present in over 1% relative 

abundance in at least one group (included in Table S1). The two groups with 

sow-contact, L3-LC and L3-FC, had more taxa in common than with L3-NC. 

Finally, L3-FC held the highest number of exclusive taxa. 

 

Figure 4. Venn diagram of the shared and specific taxa from the nasal microbiota of 
piglets raised under BSL3 conditions with different degree of contact with their sows: 
no contact except the birth canal (L3-NC, in red); limited contact of less than 12 h (L3-
LC, in blue) and full normal contact until weaning at 3 weeks of age (L3-FC, in green). 
Taxa was analyzed at family (F) and genus (G) levels. Only taxa present in more than 
80% of samples in a group were included. 
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In order to find differentially abundant taxa in the different groups with different 

sow contact, analysis of composition of microbiomes (ANCOM) and a discrete 

false-discovery-rate (DS-FDR) analysis were performed. The taxa with more 

than 1% of relative abundance in at least one group and found differentially 

abundant in either test, are shown in Table 2. Among the highest relative 

abundance taxa, Firmicutes was detected in higher abundance in altered 

sow–piglet contact groups, attributed mainly to Lachnospiraceae and 

Ruminococcaceae families (Clostridiales order, with some exceptions). 

Bacteroidales order (Bacteroidetes) was also increased in these groups, with 

higher abundance of family S24-7, or Prevotella in L3-NC and p-2534-18B5 

in L3-LC. Contrary, the order Flavobacteriales or the genus Porphyromonas 

were more represented in L3-FC. On other hand, an increase in the relative 

abundance of Actinobacteria and Proteobacteria (mainly Moraxella and 

Enhydrobacter) was observed in L3-FC group, most of these observations 

validated with both approaches. Similarly, Bacillales and Lactobacillales 

orders (Firmicutes) were increased when the time of sow–piglet contact was 

longer (detected only with DS-FDR). These analyses were done at each taxa 

level, whilst ANCOM was also performed at ASVs level, which confirmed the 

results obtained at higher taxonomic levels (data not shown). 

 

Table 2. Differently abundant taxa at phylum, order, family and genus levels found 
by DS-FDR Kruskal–Wallis test and ANCOM (when indicated) with the mean 
relative abundance for nasal microbiota of piglets raised under BSL3 conditions 
with different degree of contact with their sows: no contact except the birth canal 
(L3-NC); limited contact of less than 12 h (L3-LC) and full normal contact until 
weaning at 3 weeks of age (L3-FC). 

 

Taxonomy Relative Abundance (%) Statistics 

Taxa* L3-NC L3-LC L3-FC DS-FDR (p) 
ANCOM* 

(W) 
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Acidobacteria 1.19 0.68 0.02 0.001  

Actinobacteria 1.72 0.71 6.21 0.001 30 

Actinomycetales 0.97 0.38 5.02 0.001 122 

Corynebacteriaceae 0.03 0.04 1.03 0.001 211 

Corynebacterium 0.03 0.04 1.03 0.001  

Micrococcaceae 0.34 0.24 2.92 0.001  

Rothia 0.20 0.24 2.76 0.001  

Coriobacteriales 0.26 0.05 1.11 0.001 131 

Coriobacteriaceae 0.26 0.05 1.11 0.001 206 

Bacteroidetes 22.53 28.78 16.54 0.001 25 

Bacteroidales 21.46 27.84 14.62 0.001  

Bacteroidales;f__ 1.85 4.00 2.36 0.001  

Bacteroidales;f__;g__ 1.85 4.00 2.36 0.001  

Bacteroidaceae 2.11 2.85 1.29 0.001  

Bacteroides 2.11 2.85 1.29 0.001  

Porphyromonadaceae 0.81 0.95 1.70 0.001  

Porphyromonas 0.06 0.01 1.09 0.001 448 

Prevotellaceae 9.28 3.46 3.46 0.002  

Prevotella 9.28 3.46 3.46 0.002  

Rikenellaceae 0.56 1.61 0.13 0.001 216 

Rikenellaceae;g__ 0.38 1.14 0.03 0.001 496 

S24-7 3.56 5.85 1.47 0.001  
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S24-7;g__ 3.56 5.85 1.47 0.001  

Paraprevotellaceae 1.82 2.87 2.72 0.006  

(Prevotella) 1.69 2.34 1.46 0.001  

p-2534-18B5 0.48 5.53 0.10 0.001 248 

p-2534-18B5;g__ 0.48 5.53 0.10 0.001 505 

Flavobacteriales 0.43 0.76 1.76 0.002  

Flavobacteriaceae 0.16 0.19 1.19 0.001  

Cyanobacteria 2.77 3.71 0.59 0.001 29 

Firmicutes 58.43 50.69 37.69 0.027  

Bacillales 0.36 0.56 1.53 0.001  

Staphylococcaceae 0.26 0.55 1.12 0.001  

Lactobacillales 1.23 1.68 5.00 0.001  

Aerococcaceae 0.06 0.01 1.31 0.001 224 

Lactobacillaceae 0.20 0.76 1.01 0.001  

Lactobacillus 0.20 0.76 1.00 0.001  

Streptococcaceae 0.73 0.49 1.62 0.001  

Streptococcus 0.59 0.42 1.52 0.001  

Clostridiales 54.65 45.83 28.82 0.001  

Clostridiales;f__ 7.58 8.77 2.46 0.001  

Clostridiales;f__;g__ 7.58 8.77 2.46 0.001  

Christensenellaceae 1.51 0.26 0.92 0.001  

Christensenellaceae;g__ 1.51 0.26 0.92 0.001  
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Clostridiaceae 1.14 0.67 1.53 0.001  

Lachnospiraceae 17.25 11.67 5.94 0.001  

Lachnospiraceae;__ 3.77 2.79 1.23 0.001  

Lachnospiraceae;g__ 5.76 4.68 2.07 0.001  

Blautia 1.23 0.41 0.50 0.001  

Coprococcus 2.93 1.48 0.91 0.001  

Roseburia 1.22 0.17 0.23 0.001  

Ruminococcaceae 21.77 19.88 10.86 0.001  

Ruminococcaceae;__ 1.61 1.71 0.75 0.001  

Oscillospira 3.87 6.03 1.24 0.001  

Ruminococcus 4.41 3.52 1.27 0.001  

(Mogibacteriaceae) 0.89 0.52 1.20 0.001  

(Mogibacteriaceae);g__ 0.87 0.52 1.19 0.001  

(Tissierellaceae) 0.14 0.05 1.15 0.007  

Proteobacteria 8.21 9.46 31.06 0.001 27 

Rhizobiales 0.95 1.18 0.16 0.001 123 

Neisseriales 0.05 0.37 1.03 0.001 143 

Neisseriaceae 0.05 0.37 1.03 0.005 241 

Pseudomonadales 1.38 2.19 26.17 0.001 135 

Moraxellaceae 1.15 2.01 26.01 0.002 216 

Moraxellaceae;__ 0.12 0.37 1.41 0.001  

Enhydrobacter 0.34 0.23 18.32 0.001 450 
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Moraxella 0.44 0.77 5.98 0.001  

Spirochaetes 0.38 0.77 2.56 0.001 29 

Spirochaetales 0.09 0.64 2.01 0.001 145 

Spirochaetaceae 0.09 0.64 2.01 0.001 249 

Treponema 0.09 0.64 2.01 0.001 493 

Tenericutes 1.38 1.66 0.66 0.001 27 

Verrucomicrobia 0.68 0.59 1.55 0.001  

WCHB1-41 0.00 0.16 1.18 0.001 144 

RFP12 0.00 0.15 1.08 0.001 249 

RFP12;g__ 0.00 0.15 1.08 0.001 522 

* The brackets indicate that the taxonomic name is contested. 

 

Sow–Piglet Contact Had a Stronger Impact on the Nasal Microbiota of 
BSL3 Piglets than the Environment 

To assess the relevance of raising piglets under different environment early 

in life, we compared the nasal microbiota composition of BSL3-raised piglets 

to same-aged animals raised in farms (FB-FR). Alpha diversity estimated at 

a maximum even depth of 17,360 showed higher richness in L3-FC group 

compared to FB-FR groups, measured by Observed features and Chao1 

indices (p < 0.01; Figure S2 A,B). L3-NC and L3-LC groups had similar 

richness than the whole FB-FR group, only statistically higher than one of the 

farms (PT, p < 0.05), but higher diversity when measured by Shannon’s and 

Simpson’s indices (Figure S2 C,D). Particularly L3-NC was statistically higher 

than other groups in both indices (p < 0.05). L3-FC diversity was statistically 

higher than FB-FR when computed by Shannon’s index (p = 0.026) that 

includes both richness and evenness. 
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To understand compositional similarities and dissimilarities, beta diversity was 

estimated for FB-FR and the three BSL3 groups. All groups were statistically 

different in both quantitative and qualitative analyses (weighted and 

unweighted Unifrac, p < 0.01). The biplot analysis showed that 

Pasteurellaceae and Bergeyella shared the space with the FB-FR group, and 

again, Moraxella and Enhydrobacter were associated with normal sow–piglet 

contact (Figure 5). PCoA plots showed clustering of L3-NC and L3-LC groups 

when farms were included in the qualitative and quantitative analysis (Figure 

5A,B), especially in the latter. This was confirmed by measuring the group 

distance with both metrics, where the distance among L3-NC and L3-LC 

groups to L3-FC was similar to the distance to FB-FR, even though the 

animals were all raised in BSL3. 
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Figure 5. Principal component plot of the nasal microbiota of piglets raised in 
farms (FB-FR, in yellow) or under BSL3 conditions with different degree of contact 
with their sows (no contact except the birth canal (L3-NC, in red); limited contact 
of less than 12 h (L3-LC, in blue) and full normal contact until weaning at 3 weeks 
of age (L3-FC, in green)) computed through unweighted (A) and weighted (B) 
UniFrac analysis. The four most relevant genera explaining the differences 
among groups are plotted in the PCoA space. The length of each of the taxonomic 
vectors approximates the variance of each taxon throughout the samples. FB-FR 
samples have different shapes depending on the farm. 
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To estimate the percentage explained by grouping animals based on the 

environment, they were raised and compare it to the effect of sow–piglet 

contact, we performed PERMANOVA tests with Adonis function with all 

groups. The percentage explained by grouping the animals according to the 

environment (BLS3 vs. FB-FR groups) was 11.29% and 17.08% in the 

unweighted or weighted analysis, respectively (p = 0.001). In addition, we 

evaluated the effect of different sow–piglet contact, after considering the 

environment (nested Adonis), where L3-FC and FB-FR were computed as a 

single group. The percentage of explanation by sow–piglet contact was 

25.67% and 24.44% in unweighted and weighted analysis, respectively (p = 

0.001). A normal sow–piglet contact (grouping L3-NC and L3-LC compared 

to L3-FC and farms) was responsible for most of the sows’ effect variation, 

while the mere presence of this contact (L3-NC versus the other groups) 

accounted for a smaller part of this effect. 

In order to qualitatively analyze the similarities among BSL3 and FB-FR 

groups, the core taxa of each group (represented in more than 80% of 

samples) were compared at family and genus levels. The number of families 

were 65, 75, 102 and 55; while the number of different genera were 86, 109, 

185 and 75 in L3-NC, L3-LC, L3-FC and FB-FR groups, respectively. 

Remarkably, the longer the sow contact in the BSL3 groups, the more taxa 

were shared with the FB-FR group. The number of shared and exclusive taxa 

from each group is shown in Figure 6, while the list of common and exclusive 

taxa is presented in Table S3. 
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Figure 6. Venn diagrams of the number of taxa at genus (G) and family levels (F) 
found in the nasal microbiota of piglets raised in farms (FB-FR, in yellow) and 
under BSL3 conditions with different degree of contact with their sows. No-
contact except for the birth canal (L3-NC) in red; limited contact of less than 12 h 
(L3-LC), in blue and full normal contact until weaning (L3-FC), in green. Only taxa 
present in more than 80% of samples per group were considered. 

 

After confirming that L3-FC and FB-FR groups were more similar compared 

to other BSL3 groups (as a result of a normal contact with sows), we assessed 

the differential abundant taxa between these two groups, in order to explore 

the effect of raising piglets under BSL3 conditions. Few differences were 

found and most of them were detected in low abundant taxa, except for 

Bergeyella, Rikenellaceae and Mycoplasma, which were in higher relative 

abundance in farms, and families from Actinobacteria, generally more 

represented in L3-FC. The complete list with ANCOM results is presented in 

Table S4. 
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Discussion 

The swine microbiota composition plays an important role in the physiology 

and immunity of the host (9,10,16,26,34,154). Pigs are normally raised in the 

farms with their sows until weaning, a critical period when piglets undergo 

drastic changes in life conditions, and many complex diseases can arise 

(9,10,12,14,16,26). Microbial colonization in early life can promote short- and 

long-term health benefits leading to different susceptibility to disease (16). 

The sow–piglet contact and the environment have emerged as main factors 

influencing the microbiota composition in piglets (9,10), but in particular, the 

effect of growing piglets in biosecurity facilities with or without the presence 

of sows had not been previously assessed. Here, we found that sow–contact 

has more impact than the facilities environment in shaping the nasal 

microbiota of the piglets. The BSL3 environment increased the richness of the 

microbiota, probably by the colonization of transient species, which were 

detected in low abundance. 

The nasal microbiota composition of the animals raised in BSL3 facilities was 

different depending on the time the piglets spent with their sows. The piglets 

raised with sows in the facilities showed to be dominated by Firmicutes and 

Proteobacteria, and in a lower relative abundance by Bacteroidetes and 

Actinobacteria following the tendencies observed in the healthy porcine 

respiratory microbiome (26). For instance, families and genera related with 

swine respiratory or oral tract and sow skin microbiotas, such as 

Staphylococcaceae, Aerococcaceae, Lactobacillus or Streptococcus 

(Firmicutes), were more relatively abundant in piglets with normal sow contact 

(26,27,148,154,155). Similarly, Proteobacteria was more relatively abundant 

in L3-FC, especially Enhydrobacter and Moraxella, both from Moraxellaceae 

family and present in the respiratory microbiota in healthy pigs (16,26,27). In 

agreement, some genera such as Moraxella, Rothia and Staphylococcus, 

have been identified in teat skin and tonsils of piglets (27). Other common 

members of swine microbiota, such as Porphyromonas and 
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Flavobacteriaceae (Bacteroidetes) (154,155), Corynebacterium 

(Actinobacteria) (26,27), Neisseriaceae (Proteobacteria) (27) and Treponema 

(Spirochaetes) (154) or Bergeyella (156), Haemophilus (16,27) and 

Mycoplasma (17,157), were also identified as sow-derived in BSL3 samples, 

as they were found in the core microbiota of piglets that had contact with their 

sows. In contrast, an increase in Firmicutes and Bacteroidetes was found in 

the groups with no or limited contact with their sows (L3-NC and L3-LC), 

mainly due to an increase of taxa commonly found in the gastrointestinal tract 

of healthy pigs, such as Lachnospiraceae, Ruminococcaceae and other taxa 

from the Clostridiales order (154,158,159); or Prevotella (also found in tonsils) 

(154,155,160), S24-7 (161) and Bacteroides (154,155,159,162) from 

Bacteroidales. The richness observed in the nasal microbiota of these groups 

could be explained by the unusual abundance of these taxa. We hypothesize 

that the increased abundance of these fecal bacteria could be due to the 

reduced presence of sow-derived natural nasal colonizers, which would 

otherwise compete for the colonization, causing a decrease of community 

evenness, as seen in the pigs with normal contact with their sows. 

The importance of sows in the development of the nasal microbiota early in 

life was also confirmed for BSL3 animals when the three groups were 

compositionally compared to normal farm samples. The normal contact with 

sows was more important than the environment. Importantly, we also found 

that the length of this contact shaped the nasal microbiota composition. 

Qualitative analysis showed that the longer the sow–piglet contact time was, 

the more common taxa were found between BSL3 and farm piglets, including 

swine nasal colonizers, such as Bergeyella (156), Glaesserella 

(Haemophilus) (16,27), and members from Moraxellaceae (16,26,27), or 

others found in the pig microbiota relatively abundant as Corynebacterium 

(26,27), Treponema (154) and Porphyromonas (154,155). However, the 

reduced abundance of some taxa containing potential pathogens in L3-FC 

compared to FB-FR, such as Pasteurellaceae (16,26,27), Bergeyella (156), 
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or Mycoplasma (17,157), may reflect the effect of the high biosecurity facilities 

as compared to the farm group. Noteworthy, Enhydrobacter was found in 

higher relative abundance in L3-FC compared to the nasal core microbiota 

from healthy farms (16). Some ASVs classified as Enhydrobacter could really 

belong to Moraxella (as classified in the NCBI database using BLASTn; 

results not shown) in agreement with the current information about swine 

nasal microbiome (26); however, there might also be some displacement of 

Moraxella by Enhydrobacter in BSL3 conditions. The inherent variability 

observed in farms complicates the achievement of a simple conclusion, 

especially in quantitative analysis where each farm is dominated by few 

specific taxa (possibly due to each farm’s treatment, environment, etc.). 

Actually, the use of antimicrobials might be also affecting the results. 

However, when we compared the microbial composition in animals treated 

with ceftiofur in both groups with altered contact (L3-LC-ceftiofur and L3-NC) 

and the microbiota from non-treated animals with different degree of sow–

piglet contact (L3-FC and L3-LC-control), the results supported the role of the 

sow–piglet contact as a major driver in shaping the piglets’ microbiota. 

In spite of the differences found between BSL3 groups, a common core was 

identified and included many taxa identified in previous studies from farm 

herds. Pena Cortes, et al., identified bacteria present in the vagina and teat 

skin of sows in strong correlation with piglet tonsillar microbiome (27) which 

were also identified in our nasal core microbiota of BSL3 piglets, regardless 

of the contact with sows. Those taxa included the Firmicutes families 

Streptococcaceae, Staphylococcaceae and Lactobacillaceae, as well as 

Pasteurellaceae and Moraxellaceae (from Proteobacteria), and 

Micrococcaceae (from Actinobacteria), and some of these were also identified 

in tonsils by Lowe et al. (155). Similarly, Murase et al. (148) found Bacteroides 

in swine vaginal mucus or Streptococcus, Moraxella and Rothia in saliva, 

which we found in increased relative abundance in the piglets with normal 

contact with sows. Correa Fiz et al. also identified most of these species 



91 
 

among the nasal respiratory core microbiota in healthy farms from Spain and 

the UK (16). The vertical transmission of most of these taxa has been also 

described, at least, in humans (163). Among this core, some fecal associated 

taxa (previously described) and other taxa that may come from food 

(Cyanobacteria) were found as well. 

In this study, the nasal microbiota was assessed at the moment of weaning, 

which is one of the most critical moments in the development of microbial 

communities in piglets’ lives (9,26). Important changes on the nasal 

microbiota were reported at this time-point depending on the variable contact 

of piglets with sows in artificially reared piglets. Nevertheless, the implications 

of the nasal microbiota later in life have not been assessed. Moreover, the 

main fact of having unbalanced microbial communities and especially the 

reduced contact with swine pathogens at the moment of weaning, could 

impair the control respiratory infections later in life (16). Nevertheless, the 

health status of these animals outside this controlled environment has not 

been assessed. We have shown that the nasal microbiota composition 

changes due to the highly-controlled rearing conditions in BSL3 facilities, but 

more importantly, due to the reduced contact of the piglets with their mothers. 

The sows provide relevant colonizers to the piglets, however, some studies 

require to avoid sow–piglet contact and clean facilities to reproduce endemic 

diseases or to avoid the interaction with other farm or environmental 

pathogens (150–152). More research is needed to unveil the implications that 

the distinct microbiota composition acquired in this particular environment 

may have on the conclusions arisen with these animal models. 

Materials and Methods 

Samples Included in the Study 

The 50 samples included in the present study were taken from the nasal 

cavity of piglets at 3–4 weeks of age, at weaning. All piglets were normally 

delivered, except for L3-NC that were snatch farrowed. However, their 
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housing and the extent of contact with their mother differed, as depicted in 

Table 1. Samples were from experiments previously performed with other 

purposes under institutional authorization and the approval of the Ethics 

Commission in Animal Experimentation of the Generalitat de Catalunya 

(Approved Protocol Numbers 9211 and 9485). 

Piglets were either born and raised in farms (Farm Born-Farm Raised, FB-FR 

groups), born in farms but raised under BSL3 conditions (L3-NC and L3-LC), 

or born and raised entirely in BSL3 (L3-FC). Samples from FB-FR group came 

from a previous study (16) and belong to 3 farms from Catalonia (farms IDs: 

GM, PT and VL), which use a farrow-to-finish or multi-site production system. 

All farms were PRRSV stable with no clinical signs in maternity and nursery 

units, and had a confirmed good health status. All BSL3-raised piglets were 

housed in IRTA-CReSA BSL3 facilities until sampling. The time of contact with 

their sows (sow-contact) was an especially important variable for BSL3-raised 

piglets, dividing them into 3 groups. One group included piglets taken at 

delivery in farms (snatch farrowed), with no contact with their mothers except 

in the birth canal, colostrum-deprived and transferred to the BSL3 facilities for 

housing immediately after birth (no-contact, L3-NC). This group was entirely 

treated with colistin and ceftiofur to reduce mortality, since piglets were 

suffering from diarrhea, as they were deprived of colostrum (no maternal-

derived immunity). Another group, consisted of piglets (from four different 

sows) that were born in farms and stayed several hours in contact with sows 

(less than 12h), before they were transferred to the BSL3 facilities for housing 

(altered-contact, L3-LC). Half of the L3-LC group was treated with ceftiofur 

while the other half remained untreated. The last BSL3 group consisted of 

piglets born from two different sows and raised in BSL3 facilities. These 

piglets stayed with the sows during the whole study (full-contact, L3-FC) and 

were untreated since it was not necessary. All sows and piglets from BSL3L 

groups came from the same farm. The housing in BSL3 facilities was 

performed according to the study groups, i.e., L3-NC piglets were housed in 
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the same pen, L3-LC piglets were divided in two pens inside the same unit 

according to their treatment (ceftiofur and control), while L3-FC group was 

divided in two pens (one for each sow and piglets) inside the same unit. 

Finally, FB-FR piglets were born and grown under conventional industrial pig 

farming process where piglets remained with the sows for 3–4 weeks, when 

they were weaned. 

DNA Extraction and 16S rRNA Gene Sequencing 

Nasal samples were taken with swabs made of aluminium with a cotton tip, 

not flocked. The sampling procedure included the insertion of each swab into 

both nares. Nasal swabs were placed into sterile tube and transported under 

refrigeration to the laboratory, where they were resuspended (vortexed) in 500 

μL of PBS and stored at −80 °C until DNA extraction. Genomic DNA was 

extracted with Nucleospin Blood kit (Machinery Nagel, GmbH & Co, Düren, 

Germany). To assess DNA quantity and quality, BioDrop DUO (BioDrop Ltd., 

Cambridge, UK) was used. 

DNA from nasal swabs was used for 16S rRNA gene library preparation and 

sequencing performed at Servei de Genòmica, Universitat Autònoma de 

Barcelona, using Illumina pair-end 2 X 250 bp sequencing with MiSeq 

following the manufacturer instructions (MS-102-2003 MiSeq® Re-agent Kit 

v2, 500 cycle). The target region for amplification was the variable regions V3 

and V4 of the 16S rRNA gene (~460 bp), using Illumina recommended 

primers. The PCR product was purified and checked to verify its size on a 

Bioanalyzer DNA 1000 chip (Agilent). Sequences were bioinformatically 

sorted in samples and downstream in silico analysis was performed. The 

sequences analyzed in this study belong to five different runs. 

All the sequences included in this study are available at the NCBI database, 

BioProject ID PRJNA717747.  

Microbiota in silico Analysis 



94 
 

Sequenced reads were processed using quantitative insights into microbial 

ecology (QIIME) 2 software version 2020.8 (115), and microbiota composition 

was inferred through an in-house pipeline, briefly described. First, sequenced 

reads were imported in QIIME2 (Qiime Import Tools) and quality was 

assessed with the Qiime Demux plugin. Secondly, the DADA2 algorithm (116) 

was used as qiime2 plugin under the default parameters to quality filter, 

denoise and trim low-quality reads, remove chimeras, establishing a 

sequence limit length of 250bp and 240 bp for the forward and reverse reads 

respectively (based on quality plots), join paired-ends and sort sequences into 

amplicon sequence variants (ASVs). An additional quality filtering was applied 

using VSEARCH (119) in order to remove unspecific contaminants, where 

ASVs not matching latest Greengenes database (13.8) (118), provided by 

QIIME2 project, available at qiime2 software repository 

(https://docs.qiime2.org/2020.8/data-resources/, accessed on February 

2021); at 88% identity clustered with 65% identity and 50% query cover were 

filtered out with the Qiime Quality Control plugin (117). Since the obtained 

reads for the samples included in this study came from five different runs, 

several actions were considered to deal with possible batch effects. All these 

steps were done individually per run in order to train the error model of this 

algorithm specifically based on each run’s characteristics but ran under the 

same parameters so as to be comparable. After this denoising step was 

completed, all data was merged to proceed with the downstream analysis. 

Sample depths were evaluated with the Qiime Diversity Alpha-Rarefaction 

plugin and normalized to an even depth in order to avoid the methodological 

issues [30]. Finally, after multiple aligning of sequences using MAFFT (121) 

and masking hypervariable positions (122) (Qiime Alignment plugin), a 

phylogenetic tree was built with Fasttree (123) in order to perform further 

alpha and beta diversity analysis with Qiime Diversity plugin. 

Alpha diversity metrics were estimated with observed-features, Chao (130), 

Shannon (131), and Simpson (132) indices, and used to compute alpha group 
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significance by pairwise non-parametric t-tests (999 random permutations) in 

Qiime Diversity Alpha-Group-Significance plugin (126). Beta diversity metrics 

were computed with Core-Metrics-Phylogenetic plugin, and used to build 

distance matrices, in order to perform principal coordinate (PCoA) and PCoA-

biplot analysis (125,164), which were visualized using Emperor (124). Beta 

diversity metrics used were Unweighted UniFrac (136) ad Weighted UniFrac 

(135),qualitative and quantitative, respectively. The percentage of variation in 

study groups was assessed with the Adonis Test Function from Vegan 

Package in R software (128). The sample group variation was calculated by 

PERMANOVA pairwise test, with 999 random permutations in q2 Diversity 

Beta-Group-Significance plugin (127). 

Taxonomical assignment to representative sequences was obtained with the 

machine learning Python library Scikit-Learn using the pre-trained naïve 

Bayes classifier (120) trained against V3-V4 regions from 16S rRNA gene 

Greengenes (13.8 version) pre-clustered at 99% sequence identity, as 

suggested by Werner, et al. (165). Finally, ANCOM (166) and DS-FDR (167) 

approaches were used to identify taxa that were differently abundant in the 

studied groups. The significance in the DS-FDR test was computed with a p 

value, while in the ANCOM test it was represented by the W score, which is 

a measure of how many ratio pairs of a feature (with other features) are 

significantly different at a fixed taxonomic level. 

 

Conclusions 

Sows are one of the most important sources of colonizers of the upper 

respiratory tract of piglets in early life. Artificial rearing of piglets without the 

presence of sows and in highly controlled environments can have a big impact 

on the nasal microbiota of weaning piglets and may introduce bias into 

research. The nasal microbial composition of piglets that had normal contact 

with sows is more similar to the known healthy swine nasal microbiota, while 
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animals with altered sow–piglet contact were dominated by bacteria not 

commonly abundant in this body site. Understanding how sows influence the 

developing microbiota of piglets is a key point in understanding the swine 

microbiome and all the implications on piglets’ health. 
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Figure S1A: Taxonomical composition at phylum level of the nasal microbiota of 
piglets raised in BSL3 conditions with variable contact with sows: L3-NC, no 
contact except the birth canal; L3-LC, limited contact of less than 12 h; and L3-
FC, full normal contact until weaning at 3 weeks of age. Only taxa > 1% global 
relative abundance in at least one group is represented. The legend shows the 
taxa ordered by global relative abundance from bottom to top. 
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Figure S1B: Taxonomical composition at) family level of the nasal microbiota of 
piglets raised in BSL3 conditions with variable contact with sows: L3-NC, no 
contact except the birth canal; L3-LC, limited contact of less than 12 h; and L3-
FC, full normal contact until weaning at 3 weeks of age. Only taxa > 1% global 
relative abundance in at least one group is represented. Families belonging most 
relatively abundant Phyla have been colored in common color-scheme to simplify 
its visualization; green for Firmicutes, blue for Bacteroidetes, and red for 
Proteobacteria. The legend shows the taxa ordered by global relative abundance 
from bottom to top.  
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Figure S2: Alpha diversity of the nasal microbiota of piglets raised under BSL3 
conditions with different degree of contact with their sows (no contact except the 
birth canal (L3-NC, in red); limited contact of less than 12 h (L3-LC, in blue) and 
full normal contact until weaning at 3 weeks of age (L3-FC, in green)); and piglets 
from conventional farm industry (FB-FR, in yellow). Group FB-FR included piglets 
from three farms (GM, PT and VL). Alpha diversity was measured at a depth of 
17,360 by observed ASVs (A), Chao1 (B), Shannon–Weaver (C) and Simpson 
(D) indices. Significant Kruskal–Wallis pairwise tests are depicted in the top bars.  

 

Supplementary Tables 

Supplementary tables are available within the publication in: 

https://www.mdpi.com/2076-0817/10/6/697 
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Abstract 

The nasal microbiota is a key contributor to animal health, and characterizing 

the nasal microbiota composition is an important step towards elucidating the 

role of its different members. Efforts to characterize the nasal microbiota 

composition of domestic pigs and other farm animals frequently report the 

presence of bacteria that are typically found in the gut, including many 

anaerobes from the Bacteroidales and Clostridiales orders. However, the in 

vivo role of these gut-microbiota associated taxa is currently unclear. Here, 

we tackled this issue by examining the prevalence, origin, and activity of these 

taxa in the nasal microbiota of piglets. First, analysis of the nasal microbiota 

of farm piglets sampled in this study, as well as various publicly available data 

sets, revealed that gut-microbiota associated taxa indeed constitute a 

substantial fraction of the pig nasal microbiota that is highly variable across 

individual animals. Second, comparison of herd-matched nasal and rectal 

samples at amplicon sequencing variant (ASV) level showed that these taxa 

are largely shared in the nasal and rectal microbiota, suggesting a common 

origin driven presumably by the transfer of fecal matter. Third, surgical 

sampling of the inner nasal tract showed that gut-microbiota associated taxa 

are found throughout the nasal cavity, indicating that these taxa do not stem 

from contaminations introduced during sampling with conventional nasal 

swabs. Finally, analysis of cDNA from the 16S rRNA gene in these nasal 

samples indicated that gut-microbiota associated taxa are indeed active in the 

pig nasal cavity. This study shows that gut-microbiota associated taxa are not 

only present, but also active, in the nasal cavity of domestic pigs, and paves 

the way for future efforts to elucidate the function of these taxa within the 

nasal microbiota. 
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Introduction  

The network of microorganisms inhabiting the bodies of animals is known as 

the microbiota (1,3,4). The microbiota has been shown to play a pivotal role 

in various aspects of host health, for example by providing critical support in 

immune system maturation, nutrient utilization (3,4), and defense against 

pathogen invasion (4,168). In the case of respiratory pathogens, one of the 

first lines of defense is the nasal microbiota (169), and many recent studies 

have focused on characterizing the commensal nasal microbiota and its 

relationship with respiratory pathogens in humans (169,170) and various 

animal species (16,26,171–173). These studies have identified a variety of 

taxa that are frequently found in the nasal microbiota of different host species, 

including members from different genera such as Moraxella, Lactobacillus, 

Streptococcus, Haemophilus/Glaesserella, and Staphylococcus (16,26,170–

173) .  

Surprisingly, these studies also frequently detected microorganisms in the 

nasal cavity that are normally associated with the gut microbiota, in particular 

many anaerobic bacteria from the Bacteroidales and Clostridiales orders. 

These gut-microbiota associated taxa can be found in human nasal 

microbiota, where anaerobic Gram-negative bacteria such as Prevotella and 

Veillonella are frequently detected (170), but are particularly prevalent in the 

nasal microbiota of pigs (26). Considering that the respiratory tract is unlikely 

to have anaerobic niches (13), there is ongoing discussion about the in vivo 

role of these gut-microbiota associated taxa in the nasal microbiota. Recent 

in vivo studies in piglets have shown that these taxa are differently abundant 

under different health-status scenarios (16,17,40,46,47,50) and are variable 

through age stages (13,15,27), pointing towards a functional role. In contrast, 

other studies have attributed the presence of these gut-microbiota associated 

taxa to contamination from fecal material and/or soil (13,57), which could be 

explained by the rooting behavior of pigs (13,174,175).  
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In this study, we investigate the presence of these gut-microbiota associated 

anaerobic taxa in the nasal microbiota of piglets. Specifically, we focus on 

three questions: 1) how prevalent are these gut-microbiota associated taxa in 

the nasal microbiota of domestic pigs? 2) what is their source (i.e. do these 

microorganisms truly originate from the gut)? and 3) are these taxa active in 

the aerobic nasal environment? We tackle these questions using a 

combination of 16SrRNA amplicon sequencing of DNA (total communities) 

and cDNA retrotranscribed from RNA (active communities) in matched in vivo 

samples obtained from individual animals. We confirm that gut-microbiota 

associated taxa indeed represent a substantial fraction of the pig nasal 

microbiota across a wide range of samples from this study and literature. 

Comparison of Amplicon Sequencing Variants (ASVs) in matched 

rectal/nasal samples suggests a shared pool of these taxa in both body sites, 

pointing to a common source. Moreover, surgical sampling of the inner nasal 

tract indicates that these gut-microbiota associated taxa are not introduced 

during sampling but are truly located in the pig nose. Finally, comparison of 

total and active microbial communities suggests that these taxa are active 

throughout the nasal cavity of pigs. Overall, this work sheds light on the role 

of gut-microbiota associated taxa in the nasal microbiota of pigs and supports 

the notion that these taxa are not only present, but also active.  
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Results 

Characterizing the gut-microbiota associated fraction in the pig nasal 
microbiota 

As the starting point of this study, we aimed to characterize the fraction of gut-

microbiota associated taxa found in the nasal microbial communities of piglets. 

Towards this end, we sampled the nasal cavity and rectum of 24 healthy 

animals from three different commercial farms located in Spain without a 

history of respiratory disease outbreaks and used 16S rRNA gene 

sequencing to determine the microbiota composition (Figure 1A). We 

obtained a total number of 9,103 different ASVs (mean of 132,051.44 read 

counts per sample) after processing the raw reads. To determine the fraction 

of gut-microbiota associated microorganisms in these samples, we focused 

on two orders (Bacteroidales/Clostridiales) which constitute the most 

abundant taxa in the gut microbiota and defined these as “gut-microbiota 

associated taxa”. We found that Bacteroidales and Clostridiales represented 

a substantial fraction of the pig nasal microbiota in most animals, accounting 

for 9.43 ± 3.8 % and 20 ± 7.7 % of the total composition, respectively (mean 

± SD across samples) (Figure 1B, left). As expected, this fraction was higher 

in the respective rectal swabs (Figure 1B, right). We also determined this 

gut-microbiota associated fraction in the pig nasal microbiota in an alternative 

way by identifying taxa that are prevalent in a reference data set of gut 

microbiota (obtained from about 300 animals (176)) and obtained very similar 

results (supplementary Text 1 and supplementary Figure 1). Consistent 

with previous reports (13,16,26), in the nasal samples, Prevotella and 

Bacteroides together with Ruminococcaceae and Lachnospiraceae, were the 

most prevalent taxa within Bacteroidales and Clostridiales, respectively. 

Reassuringly, other reported nasal colonizers such as Moraxella, 

Acinetobacter, and Enhydrobacter genera from Pseudomonadales, 

Lactobacillus and Streptococcus genera from Lactobacillales and 
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Glaesserella from Pasteurellales were also highly abundant in the nasal 

samples (supplementary Figure 2).  

To assess whether this substantial fraction of gut-microbiota associated taxa 

is a unique feature of these particular samples, we quantified the fraction of 

Bacteroidales and Clostridiales in 11 publicly available data sets of pig nasal 

microbiota samples ((16,34,35,37,38,46,52,57,177,178), see 

supplementary Table 1). We found that across different countries of origin, 

pig ages, and sequenced regions, Bacteroidales and Clostridiales represent 

a substantial (albeit variable between individual animals) fraction of the nasal 

microbiota (supplementary Figure 3, supplementary Table 2). Taken 

together, these results confirm that the pig nasal microbiota has a substantial 

fraction of commonly gut-microbiota associated taxa. 

 

Identifying the source of gut-microbiota associated taxa in the pig nasal 
microbiota 

The most probable source of gut-microbiota associated taxa in the pig is the 

gut microbiota itself, and in support of this hypothesis we found that the most 

abundant genera belonging to either Bacteroidales or Clostridiales in rectal 

samples also tended to be highly abundant in matched nasal samples (Figure 
1C). On the other hand, most genera previously reported as nasal colonizers 

exhibited low abundances in rectal samples (Figure 1C). However, it is 

conceivable that although the gut-microbiota associated taxa in these two 

body sites belong to the same genera, pig nose and gut may nevertheless be 

inhabited by distinct strains with different niche preferences.  
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Figure 1. Detection of gut-microbiota associated taxa in nasal and rectal swabs 
from healthy 2–3 week-old piglets from three farms. (A) Schematic of microbiota 
sampling and sequencing approaches (created with BioRender.com). (B) 
Summed relative abundance of Bacteroidales (blue) and Clostridiales (green) 
taxa in nasal (left) and rectal (right) swabs of 24 individual animals. Summed 
abundance of other taxa (order level) with > 1% mean relative abundance across 
samples are shown as “Other” (pink). Orders with <1% relative abundance are 
summed in the category “Low abundant”. (C) Relative abundances in nasal and 
rectal samples (24 individuals mean) of genera in nasal microbiota with >0.5% 
mean relative abundance across animals. Square brackets in taxonomical 
assignations indicate contested names in the reference Greengenes database 
used (13.8). 
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To address this question, we examined the individual ASVs (as a proxy for 

strain identity (179)) found in nasal and rectal swabs within each farm. 

Specifically, for each farm we identified the most abundant Bacteroidales and 

Clostridiales ASVs in nasal and rectal samples and determined their overlap 

(the 100 most relatively abundant ASVs in nasal and rectal samples were 

selected, Figure 2A, supplementary Table 3). We found that 39%, 14% and 

30% of ASVs belonging to Bacteroidales, were shared between nose and 

rectal samples in farms 1, 2 and 3, respectively. In the case of Clostridiales, 

these proportions were 36%, 9% and 39%. Importantly, we found that the 

ASVs shared between both body sites were often more highly abundant than 

the site-specific ones (especially in farms 1 and 3). Notably, only few of these 

shared ASVs were also found across farms (dark gray circles in Figure 2A), 

suggesting that our observations are not simply the result of biases due to 

high sequence conservation in these taxa. Moreover, we did not observe any 

biases for certain bacterial families or genera within the body-site specific 

ASVs. For example, we found ASVs classified as Prevotella, Bacteroides, 

Veillonella and Oscillospira among the site-specific ASVs in both nasal and 

rectal samples (supplementary Table 3), and phylogenetic analysis of these 

most abundant Bacteroidales and Clostridiales sequences, showed little 

clustering across body sites and farms (supplementary figure 4). In contrast 

to Bacteroidales and Clostridiales, ASVs belonging to families of known nasal 

colonizers such as Moraxellaceae, Pasteurellaceae and Weeksellaceae 

showed a much lower degree of overlap between body sites (Figure 2B). 

Among the exceptions we found Lactobacillaceae and Streptococcaceae, 

whose ASVs still exhibited substantial overlap between the two body sites. 

Thus, the analysis of nasal and rectal microbiota at ASV level suggests a 

shared origin of the gut-microbiota associated taxa (presumably 
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environmental e.g. through transfer of fecal matter) found in the pig nasal and 

rectal microbiota. 

 

Figure 2. Nasal and rectal overlap of gut-microbiota associated taxa (A) and 
nasal colonizers (B) most prevalent ASVs per sampled farm. For gut-microbiota 

associated taxa the 100 most abundant ASVs in nasal and rectal samples were 
selected. For other nasal colonizers’ families (B), the top 20 ASVs were 
considered. Each dot corresponds to one ASV (mean abundance of 8 animals 
from each herd). Turquoise: ASV is among the most abundant ASVs in nasal but 
not rectal swabs. Yellow: ASV is among the most abundant ASVs in rectal but 
not nasal swabs. Pink: ASV is among the most abundant ASVs in both sites. Dark 
gray: ASV is among the most abundant ASVs in both sites, and also shared 
across the three sampled farms. 
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Surgical deep sampling of the pig nasal cavity to identify gut-microbiota 
associated taxa at different depths 

The shared gut-microbiota associated taxa in nasal and rectal swabs 

described above are consistent with the hypothesis that these taxa enter the 

pig nasal cavity through the transfer of fecal matter driven by the animals’ 

rooting behavior. To further validate that these taxa were indeed resident in 

the pig nasal cavity and did not stem from contaminations introduced by the 

sampling through the nostrils, we performed additional in-depth sampling 

(Figure 3A). Specifically, we surgically opened the nasal cavity of five animals 

post-mortem to enable sampling of its (normally inaccessible) deep and 

middle parts (as detailed in the Methods section), avoiding a possible swab 

contamination from the skin surrounding the nostril openings. Additionally, 

standard nasal swabs, swabs of the external nasal area, and rectal swabs of 

each animal were taken for comparison. We observed a gradient in microbial 

load (highest to lowest, as determined by 16S rRNA gene qPCR) from 

external to deep internal samples, which was consistent with the number of 

total reads and abundance of contaminant sequences from negative control 

samples (supplementary Figure 5). Moreover, the deep nasal microbiota 

exhibited lower richness compared to samples from external nose (Chao1 

index p < 0.05, supplementary Figure 6A), and was identified as a distinct 

community (as determined by beta diversity analysis) compared to the 

external nares (Jaccard and Bray-Curtis PERMANOVA p < 0.05, 

supplementary Figure 6A, supplementary Table 4), when deep nasal 

samples were compared pairwise with standard and external swab samples. 

Comparison of the composition at different nasal cavity locations within the 

same animal revealed that those taxa which were found at all sampling sites 

(of which there were only few in any given animal) tended to constitute the 

bulk of the observed microbiota (supplementary Figure 7, see 
supplementary text 2 for detailed compositional analysis). This 

dominance of few taxa was found both at the genus level, as well as at the 
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level of individual ASVs, suggesting that the nasal microbiota of individual 

animals is consistently composed of few dominating strains across the whole 

nasal cavity. Importantly, nasal swabs as well as matched surgical nasal 

samples showed a variable, but substantial, fraction of gut-microbiota 

associated taxa (Figure 3B and supplementary Figure 6B), many of which 

were found consistently throughout the nasal cavity in each animal (Figure 
3C). Thus, these findings suggest that gut-microbiota associated taxa do 

reside in the pig nasal cavity and do not stem from contaminations introduced 

by the sampling procedure (i.e. sampling through the nostril using swabs) 

itself.  

 

 

Figure 3. Characterization of surgical microbiota samples. (A) Collection of nasal 
samples at four sites. External and standard nasal sampling; deep and middle 
nose samples after longitudinal surgical cuts of piglet heads (see methods). (B) 
Summed relative abundance of Bacteroidales (blue) and Clostridiales (green) 
taxa in the different types of nasal swabs of the 5 individual animals. Summed 
abundance of orders with > 1% mean relative abundance across samples are 
shown as “Other” (pink). Taxa with <1% relative abundance are summed in the 
category “Low abundant”.  
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Figure 3. Characterization of surgical microbiota samples. (C) Most prevalent 
genera across the nose of the 5 sampled piglets. Genera are ordered from top to 
bottom by prevalence (present in most samples) and global relative abundance. 
Gut-microbiota associated genera are labelled in blue (Bacteroidales) and green 
(Clostridiales). Numbered column on the right: mean relative abundance across 
all samples. Sample sites are marked as E(xternal), S(tandard), M(iddle), D(eep). 
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Assessing the activity of gut-microbiota associated taxa by quantifying 
the 16S rRNA transcripts 

The results described above suggested that gut-microbiota associated taxa 

are present throughout the whole pig nasal cavity.  Next, we wanted to 

determine whether these taxa (which include many obligate anaerobic 

species) are also active in the aerobic environment of the pig nose. Towards 

this end, we quantified 16S rRNA gene transcripts (a proxy for protein 

synthesis potential and thus indirect measure of cellular activity, 

(108,180,181)) in the nasal microbiota samples described above. We found 

that gut-microbiota associated taxa constituted a similar portion in these RNA 

derived samples as in the respective DNA samples described above. 

Specifically, in nasal samples taken from 24 animals across 3 farms, 

Bacteroidales and Clostridiales orders accounted for a mean 7.1% ± 6.2 and 

22.4% ± 14.1, respectively (Figure 4A and Supplementary Figure 8A). In 

the surgical samples taken at different sites in the nasal cavity, Bacteroidales 

accounted for 10.3% ± 8.8 (Deep), 8.2% ± 10.4 (Middle), 1.6% ± 3.2 

(Standard) and 0.1% ± 0.1 (External); and Clostridiales for 3.6% ± 2.8 (Deep), 

3.9% ± 3.6 (Middle), 3.2% ± 5.6 (Standard) and 2.9% ± 4.6 (External) (Figure 
4A and Supplementary Figure 8B). Moreover, we found that gut-microbiota 

associated taxa had similar RNA to DNA ratios as the ratios for reported nasal 

colonizers when examined globally (summing across different taxa) in 

individual animals (Figure 4B), or when examining different genera (Figure 
4C) and families (supplementary Figure 9). To identify individual families 

belonging to gut-microbiota associated taxa that deviate from this general 

trend, we finally compared their RNA/DNA ratio distributions with those of 

nasal colonizers in the farm animal samples (supplementary Figure 10). 

With some exceptions (e.g. lower RNA/DNA ratios for Bacteroidales 

(unclass.) and higher ratios for Clostridiaceae), RNA/DNA ratio distributions 

were largely not significantly different for most gut-microbiota associated taxa 

compared to reported nasal colonizers. Taken together, these results suggest 
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that gut-microbiota associated taxa are not only present in the pig nasal 

environment, but also active. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. RNA-based quantification of nasal microbiota activity. (A) Summed 
relative abundance of Bacteroidales (blue) and Clostridiales (green) taxa in the 
two sets of nasal samples (nasal swabs from 24 farm animals, left; surgical 
samples from 5 animals, right; see methods). Other taxa (order level) with > 1% 
mean relative abundance are shown as “Other” (pink). Taxa with <1% relative 
abundance are summed in the category “Low abundant”). (B) Relative 
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abundance in RNA/DNA samples of Bacteroidales (blue), Clostridiales (green), 
and nasal colonizers (Lactobacillaceae, Moraxellaceae, Pasteurellaceae, 
Streptococcaceae and [Weeksellaceae], pink). Each dot corresponds to the 
abundances of the mentioned taxa in one individual animal. Open circles: 
invasive nasal samples from 5 animals (deep and middle nasal cavity, see Figure 
3). Filled circles: standard nasal swabs from 24 animals across 3 farms. Shown 
are mean values across all samples. (C) Relative abundance in DNA and RNA 
samples (as determined by 16S rRNA sequencing of DNA and cDNA, see main 
text) of the most relatively abundant genera, selected as those > 0.1% mean 
abundance in DNA or RNA farm samples. Gut-microbiota associated taxa 
(Bacteroidales and Clostridiales) are labelled in blue and green, respectively. 
Genera from other orders are shown in pink. Open circles: deep nasal samples 
obtained surgically from 5 animals (deep and middle nasal cavity, see Figure 3). 
Filled circles: standard nasal swabs from 24 animals across 3 farms. Shown are 
mean values across all samples. 

 

Discussion 

In this study, we aimed to elucidate the role of typically gut-microbiota 

associated taxa in the nasal cavity of domestic pigs. Specifically, we asked 

three questions: 1) how prevalent are these taxa in vivo and across different 

anatomical sites in the nasal cavity?; 2) do these taxa indeed stem from the 

gut microbiota?; and 3) are these taxa active in the pig nasal cavity? To 

answer these questions, we used a combination of regular swab and surgical 

deep sampling of the pig nasal microbiota and inferred its composition/activity 

by 16S rRNA gene DNA and cDNA sequencing, respectively. These efforts 

yielded three key findings. 

First, we found that gut-microbiota associated taxa constitute a substantial 

fraction of the nasal microbiota both across individual animals, as well as 

across different sites within the nasal cavity. This finding is in agreement with 

previous studies, which sampled the pig nasal microbiota, and is also 

consistent with other studies relying on sampling of the lower respiratory tract 

of pigs, where Clostridium and Prevotella genera were prevalent (26,28,47). 

Thus, our results confirm that gut-microbiota associated taxa are part of the 
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swine nasal respiratory microbiota and are not a sampling artifact. 

Nevertheless, the sampling of environments that do not have high microbial 

biomass, including many anatomical sites in the respiratory tract (182,183), 

can pose technical challenges such as the false detection of transient 

environmental microbes (183). Although we controlled for some potential 

sources of contamination (sequencing blank controls and getting undisturbed 

nasal samples) more studies are needed to validate the inhabitants of the pig 

nasal microbiota. 

Second, our analysis of matched nasal and rectal microbiota samples from 

different farms showed a large overlap between gut-microbiota associated 

taxa from these two sites at ASV level. This finding suggests a common 

source of these taxa in both anatomic sites, for example in the form of solid 

fecal matter that enters the nasal cavity (13,57), or through the air within a 

farm. In support of this hypothesis, a recent study found that gut-microbiota 

associated taxa are highly abundant in the air of pig farms, as well as in the 

nasal microbiota of pig farmers (compared to non-exposed individuals) 

(184,185), suggesting substantial flow of bacterial material within animal 

farms. In contrast to gut-microbiota associated taxa, many other dominant 

taxa in the nasal microbiota, such as Moraxellaceae, Pasteurellaceae, and 

Weeksellaceae, showed a low degree of overlap between the two body sites, 

indicating that they may be professional nasal colonizers with reduced ability 

to colonize other (i.e. anaerobic) niches. Interesting exceptions were the 

Lactobacillus and Streptococcus genera, which also overlapped substantially 

at ASV level between these two body sites. Given that both Lactobacillus and 

Streptococcus are facultative anaerobes, it is tempting to speculate whether 

these genera may in fact predominantly reside in the gut, but are also able to 

colonize the nasal cavity (and possibly other sites) if presented with the 

opportunity. 

Third, our quantification of 16S rRNA expression showed that gut-microbiota 

associated taxa are indeed active in the pig nasal cavity. To our knowledge, 
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this is the first study which quantified pig nasal microbiota activity in vivo, and 

it suggests that these gut-microbiota associated taxa are not merely inactive 

transient members in the nasal cavity. Notably, recent metatranscriptomics 

analyses did report expression of some gut-microbiota associated taxa (e.g. 

Prevotella) in nasal samples taken from children (186) and adult patients with 

asthma (187), suggesting that these taxa may also be active in the human 

nasal cavity. One caveat is that we quantified 16S rRNA gene transcripts to 

determine the activity of gut-microbiota associated taxa in the pig nasal 

microbiota, which is an imperfect measure of cellular activity (108). Future 

efforts could examine the activity of these taxa with methods that quantify 

metabolic activity more directly, for example by using fluorescently-tagged 

metabolic probes (188–190) or metaproteomics (191). 

This study has several limitations. First, we sampled animals at an early age 

(i.e. pre-weaning stage at 2-3 weeks of age). Our choice was motivated by 

the fact that pigs at this age are most susceptible to respiratory pathogens, 

while the nasal microbiota is still rather unstable (10,16). Nevertheless, our 

analysis of other published studies did reveal that gut-microbiota associated 

taxa are also prevalent at later stages in the animals’ life (38,57,178), and 

future studies may examine to which extent the findings presented herein also 

hold in adult pigs and other species.  

Second, although our comparison of abundant 16S DNA ASVs does indicate 

a shared origin of gut-microbiota associated taxa in the nasal and gut 

microbiota, our analysis was restricted to one section of the 16S DNA 

(variable regions V3-V4). Therefore, strains that share this DNA region, but 

differ in other parts of their 16S DNA (or other parts of their genome), cannot 

be distinguished with the approach chosen here. Given that we only identified 

few ubiquitous ASVs (that is, ASVs conserved across all three tested farms) 

within these taxa, we argue that our approach has the necessary resolution 

to detect strain differences. Nevertheless, to further validate that gut-

microbiota associated strains are indeed shared by the nasal and gut 
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microbiota, and to identify the species these strains belong to, future studies 

may use either full-length 16S DNA sequencing, or metagenomics, of 

matched nasal and gut microbiota samples. 

Third, although our surgical samples suggest that gut-microbiota associated 

taxa are present throughout the pig nasal cavity, the methods used in this 

study are not able to resolve whether these taxa are located in any specific 

anatomical niches. Scanning electron microscopy imaging of the upper 

respiratory tract of piglets has recently suggested the absence of anaerobic 

crypts (13), but it is conceivable that there may still be anaerobic 

substructures e.g. within or under the mucosal layer. Such potential 

substructures or locations may explain why strictly anaerobic bacterial taxa 

survive and are active in a basically aerobic environment such as nasal cavity. 

To resolve these questions, future efforts may use in vivo imaging methods 

like these (192,193) to resolve the microstructure of the nasal microbiota in 

more detail.  

Fourth, in this study we analyzed various nasal microbiota samples, but did 

not specifically address the impact of environmental factors. For example, 

while we found that gut-microbiota associated taxa are prevalent in the pig 

nasal microbiota across many studies (see Supplementary Figure 3), their 

relative abundance varied widely across these samples. Moreover, the 

degree of overlap of gut-microbiota associated ASVs between nasal and gut 

microbiota samples varied between the three different farms (i.e. with farm 2 

showing a much lower overlap, an observation for which we currently do not 

have an explanation). Further epidemiological studies may use this work as 

a starting point to assess the impact of environmental factors such as feeding 

strategies, housing conditions, or sanitation protocols, on the presence of gut-

microbiota associated taxa in the nasal microbiota. 

Finally, while our results do suggest that gut-microbiota associated taxa are 

indeed active in the pig nasal cavity, we did not examine the in vivo function 
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of these taxa within the pig nasal microbiota. Recent in vivo studies 

(16,17,40,46,47,50,113) have shown that the presence of these taxa is 

associated with disease outcomes and dysbiosis in various farm animals, but 

also in humans (187). For example, in humans with chronic rhinosinusitis, 

Prevotella (genus belonging to Bacteroidales) was associated with increased 

inflammatory severity (194). Future studies may use the results presented 

here as a starting point to elucidate the mechanistic underpinnings of these 

associations. 

In conclusion, this study suggests that gut-microbiota associated taxa are 

indeed present and active in the nasal cavity of domestic pigs. These findings 

may serve as a starting point for future research aiming at elucidating the in 

vivo function of these taxa within the nasal microbiota.  
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Methods 

Animal experimentation and ethics approval 

Animal experimentation was performed following proper veterinary practices, 

in accordance with European (Directive 2010/63/EU) and Spanish (Real 

Decreto 53/2013) regulation, and in compliance with the ARRIVE guidelines 

(https://arriveguidelines.org/about ). Sampling in farms was done with the 

approval of the Ethics Commission in Animal Experimentation of the 

Generalitat de Catalunya (Protocol number 11213). For the surgical sampling 

of five animals’ different nasal depths, euthanasia was performed following 

good veterinary practices. According to European (Directive 2010/63/EU of 

the European Parliament and of the Council of 22 September 2010 on the 

protection of animals used for scientific purposes) and Spanish (Real Decreto 

53/2013) normative, this latter procedure did not require specific approval by 

an Ethical Committee (Chapter I, Article 3. 1 of 2010/63/EU). 

Sample collection 

Farm Samples: Matched nasal and rectal swabs were taken from 24 healthy 

2-3-week-old piglets from three commercial farms from Spain without 

reported respiratory diseases (termed Farm 1, Farm 2, Farm 3). After 

sampling, swabs were placed into sterile tubes filled with 1000µL DNA/RNA 

shield (Zymo Research) and transported to the laboratory under refrigeration. 

Surgical Samples: Deep surgical samples of the nasal cavity were obtained 

as follows: five healthy piglets of 2-3 weeks of life were moved to IRTA-

CReSA facilities and euthanized by means of an overdose of sodium 

pentobarbital (Dolethal). Four types of nasal swabs per piglet were taken 

(labeled standard, external, middle, and deep) as described below. First, a 

nasal swab from one nostril was taken (“standard” swab, Figure 3A). Second, 

an external swab was taken by introducing the swab superficially in the 

second nostril. Afterwards, deep and middle swabs were taken (at positions 

outlined in Figure 3A) from the second nostril after longitudinally cutting and 

https://arriveguidelines.org/about
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separating the skin of each piglet’s head (to prevent contaminations from the 

skin surface) and subsequent cutting the skull, directly from the nasal 

turbinate without touching any other part of the piglet nose to avoid 

contamination and after removing the cartilaginous nasal wall. Additionally, 

rectal swabs were obtained from the same animals. Sample swabs were 

collected in sterile plastic tubes filled with 800µL of DNA/RNA shield (Zymo 

Research) to ensure the stability and preservation of the genetic material. 

Negative controls (sterile DNA/RNA shield without a swap) were included in 

each extraction. Samples were stored at -20ºC until extraction. 

DNA/RNA extraction 

Metagenomic DNA and RNA were extracted starting from 350 µL of 

DNA/RNA shield swab sample (previously vortexed) and following a modified 

protocol of ZymoBIOMICS DNA/RNA Miniprep kit (Zymo Research) in which 

the lysis was performed only chemically using 700 µL of ZymoBIOMICS 

DNA/RNA lysis buffer (2 volumes of lysis buffer per 1 volume of sample). The 

RNA fraction of the samples was treated with 80 µL of DNAse I (included in 

the kit) at room temperature for 20 minutes. Elution of both DNA and RNA 

was done in 50 µL of elution buffer. DNA and RNA concentration was 

measured using BioDrop DUO (BioDrop Ltd). DNA and RNA were stored at -

80ºC until sequencing.  

16S rRNA gene sequencing 

16S rRNA gene libraries were prepared from the total extracted DNA and 

cDNA from RNA samples and sequenced at Servei de Genòmica, Universitat 

Autònoma de Barcelona (Illumina pair-end 2X300 bp, MS-102-2003 MiSeq 

Re-agent Kit v2, 500 cycle), using Illumina recommended primers for variable 

regions V3V4 of 16S rRNA gene: 

fwd 

5'TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGC

WGCAG  



121 
 

rev 

5'GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGT

ATCTAATCC  

 

The size of the amplicons was verified on a Bioanalyzer DNA 1000 chip 

(Agilent), as expected amplicon length was approximately 460bp. Finally, the 

sequences were sorted into samples and used as input for bioinformatic 

analysis. 

The raw data used in this study are publicly available at NCBI’s SRA database 

under BioProject ID PRJNA981084. Processed data sets are available as 

supplementary tables 1-7 in individual files as described below. 

 

Bioinformatic analysis of 16S rRNA sequencing data 

The microbiota composition of the samples was analyzed with quantitative 

insights into microbial ecology (QIIME) 2 software version 2022.2 (115). The 

detailed pipeline followed from raw reads to obtain tables of abundances at 

ASV and other taxonomic levels, the diversity analyses and the statistical 

tests to determine the differential abundances, can be found at 

https://zenodo.org/record/8013997 (Zenodo ID 8013997). Briefly, the pre-

processing of the reads was done separately for each sequencing run. At first, 

raw demultiplexed reads with quality (fastq) were imported and their quality 

was evaluated with qiime2 demux plugin. Primers from the variable region 

V3-V4 were extracted using qiime2 cutadapt plugin (195) Sequences that did 

not contain primers and thus, were not a sequencing product, were removed 

from the analysis. DADA2 software package (116) was used under the 

parameters detailed in the pipeline to quality filter, paired-end merge, remove 

chimeras and sort reads into ASVs. Contaminant artifactual amplicons from 

non-prokaryotic origin were identified with qiime2 quality control plugin (117) 

by aligning with VSEARCH (119) all ASVs against Greengenes database Vs. 

https://zenodo.org/record/8013997
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13.8 (118) clustered with 88% identity (available at 

https://docs.qiime2.org/2022.2/data-resources/). Unmatched sequences 

were filtered out from the analysis. Additionally, ASVs identified as Archea, 

Mitochondria or Chloroplast (which also contain 16S rRNA), were also 

discarded. The alignment of the remaining sequences was performed with 

MAFFT (121), and the hypervariable positions were masked (122) with qiime2 

alignment plugin. Finally, ASVs found in the negative control of the deep nose 

dataset were removed from the analysis (21 and 41 for DNA and RNA 

controls, respectively, Supplementary table 7). The taxonomic classification 

of the ASVs was performed using a naïve Bayes classifier with scikit-learn 

Python module for machine learning (120). In order to increase the classifier 

accuracy (165), it was previously trained against prokaryotic 16S rRNA gene 

V3-V4 region, extracted from Greengenes database (13.8 version) clustered 

at 99% sequence identity. This qiime2 feature classifier artifact can be found 

at https://zenodo.org/record/8013997 (Zenodo ID 8013997). Square brackets 

in taxonomical assignations indicate contested names in the reference 

Greengenes database used (13.8). 

In order to normalize uneven sampling depths (153), the diversity analyses of 

the samples from the surgical sampling (supplementary text 2) were 

performed at a normalized depth of 2291, corresponding to the lowest depth 

sample. The alpha diversity of the samples was estimated with Chao1 (130) 

and Shannon (131) indexes. Significant differences were found with pairwise 

non-parametric t-tests (999 random permutations) using qiime2 diversity 

alpha-group-significance plugin (126). Beta diversity was calculated with 

Jaccard (134) and Bray-Curtis (133) dissimilarity indexes for the qualitative 

and quantitative analyses, respectively. Qiime2 core-metrics plugin (164,196) 

was used to compute principal coordinate (PCoA) analysis. The percentage 

of explanation of the variables under study was estimated with the Adonis 

function from the Vegan package, in R software (128). The significance of 

beta diversity analyses was calculated by PERMANOVA pairwise test (999 

https://zenodo.org/record/8013997
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random permutations) using qiime2 diversity beta-group-significance plugin 

(127). Differently abundant taxa between groups were found with ANCOM-

BC algorithm (197). For all the stated analyses, the significance threshold p 

value was set to 0.05. To perform the phylogenetic analyses, the ASVs of 

interest were multiple aligned with MAFFT (121), from where the phylogeny 

was built with the IQtree (198) online tool (available in: 

http://iqtree.cibiv.univie.ac.at/) using automatic selection of the substitution 

model, with 1,000 bootstrap alignments and iterations. Output microbiota data 

processing and plot generation was performed using R script language 

version 4.2.2 in RStudio environment version 2022.07.0 (199), using the 

packages qiime2r (200), reshape2 (201), ggplot2 (202), tidyverse (203), and 

ggtree (204), as well as MATLAB (version 2021A). 

Quantification of total 16S rRNA gene concentration 

Total 16S rRNA gene concentrations (as a proxy for microbial load in swabs) 

were quantified as follows. Briefly, the reaction was prepared in a volume of 

20 µL consisting in 2 µL of the template DNA and 18 µL of Femto Bacterial 

qPCR Premix, which includes a primer mix targeting the 16S rRNA (Femto 

Bacterial DNA Quantification Kit, Zymo Research). The PCR reaction was 

performed using a 7500 Fast Real-Time PCR System (ThermoFisher 

Scientific) at 95ºC for 10 min, 40 cycles of 95ºC for 30s, 50ºC for 30s, 72ºC 

for 1 min, followed by a melting curve and a final extension of 72ºC for 7 min. 

Each run contained two replicates per sample, a standard curve of 6 points 

(2 to 0.00002 ng), a negative and a positive extraction control as well as PCR 

negative controls. Graphpad 8.3 (538) Prism software (Dotmatics, San Diego 

CA) was used to analyze the data obtained from the 16s rRNA qPCR of DNA 

extracted from the swabs.  
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Supplementary materials  

Supplementary text 1 – Identifying gut-associated taxa in the pig nasal 
microbiota 

To identify taxa in the pig nasal microbiota that may potentially stem from 

fecal contamination, we initially focused on two orders, namely Bacteroidales 

and Clostridiales. These two orders represent the largest fractions of the gut 

microbiota in humans and pigs. Moreover, at least Clostridiales are 

considered to be obligate anaerobes (and Bacteroidales include obligate and 

facultative anaerobes), and therefore are not expected to thrive in the largely 

aerobic environment of the nasal cavity (see e.g., (205) for O2 levels in human 

respiratory tract). 

To test whether the pig nasal microbiota contains other potentially gut-

microbiota associated taxa not included in these two orders, we used a 

reference gut microbiota study from Xiao et al (176) and identified taxa that 

are frequently found in the microbiota of 288 healthy piglets sampled in 

different countries. We identified 36 taxonomical families that are present 

(relative abundance >= 0.01%) in at least 10% of the animals (using 

processed data obtained from http://gigadb.org/dataset/view/id/100187). We 

used these low thresholds to include also families with low prevalence. Of 

these taxonomical families, 33 were also detected in the pig nasal microbiota 

estimated from 24 farm samples. Four of these families (Streptococcaceae, 

Staphylococcaceae, Lactobacillaceae, Pasteurellaceae) represent well-

established pig nasal commensals and were excluded from further analyses. 

We found that the summed relative abundance of these more refined gut-

associated taxa in the nasal microbiota samples was very similar to the metric 

used above (i.e., labeling all Clostridiales/Bacteroidales as gut-microbiota 

associated), and was similarly dominated by Clostridiales and Bacteroidales 

(Supplementary Figure 1). Moreover, some taxa found in our samples 

belonging to these two orders could not be compared to these reference gut- 

http://gigadb.org/dataset/view/id/100187
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microbiota taxa due to unresolved classification at the family level. To avoid 

potential biases by such unresolved classification at the family level, we 

decided to use Clostridiales and Bacteroidales orders as our indicators of 

potential gut-microbiota associated taxa throughout this study. 

 

Supplementary text 2 – Compositional analysis of invasive pig nasal 
microbiota samples 

During the characterization of the different nose depth samples of the five 

animals necropsied, the bacterial load, measured by 16S rRNA gene 

concentration (ng/µL), was detected in a decreasing gradient from outside to 

inside the nasal cavity (Mann-Whitney test p < 0.05, Supplementary Figure 
5A). The external nasal swabs contained the highest concentration of all 

nasal samples (mean of 0.081 ± 0.205 ng/µL), followed by the standard nasal 

swabs (0.015 ± 0.014 ng/µL), the middle nasal swabs (0.003 ± 0.002 ng/µL) 

and finally, the deep nasal swabs (0.001 ± 0.001 ng/µL). The concentration 

of bacteria was even higher in rectal samples (2.211 ± 1.986 ng/µL). Similarly, 

the number of reads obtained from 16S rRNA gene sequencing from each 

type of samples also decreased through the depth of the nose, while the 

representation of the ASVs found in the negative control correlated inversely 

as these represented a mean relative abundance of 18.3%, 3.2%, 1.5%, 0.6% 

and 0% in deep, middle, standard, external and rectal samples. 

(Supplementary Figure 5B). 

When the diversity between the five types of samples was compared (beta 

diversity) a strong effect size was found in both qualitative (23%) and 

quantitative (29%) analyses (Adonis function R2, p < 0.05), as rectal samples 

formed a differential cluster. In order to exclusively compare the different 

types of nasal samples, we excluded the rectal samples from the diversity 

analysis. Interestingly, despite some individual pairwise differences, the 

quantitative beta diversity analysis became non-significant statistically 
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(PERMANOVA p > 0.05). On the contrary, the qualitative analysis still 

explained the 19% of group differences (Adonis test R2, p = 0.003). In the 

pairwise analysis, we detected that most differences occurred between the 

deep nose and the external samples in both qualitative and quantitative 

analyses (Supplementary Figure 6A). Regarding the alpha diversity, there 

were no differences between nose locations (Shannon index p > 0.05), but 

deep nasal samples reported a lower species richness than the external and 

standard nasal samples (Chao1 index, Supplementary Figure 6A, p < 0.05).  

In order to characterize the most prevalent bacteria in the different parts of 

the swine nasal tract, we focused in the most dominant taxa (Supplementary 
Figure 6B). The most abundant taxa in the deep nose belonged to the orders 

Lactobacillales, such as Streptococcus and Lactobacillus; Clostridiales 

(composed of lower abundant genera within the families Ruminococcaceae 

and Lachnospiraceae); and Pseudomonadales, mainly represented by 

Moraxella and Pseudomonas. Other relatively abundant genera were 

Haemophilus, Chitinophagaceae (uncl.) and Staphylococcus. Samples from 

the middle nose were dominated by Clostridiales (with a similar composition 

of many low abundant genera as the deep nose), Lactobacillales (mainly 

Streptococcus and Lactobacillus) and Bacteroidales, with Prevotella and 

Bacteroides as the most abundant. Neisseria was the dominating genus in 

only one sample. One sample was fully composed of the Chitinophagaceae 

(uncl.) genus (94%). The most relatively abundant taxa in the samples from 

the external nose were Neisseria, Streptococcus, Rothia, Enhydrobacter 

(Pseudomonadales), Moraxella and Lactobacillus, with their respective 

orders as the most prevalent. Again, Clostridiales and Bacteroidales, which 

were among the most abundant orders were composed of low abundant 

genera. Regarding the standard samples, Neisseria was the predominant 

genus in three of the samples, while Chitinophagaceae (uncl.) was in another. 

Streptococcus, Lactobacillus, Rothia, Moraxella and Bergeyella were among 

the most abundant genera, with less variability between animals. Although 
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Clostridiales and Bacteroidales were the 4th and 5th most abundant orders, 

respectively; they were composed of several low abundant genera.  

The differential composition of the microbiota from the deep nose samples 

was compared with the rest of nasal samples using ANCOM-BC at order, 

family, genus, species and ASV level. Although the reduced number of 

samples and the variability between animals from this dataset complicated 

the search of differently abundant taxa, some differences were identified. 

Among the differently abundant taxa identified in the external part of the nose, 

the most relatively abundant were Flavobacteriales, Dyella, and a highly 

abundant Neisseria shayeganii ASV that was absent in the deep samples. On 

the contrary, Pseudomonas seemed to constitute a bigger portion in the 

microbiota of the deep nose compared to the other nasal cavities. All the 

differentially abundant taxa identified comparing the deep and other nasal 

samples are shown in Supplementary Table 4.  
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Supplementary Figures 

 

 

Supplementary Figure 1. Detection of gut-microbiota associated taxa in nasal 
swabs. A) Relative abundance of taxa belonging to Bacteroidales (blue) and 
Clostridiales (green) orders in nasal swabs of 24 animals. B) Order-level relative 
abundance of gut-associated taxa using an alternative metric (prevalence of 
respective family in a reference gut microbiota data set, see supplementary text 
1). Data are summed by order, namely Bacteroidales (blue), Clostridiales (green), 
and all other orders (grey).  
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Supplementary Figure 2. Composition of nasal (A) and rectal (B) microbiota in 
24 individual animals across 3 different farms at genus level. Highlighted in red: 
gut-microbiota associated taxa.  Note that only taxa with > 1% relative abundance 
are labeled (taxa with <1% relative abundance are summed in the category “Low 
abundant”). 
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Supplementary Figure 3. Fraction of gut-microbiota associated taxa (i.e. taxa 
from Clostridiales and Bacteroidales orders) in nasal microbiota samples from 11 
publicly available data sets. Data sets are listed in Supplementary Table 1. 
Distribution of data across individual animals is represented in separate violin 
plots for each data set. Red circle: median. Grey dots: abundance in each 
individual sample. 
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Supplementary Figure 4. Phylogenetic analysis of the 100 most abundant 
Bacteroidales (A) and Clostridiales (B) ASVs in nasal and rectal samples. 
Phylogenetic trees were inferred for the ASVs shown in Figure 2A (see methods). 
Color palette code follows the body site these ASVs are most abundant in: green 
for nasal samples, blue for rectal samples and purple for both sites.  
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Supplementary Figure 5. Biomass abundance assessment in surgical samples. 
A) Total 16S rRNA quantification of the samples from DNA extracted from the 
nasal invasive dataset (see methods). In orange, samples obtained from nasal 
standard swabs. qPCR was performed twice for each sample (data shown is 
mean of technical replicates). All pairwise differences are statistically significant 
with Mann-Whitney test (p < 0.05) B) Summed relative abundance of the negative 
control ASVs (turquoise) and number of reads (purple) in each of the same 
samples. 
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Supplementary Figure 6. Composition of surgical nasal cavity samples. A) 
Principal Component Analysis of microbiota samples performed with Jaccard 
dissimilarity index (shown here: first two principal components with respective 
explained variance). Each circle denotes an individual animal, and circle size 
denotes the alpha diversity estimated by Chao1 richness index. Group ellipses 
are calculated with the euclidean distances of the samples within each group.  B) 
Detailed composition of individual samples at genus level. The order level for 
each genus is also included in the legend for clarification. Highlighted with red 
squares: gut-microbiota associated taxa.  Note that only taxa with > 1% relative 
abundance are labeled (taxa with <1% relative abundance are summed in the 
category “Low Abundant”). 
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Supplementary Figure 7. Prevalence of genera and ASVs at different nasal 
sampling sites. A) Number of genera (left) or ASVs (right) detected at different 
sites (from “detected at 1 site only” to “detected at all 4 sites”) in each individual 
animal by accounting the four types of nasal samples from the invasive dataset 
(see methods). Only genera and ASVs detected >0.1% relative abundance in at 
least one sample were considered as “detected”. Genera/ASVs that never 
exceeded these thresholds are not shown. Note that only a small fraction of 
genera/ASVs are typically detected at all sites. B) Respective summed relative 
abundance for genera (left) and ASVs (right) detected at different sites 
(determined as in A). Note that summed relative abundances are dominated by 
the small fraction of genera/ASVs that are detected at all sites (purple bars). 
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Supplementary Figure 8. RNA-based Nasal microbiota composition as 
determined by 16S rRNA cDNA sequencing at genus level. A) Nasal swabs of 24 
animals sampled from 3 farms (see methods). B) Surgical samples taken at 
different sites in the nasal cavity from 5 animals. Highlighted in red: gut-microbiota 
associated taxa.  Note that only taxa with > 1% relative abundance are labeled 
(taxa with <1% relative abundance are summed in the category “Low abundant”). 
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Supplementary Figure 9. Comparison of 16S rDNA and rRNA mean 
abundances for the most abundant families in farm and surgical samples. 
Relative abundance in DNA and RNA samples was determined by 16S rRNA 
sequencing of DNA and cDNA, see main text for families with > 0.5% mean 
abundance in DNA or RNA farm samples. The abundances of the selected 
families in deep surgical nasal samples are shown as well (with an extra “D” in 
the label). Gut-microbiota associated taxa (Bacteroidales and Clostridiales) are 
labelled in blue and green, respectively. Families from other orders are shown in 
pink. Open circles: deep nasal samples obtained surgically from 5 animals (deep 
and middle nasal cavity, see Figure 3). Filled circles: standard nasal swabs from 
24 animals across 3 farms. Shown are mean values across all samples. 
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Supplementary Figure 10. Distribution of RNA/DNA ratios in gut-microbiota 
associated taxa at family level in nasal swabs from 24 farm animals. Top two 
rows: Clostridiales, bottom two rows: Bacteroidales. Black: ratio for well-
established nasal colonizers (combining Moraxellacae, Pasteurellaceae, 
Streptococcaceae, Lactobacillaceae, [Weeksellaceae]). Green/Blue: ratio for gut-
microbiota associated family of interest (dashed line: corresponding order level 
data). P = p-value of two-sample Kolmogorov-Smirnov test (testing whether the 
two samples stem from the same continuous distribution). Plots denoted with *:  
p < 10-5. Square brackets in taxonomical assignations indicate contested names 
in the reference Greengenes database used (Version 13.8). Only taxa which had 
a relative abundance (at DNA level) > 0.1% in at least 50% of the samples were 
considered. 
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Supplementary tables 

Processed data sets are available as supplementary tables 1-7 in individual 

files, available within the publication in: 

https://www.nature.com/articles/s41598-024-58681-9  
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Abstract 

Vaccination stands as one of the most sustainable and promising strategies 

to control infectious diseases in animal production. Nevertheless, the causes 

for antibody response variation among individuals are poorly understood. The 

animal microbiota has been shown to be involved in the correct development 

and function of the host immunity, including the antibody response. Here, we 

studied the nasal and rectal microbiota composition in association with the 

antibody response against the pathobiont Glaesserella parasuis. The nasal 

and rectal microbiotas of 24 piglets were sampled in two farms before 

vaccination and in one unvaccinated farm (naturally exposed to the 

pathobiont) at similar time.  Microbiota composition was inferred by V3V4 16S 

rRNA gene sequencing and bioinformatics analysis and the antibody 

response was quantified using the variation between the levels before and 

after vaccination (normalized per farm). Piglets with higher antibody 

responses showed more diverse nasal and rectal microbial communities 

compared to piglets with lower responses. Moreover, swine nasal core 

microbiota colonizers were associated with higher antibody levels, such as 

several members from Bacteroidales and Clostridiales orders and genera 

including Moraxella, Staphylococcus, Fusobacterium and Neisseria. 

Regarding taxa found in the rectal microbiota, associations with antibody 

responses were detected only at order level, pointing towards a positive role 

for Clostridiales while negative for Enterobacteriales. Altogether, these results 

suggest that the microbiota is associated with the antibody response to G. 

parasuis (and probably to other pathogens) and serves as starting point to 

understand the factors that contribute to immunization in pigs. 
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Introduction 

Animals live in constant contact with a variety of pathogens, which are 

controlled by the immune system. Antibodies, which target specific pathogens, 

constitute one of the main effector responses of adaptative immunity (206). 

The adaptive immune response can hold memory through antigen-specific 

memory cells, permitting a more effective response in subsequent encounters 

with the pathogen (206,207). One of the best ways to stimulate immunization 

and memory against pathogens is vaccination (207), which represents an 

efficacious strategy to control infectious diseases nowadays (208). Vaccines 

have the potential to reduce disease severity, eliminate pathogens locally and 

even eradicate them globally (208) . In consequence, they also contribute to 

the reduction in the use of antibiotics, which is particularly needed for 

minimizing the emergence of multidrug resistant bacteria (209). However, not 

all individuals exhibit the same level of response to vaccination. Several 

factors such as maternal immunity, host genetics and environmental factors, 

among others, can be responsible for vaccination failure (210). Therefore, it 

is crucial to further explore why the immune response (either after natural 

exposure to the pathogen or after vaccination) is variable among individuals 

(209–213), and to identify the factors that contribute to a robust response 

(212,213) .  

The animal microbiota, the community of microorganisms inhabiting different 

niches of the animal host, is known to have an important role in the immune 

system maturation and modulation (212). The microbiota is involved in the 

local immune response, such as the stimulation of immune cells with bacterial 

compounds in the intestine or airway mucosae, but also in systemic immune 

responses via dissemination of microbial products and/or immune signals and 

cells through the whole organism (212). Moreover, the stated systemic effect 

can be enhanced by the constant crosstalk of the different microbiotas in an 

organism (214). In agreement, poor or deficient immune responses in the 

context of microbiota dysbiosis have been reported (212). The relationship 
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between the microbiota and the immune response is still to be unveiled, 

making the study of the microbiota a key point in vaccination efficacy studies 

(215). 

Mounting evidence shows that microbiota composition influences responses 

to vaccination in humans (212,215–224), where several studies showed that 

patients with disrupted microbiota tend to show a reduced response to 

vaccination (224,225). 

In the case of swine, vaccination programs are essential to face the strong 

institutional call towards the reduction in the use of antibiotics in animal 

farming (91) and are critical to control infectious diseases, such as Glässer’s 

disease (8), an endemic disease caused by Glaesserella parasuis, a 

pathobiont member of the porcine nasal microbiota that colonizes young 

piglets early after birth (76). Few studies assess the microbiota in relation with 

vaccine response in pigs. In 2019 and 2020, Munyaka et al. studied the fecal 

microbiota as a predictor of high and low vaccine response, measured by the 

levels of specific antibodies against Mycoplasma hyopneumoniae in serum 

(226,227). They were able to identify several taxa that discriminated the high 

vaccine-responders and whose presence was positively correlated with 

antibody titters. In a different study, Sanglard, et al. showed that the 

composition of the vaginal microbiota of sows discriminated between high and 

low antibody-responders against a porcine reproductive and respiratory 

syndrome virus (PRRSV) vaccine (228).  

Here, using Glässer’s disease as a model where antibodies are important for 

protection, we studied the composition of the nasal and rectal microbiota in 

pigs and identified taxa associated with different level of antibodies after 

bacterin vaccination and/or natural exposure to the pathogen.  
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Methods 

Samples included in the study 

Twenty-four piglets were randomly selected from different litters from three 

Spanish farms (eight per farm). Two of the farms (farms 1 and 2) performed 

vaccination against Glässer’s disease with a commercial bacterin 

(HIPRASUIS® GLÄSSER) by injecting 2ml/piglet at 3 and 6 weeks or at 2 

and 5 weeks of age, respectively. In addition, in farm 2, sows were also 

vaccinated with the same vaccine before farrowing and penicillin was 

administered to the piglets at first day of life. To measure antibody levels, 

serum samples were taken within the 24h before the first vaccination and 3 

weeks after the second vaccination (9 and 8 weeks of age for farm 1 and 2, 

respectively). Samples were transported under refrigeration to the laboratory 

and were processed within 48h after collection. Nasal and rectal microbiota 

samples were obtained from both nostrils and rectum using thin aluminum 

cotton swabs (Deltalab) taken before the first vaccination (together with the 

pre-vaccination serum samples). Similar times were used for the sampling of 

non-vaccinated pigs in a third farm (farm 3); i.e. microbiota samples at 1 week 

and serum samples at 1 and 9 weeks of age. Swabs were stored in 1000 µL 

DNA/RNA shield (Zymo Research) at 4ºC before further processing. These 

samples were also used in a previous study assessing gut-associated 

components of the nasal microbiota (229).  

Animal experimentation was performed following proper veterinary practices, 

in accordance with European (Directive 2010/63/EU) and Spanish (Real 

Decreto 53/2013) regulation, in compliance with the ARRIVE guidelines 

(https://arriveguidelines.org/about). Animal sampling in farms was approved 

by the Ethics Commission in Animal Experimentation of the Generalitat de 

Catalunya (Protocol number 11213) and the owners of the farms. 

 

 



144 
 

Antibody levels 

Antibodies against G. parasuis were measured in serum using an in-house 

ELISA previously described (76). Plates were coated overnight at 4ºC with 

250 ng of F4 (a protein fragment from the outer membrane proteins VtaA of 

G. parasuis) in 50 µl of carbonate-bicarbonate buffer per well. After washing, 

wells were blocked with 1% casein in phosphate-buffered saline (PBS) with 

0.05% Tween 20 (PBS-Tw20). Sera were diluted 1:100 in blocking solution 

and added to the wells. After 1 h of incubation at 37ºC, wells were washed 

and incubated with a goat anti-porcine IgG HRP-conjugated antibody (Sigma-

Aldrich, Madrid, Spain) diluted 1:10,000. Positive reactions in the ELISA were 

developed using the 3,3,3,5-tetramethylbenzidine (TMB) substrate (Sigma-

Aldrich, Madrid, Spain) and the reactions were stopped with 1 N sulfuric acid. 

Plates were then read in a Power Wave XS spectrophotometer (Biotech, 

Winooski, VT, USA) at 450 nm. 

A preliminary classification into good (higher response) or bad (lower 

response) responders was performed in each group according to the variation 

between the initial level of antibodies and the level of antibodies at 8-9 weeks 

of age (delta antibody value, ΔAb). The piglets showing variations above the 

median of the group were considered as good responders and those below 

the median as bad responders. To deal with farm variability, this classification 

was done independently within each farm. However, among the 24 piglets 

included in the study, two piglets were not classified following these criteria. 

One piglet from farm 2 was considered a bad responder despite showing a 

ΔAb above the median, since the clear reduction showed in the level of 

antibodies (from 1.197 to 0.605; delta = -0.592). For one piglet from farm 3, 

we did not have the initial levels of antibodies and therefore it was not included 

in the analyses using the ΔAb. Nevertheless, it was considered a bad 

responder according to its final level of antibodies in comparison to the rest 

of the animals in the same farm. Hence, out of the twenty-four piglets, ten 
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were considered to have a good response while fourteen were considered 

bad responders. 

 

DNA extraction 

DNA was extracted from the nasal and rectal swabs following ZymoBIOMICS 

protocol, with the following modifications. Microbial cell lysis was performed 

by adding 700 µL of lysis buffer to 350 µL of sample, and DNA was eluted in 

50 µL of elution buffer. DNA concentration was measured with a BioDrop 

DUO (BioDrop Ltd) and stored at -80ºC. A negative sample consisting of 

DNA/RNA shield alone was included as control. 

 

Detection of G. parasuis by PCR 

The presence of virulent and non-virulent strains of G. parasuis in the nasal 

samples was confirmed by PCR of the specific vtaA leader sequence, as 

described in Galofré-Milà, et al. (72), that allows the differentiation of virulent 

and non-virulent G. parasuis.  

 

Microbiota sequencing  

The library preparation and Illumina sequencing were performed at Servei de 

Genòmica, Universitat Autònoma de Barcelona. Variable regions 3 and 4 (V3-

V4) from 16S rRNA gene were sequenced from genomic libraries prepared 

using Illumina recommended primers for these variable regions of the gene 

and following Illumina protocol (Illumina pair-end 2X250 bp, MS-102-2003 

MiSeq Re285 agent Kit v2, 500 cycle).  
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fwd 

5'TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCW

GCAG 

rev 

5'GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGT

ATCTAATCC  

Sequenced amplicons lengths were checked on a Bioanalyzer DNA 1000 

chip (Agilent).  

The raw sequencing data used in this study can be found at NCBI’s SRA 

database under BioProject ID PRJNA981084. 

 

 

Microbiota bioinformatic analysis 

The analysis of the 16S rRNA gene amplicons was performed using 

Quantitative Insights into Microbial Ecology (QIIME) 2 software in its 2023.9 

version (115). After importing the paired-end raw reads, primers were 

removed with q2 cutadapt (195), with the option to discard any sequence not 

containing the primers. Reads were quality filtered, denoised, paired-end 

merged, sorted into Amplicon Sequence Variants (ASVs) and chimera 

cleaned with DADA2 (116) used as a qiime2 plugin. Additionally, low quality 

positions at the 3’ end of the reads were removed. Three extra filtering steps 

were applied after DADA2. The first one, to remove non-prokaryotic 

sequences with q2 quality control (117) by discarding all ASVs that did not 

match the Greengenes 13_8 database (118) clustered at 88% identity, after 

aligning with VSEARCH (119) under permissive parameters (65% identity 

and 50% query coverage). Taxonomy was assigned to the remaining ASVs 

using a scikit-learn naïve Bayes classifier (120), previously trained against 



147 
 

V3-V4 16S rRNA gene region to increase its accuracy (165) using the same 

Greengenes 13_8 database (clustered at 99% identity). A second filter was 

applied to discard all sequences classified as Archaea, Chloroplast or 

Mitochondria. Thirdly, all ASVs present in the negative control sample were 

removed from the analysis (21 ASVs; as previously done (229)) using ID-

based filtering. The phylogenetic tree was built using FastTree (123) after 

aligning the remaining ASVs with MAFFT (121). Functional genes present in 

the predicted metagenome were inferred with PICRUST2 (106) and mapped 

to KEGG database (230) modules. 

The diversity analysis was done at a common depth of 76,253, corresponding 

to the lowest sampling depth using q2 diversity. The alpha diversity of the 

samples was measured with Shannon (131) and Chao1 (130) indexes and 

the beta diversity with Jaccard (134) and Bray-Curtis (133) dissimilarity 

indexes (qualitative and quantitative, respectively). We tested linear 

correlations between the microbiota diversity and the antibody levels using 

Spearman correlation coefficient (231). The correlation of the vaccine 

response (antibody delta) with alpha diversity indexes was calculated with 

cor.test function in Stats R package (232) version 4.3.1. Correlation between 

beta diversity and vaccine response was computed with Mantel test (999 

permutations) included in q2 diversity beta-correlation (233). Correlations 

between taxa/functional modules and antibody response were inferred using 

Maaslin2 R package (234) filtering taxa with less than 0.01 abundance and 

the rest of the parameters set to default, using abundances normalized 

relatively per sample as input (Total Sum Scaling). After Benjamini-Hochberg 

correction, significance was considered when q < 0.05.  

In the discrete comparative analysis (good against bad responders), alpha 

diversity differences between groups were estimated by Kruskal-Wallis tests 

(999 random permutations) using q2 diversity alpha-group significance (126). 

In the beta diversity discrete analysis, the Principal Coordinate Analysis 

(PCoA) was computed with q2 diversity core-metrics (164,196), which was 
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visualized in R with qiime2R package (200). The significance of beta diversity 

comparisons was tested by PERMANOVA pairwise tests (999 permutations), 

and the percentage of explanation of the studied variables using Adonis 

function from Vegan R software package (128), using q2 diversity beta-group-

significance (127). For all mentioned tests, P values lower than 0.05 were 

considered significative.  

The healthy swine nasal core microbiota was obtained by filtering all ASVs 

from the most prevalent genera in healthy pigs as described previously (33). 

Briefly, all ASVs not classified within the stated genera were filtered out using 

q2 feature-table filtering options. The prevalence threshold to consider a 

specific genus as core-microbiota was set to 80%. To find taxa differentially 

abundant on the remaining nasal core-microbiota between good and bad 

responders we used Lefse (235) under its default parameters to perform a 

linear siscriminant analysis (LDA). Taxa showing a LDA score > 2 between 

the two groups were considered as significantly different. 

R script language (version 4.2.2) was used in RStudio environment (version 

2022.07.0) (199) to process Qiime2 microbiome generated data as well as to 

generate plots using qiime2r, ggplot2 (202), tidyverse (203) and reshape2 

(201) packages. 

 

Statistical modelling 

Prior to undertaking statistical analysis, microbiota composition at order level 

was screened for unlikely or missing values. No data were excluded on this 

basis. Subsequently, a descriptive statistical analysis was carried out to the 

nasal and rectal microbiota composition based on the relative abundance of 

ASVs for both DNA and RNA. We ran two different statistical models of nasal 

microbiota including a multivariable logistic regression model with the 

variation (ΔAb) in vaccine response into good (better response) or bad (worse 

response) responders as the outcome variable and a multivariable linear 
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regression with the actual value of the ΔAb in vaccine response as the 

continuous outcome variable. This has been applied for both microbiota 

composition based on nasal and rectal samples. Initially, a univariable model 

was carried out to test the unconditional associations between dependent and 

various independent variables (relative abundances of members of the nasal 

microbiota). Only independent variables with P ≤ 0.25 in this initial screening 

were included in multivariable logistic and linear regression models in 

accordance with Dohoo et al. (236). To account for the farm variations, an 

additional model was developed accounting for farm as a random effect for 

each of nasal and rectal DNA using generalized mixed models. For each 

model, the significant independent variables from the univariable analysis 

were then offered to a multivariable model and a manual backward elimination 

was implemented, to obtain a final model that exclusively included variables 

with a P value < 0.05, considered as significant. The P value and the 

regression coefficient (b) with a 95% confidence interval (95% CI) were 

reported for each variable. In a similar approach, we developed a model 

following the same analysis for relative abundances of members of the rectal 

microbiota. In all statistical analyses, the results were regarded as significant 

at P ≤ 0.05. All statistical analyses were conducted using the R version 3.3.3 

software. 

Results 

The increase in antibody levels correlated with increase in nasal 
microbiota diversity 

To examine the response to vaccine administration or to natural exposure to 

G. parasuis, we determined the antibody levels from the piglets before and 

after vaccination or in equivalent times for those non-vaccinated but naturally 

exposed to the pathobiont, which was detected by PCR in the nasal samples 

(Table 1). All piglets showed maternal derived antibodies, although at 

different levels (farm 2 showed higher maternal antibodies due to sow 
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vaccination). Since the levels of antibodies were diverse at both tested 

timepoints, the dynamics of the antibody levels (response) were measured 

using the difference between both values in each animal (delta antibody value, 

ΔAb). This value was used to preliminary classify the piglets into good or bad 

responders, i.e., piglets showing variations above the median of the group or 

below the median, respectively (see Methods, Supplementary Figure 1 and 
Table 1).  

Table 1. Level of antibodies against G. parasuis (shown as A450nm from ELISA) 
and presence of virulent (Vir) and non-virulent (Nvir) G. parasuis by PCR.  

Farm Vaccina
-tion 

Antibodies 
at 1-3 

weeks of 
age 

Antibodies 
at 8-9 

weeks of 
age 

Vir 
PCR 

Nvir 
PCR Variation 

(DAb)* 
Resp-
onse** 

Farm 1 

 

 

 

Weeks  

3 and 6 

0.265 0.65 - + 0.385 Bad 

0.699 0.682 - + -0.017 Bad 

0.62 1.55 - + 0.93 Good 

0.837 1.619 - + 0.782 Good 

0.859 0.933 + + 0.074 Bad 

0.54 1.496 - + 0.956 Good 

1.511 0.959 - + -0.552 Bad 

0.757 1.547 - + 0.79 Good 

Farm 2  

 

 

 

 

 

Weeks  

2 and 5 

2.083 0.906 - + -1.177 Bad 

2.474 0.719 - + -1.755 Bad 

2.243 0.835 - - -1.408 Bad 

1.927 1.913 + + -0.014 Good 

1.197 0.605 - + -0.592 Bad 

0.656 1.715 - + 1.059 Good 

1.061 1.138 - + 0.077 Good 

2.196 1.069 - + -1.127 Bad 

 

 

 

 

 

 

1.56 0.275 - + -1.285 Bad 

0.448 0.623 + + 0.175 Good 

0.429 0.322 + + -0.107 Bad 
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Farm 3 

 

Unvacci

nated 

1.006 0.433 + + -0.573 Bad 

0.363 0.514 + + 0.151 Good 

0.325 0.682 + + 0.357 Good 

N.A. 0.42 + + N.A. Bad 

0.461 0.121 - + -0.34 Bad 

* The variation between the level of antibodies at the two timepoints (ΔAb).  

** A preliminary classification into good or bad antibody responders (see 

Methods). 

N.A.: Not available 

The association between the nasal microbiota composition and the response 

to vaccination was initially evaluated in samples from the two vaccinated 

farms. A strong positive correlation of the alpha diversity estimated through 

Shannon index was observed with the antibody variation levels, ΔAb 

(Spearman Rho = 0.7, P = 0.003, Figure 1A). A similar but more moderate 

tendency was observed for Chao1 index (Spearman Rho = 0.48, P = 0.06), 

indicating that piglets with a more diverse nasal microbiota at vaccination time, 
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responded better to vaccination. Regarding the beta diversity analysis, weak 

and moderate correlations were detected between the qualitative and 

quantitative distance matrices and the ΔAb (Jaccard and Bray-Curtis 

Spearman Rho = 0.29 and 0.42, respectively; Mantel test P < 0.007), showing 

that larger community differences between samples (primarily quantitative) 

were associated with greater differences in the ΔAb. 

Figure 1. Correlation between nasal microbiota alpha diversity and antibody 
response.  Spearman correlation between alpha diversity of the nasal microbiota 
(measured by Shannon index) and the antibody response (ΔAb, measured as the 
difference between the level of antibodies after and before vaccination or 
equivalent times in non-vaccinated piglets) are shown A) in both farms vaccinated 
against G. parasuis (yellow and green triangles), B) in the unvaccinated farm (red 
spheres) and C) in the three farms together. Each tendency line depicted in the 
graphs (dashed lines) was generated using geom_smooth function (ggplot2) 
using linear model (lm) as the method. 

 

To examine if the influence of the nasal microbiota was specific for vaccinated 

animals, we included in the analysis unvaccinated animals with natural 

exposure to G. parasuis (farm 3), since strains of this bacterium, including 

virulent ones, can colonize the nasal cavity of healthy piglets without causing 

clinical disease. In fact, virulent and non- virulent strains of G. parasuis were 

detected in piglets from farm 3 by specific PCR. Although we could not detect 

a significant correlation between the ΔAb and the alpha diversity (Shannon 

index), probably due to the low number of samples, the tendency observed 

was similar to that detected in vaccinated piglets, i.e. animals with more 

diverse nasal microbiota showed increased levels of specific antibodies 

against G. parasuis (Spearman Rho = 0.71, P = 0.088, Figure 1B). When the 

three farms were analyzed together, the Shannon index correlated positively 

with the ΔAb (Spearman Rho = 0.5, P = 0.015, Figure 1C), while the Chao1 

index showed a weaker tendency (Spearman Rho = 0.38, P = 0.07). These 

findings support that animals with more diverse nasal microbiotas tend to 

exhibit higher level of antibodies against G. parasuis even when they are not 
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vaccinated and naturally encounter the pathobiont. There was a weak 

correlation between the beta diversity distance matrix and the antibody 

variation under both assessed metrics, possibly because of the introduction 

of another farm and therefore, more variation (Jaccard and Bray-Curtis 

Spearman Rho = 0.27 and 0.28, respectively; Mantel test P < 0.004).  

 

Nasal microbiota taxa associated with response to G. parasuis 

To identify nasal microbiota members associated with the antibody response, 

we investigated the correlations between the taxa and the ΔAb in the three 

farms. First, we examined if the response to G. parasuis correlated with the 

abundance of this bacterium in the nasal microbiota of the piglets and found 

no association (Supplementary Figure 2). When we analyzed the global 

microbiota composition, 6 orders and 22 genera showed to correlate with the 

ΔAb, most of them positively. Clostridiales and Bacteroidales were the most 

abundant orders identified with positive correlation with the ΔAb (q < 0.05, 

Figure 2). Other orders were also positively correlated, namely 

Enterobacteriales, Bacillales and Fusobacteriales (q < 0.05, Figure 2 and 
Supplementary Table 1), while the only order that correlated negatively with 

the ΔAb was Pseudomonadales (q = 0.043). Correlations at genus level also 

followed the same dynamics observed for the corresponding orders 

(Supplementary Figure 3 and Supplementary Table 1), such as Prevotella 

(Bacteroidales) and several members of Clostridiaceae, Lachnospiraaceae, 

Ruminococcaceae and Veillonellaceae families (belonging to order 

Clostridiales), which correlated positively with the delta antibody. Other 

genera with a positive correlation with the antibody variation were Klebsiella, 

Staphylococcus, Fusobacterium, Pasteurellaceae (uncl.), Escherichia, 

Moraxella, and Corynebacterium. Within Pseudomonadales, only a divergent 

Moraxella (originally classified as Enhydrobacter in the used database but 

confirmed as Moraxella by BLASTn) negatively correlated with ΔAb (see 
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Supplementary Table 1 for all correlations). To further investigate whether 

these taxa associations with the antibody response might also be reflected in 

the microbiota functionality, the association between the inferred 

metagenome functional modules and the ΔAb was also evaluated. Three 

modules were found to be positively associated with ΔAb (q < 0.05), i.e., iron 

complex transport system, glycolysis, and simple sugar transport system 

(Supplementary Table 1).  

 

Figure 2. Correlations with the antibody response and nasal microbiota at order 
level. Scatter plots show the relative abundance versus ΔAb, measured as the 
difference between the level of antibodies after and before vaccination or 
equivalent times in non-vaccinated piglets. Only orders found significant with 
Maaslin2 are shown. Each tendency line depicted in the graphs was generated 
using geom_smooth function (ggplot2) using linear model (lm) as the method. 
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Some of the previous associations at order level were also identified using 

multivariable linear regression with the actual value of the antibody variation 

(ΔAb) as a continuous outcome variable, including two models with and 

without farm as a random effect which results are shown on Table 2. Again, 

the presence of Bacteroidales, Clostridiales, together with Spirochaetales in 

the nasal mucosa of piglets was positively associated with the antibody 

response to G. parasuis. Whereas the presence of Pseudomonadales in the 

nasal mucosa of piglets was negatively associated with the antibody 

response to G. parasuis.  

Table 2: Nasal microbiota members associated with the variation in antibody 
response (measured as a continuous outcome variable) to G. parasuis (P ≤ 0.05) 
in 23 animals in 3 farms using a mixed effects generalized linear regression 
model. 

Variable Coefficient 
Estimate 

95% CI P value* 

Pseudomonadales -1.77  (-4.02) – 0.48 0.016 

Bacteroidales 11.71  (-12.99) – 36.41 0.005 

Enterobacteriales 18.27   (-26.36) – 62.91 0.845 

Clostridiales 5.03   (-6.52) – 16.57 0.028 

Erysipelotrichales -216.01 (-468.99) – 36.98  0.518 

Fusobacteriales 89.13 (-31.95) – 210.21  0.272 

Spirochaetales 161.34 (-79.71) – 402.39 0.037 

Desulfovibrionales -229.34 (-591.80) – 133.13 0.172 

Coriobacteriales -116.41 (-427.39) – 194.59 0.099 

Rhizobiales   -195.29 (-491.74) – 101.16 0.087 
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*Taxa with P > 0.05 were kept in the final model due to significant confounding 

effect with other significantly associated taxa 

 

Rectal microbiota diversity also correlated with antibody response 

Different microbiotas can crosstalk with the immune system and have a 

systemic effect. Since previous studies have highlighted the role of the gut 

microbiota with the antibody response, we aimed to analyze whether similar 

associations to those detected between the nasal microbiota and the antibody 

response were also occurring in the rectal microbiota. The alpha diversity of 

the rectal microbiota of animals from the three farms moderately correlated 

with the antibody response (Spearman Rho = 0.44 and 0.6; P = 0.036 and 

0.003 for Chao1 and Shannon indexes, respectively, supplementary Figure 
4). The beta diversity of the rectal microbiota was weakly correlated with the 

ΔAb (Jaccard and Bray-Curtis Spearman Rho = 0.21; Mantel test P < 0.006). 

No significant correlations were found between taxa in the rectal samples and 

the ΔAb using Maaslin2, except for a Mogibacteriaceae unclassified genus 

(Clostridiales), positively associated with the ΔAb (q = 0.021). Nevertheless, 

four orders were identified as significantly correlating with the delta antibody 

in both multivariable linear regression models using the  ΔAb as a continuous 

outcome variable (accounting for farm variations as a random effect or not). 

The presence of GMD14H09 and Clostridiales in the rectal microbiota of 

piglets was associated with better antibody response to G. parasuis, whereas 

the presence of Pasteurellales and Enterobacteriales was negatively 

associated with the antibody response to G. parasuis (Supplementary 
Figure 5 and Table 3). The farm effect was negligible.  

 

Table 3: Rectal microbiota members associated with the variation in antibody 

response (as a continuous outcome variable) to G. parasuis (P ≤ 0.05) in 23 

animals in 3 farms using a mixed effects generalized linear regression model. 
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Variable Coefficient 
Estimate 

95% CI P value 

Clostridiales       0.301 (-2.327) – 2.929 0.0075 

GMD14H09 76.900 2.731 – 151.069 0.036 

Pasteurellales -42.895 (-84.076) – (-1.715) 0.036 

Enterobacteriales -4.045 (-7.247) – (-0.842) 0.016 

 

 

Microbiota associations with piglets classified as good antibody 
responders 

To further investigate and validate the associations with a good antibody 

response, we used the preliminary classification according to the ΔAb (see 

Methods, Supplementary Figure 1 and Table 1).  

Using this classification, a more diverse and richer microbiota was observed 

in the good responders compared to the bad ones (Shannon and Chao1 

indexes, P < 0.05; Figure 3A). In the beta diversity analysis, no significant 

differences were detected between good and bad responders. A strong 

environmental effect caused by the analysis of three different farms together 

was observed in the clustering of the samples, quantified to be 29% 

qualitatively and 48% quantitatively (Adonis test R2 using Jaccard and Bray-

Curtis indexes, respectively, P = 0.001, Figure 3B). However, the differences 

between responders were still non-significant when this effect was evaluated 

as a nested variable after considering farm as the main effect. 
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Figure 3. Alpha and beta diversity of nasal microbiota from good (turquoise) and bad 
(mauve) responders. A) Alpha diversity measured by Chao1 and Shannon indexes. 
B) Beta diversity estimated through Bray-Curtis dissimilarity index. The shapes 
indicate different farms. 
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With the aim to reduce the effect of the variability among farms and knowing 

that is frequent to detect transient environmental taxa in nasal microbiota 

samples, the ASVs from genera not included in the core of the swine nasal 

microbiota were filtered out (see Methods). Interestingly, the significance of 

the alpha diversity comparison between good and bad responders increased 

(Shannon and Chao1 P < 0.009) indicating that differences observed were 

not caused by transient taxa and truly relied on common swine nasal 

colonizers. To reveal nasal taxa that were associated with good or bad 

responders to G. parasuis beyond the farm environmental effect, the filtered 

microbiota composition from all samples was submitted to linear discriminant 

analysis (Lefse) at different taxonomic levels (Figure 4 and Supplementary 
Figure 6). In nasal samples, 4 orders and 20 genera from the core of the 

nasal microbiota were found to significantly discriminate good responders 

(LDA score > 2), independently of the farm of origin. Among the detected taxa, 

Clostridiales and Bacteroidales were also found to be associated with good 

response in the previous analysis using the numeric antibody delta, while 

Erysipelotrichales was only detected in this discrete analysis (Lefse). Most 

genera associated with good vaccination response belonged to the above 

orders, with several genera of the Ruminococcaceae and Lachnospiraceae 

families (among other Clostridiales), as well as Prevotella (Bacteroidales). 

Neisseria was also associated with the group with better response. No taxa 

with a LDA score > 2 were associated with a bad response. 

Regarding the rectal microbiota, no differences were detected in alpha, beta 

diversity or taxonomical composition when good and bad responders were 

compared. 
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Figure 4. Nasal microbiota taxa discriminating good responders. A) At order level. 
B) At genus level. C) Relative abundance of the orders identified as associated 
with good responders (A) in the nasal microbiota. The analysis was done using 
Lefse. No taxa discriminating bad responders were found. 
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Discussion 

In this study, we evaluated the swine nasal and rectal microbiota composition 

according to the response to vaccination against G. parasuis or natural 

exposure to this bacterium. Despite all animals in this study being healthy and, 

therefore, no major changes were expected in their microbiota composition, 

several differences were identified according to the antibody response. To our 

knowledge, this is the first study that correlates the porcine nasal microbiota 

composition as a predictor for the response to vaccination providing some 

notable findings that highlight the relationship between the diversity of the 

microbiota and the immune response. Moreover, the introduction of an 

unvaccinated control farm emphasized that these claims could also stand for 

animals that naturally encounter pathogens. 

The initial levels of antibodies were variable between farms, but also within 

the same farm indicating variable level of maternal immunity at the initial 

sampling time of the piglets (1-3 weeks of age). Nevertheless, independently 

of the starting level of antibodies in each farm, piglets exhibited variable 

dynamics in the levels of antibodies. To analyze the antibody response, and 

also deal with variability between animals, we decided to measure the 

response to G. parasuis using the difference between the two time points i.e., 

after and before vaccination or in equivalent times for the unvaccinated farm 

(delta antibody value, or ΔAb). 

In agreement with previous reports (213,218), piglets in this study with more 

diverse microbiota showed higher antibody response. In the case of nasal 

samples, these differences were clearer when transient taxa were removed 

from the analysis (by keeping the healthy core microbiota), highlighting that 

the major drivers were swine nasal commensals. Moreover, the fact that 

stronger correlations were observed when alpha diversity was measured with 

Shannon index rather than Chao1 suggests that not only species richness but 

also community evenness are important for better immune responses. We 
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found three metabolic modules inferred from the microbiota composition that 

were positively correlated with the antibody response, that can possibly be 

related with an increased alpha diversity (these three modules may be 

associated with more bacterial activity). Several investigations targeting the 

swine microbiota in different scenarios also reported higher alpha diversity in 

healthy groups compared to different diseased animals or environments 

(9,16,17) and associated it with a better immune status of the animals. The 

well-known notion that the microbiota participates in the maturation of the 

immune system (212) also agrees with these results. Contrarily, other studies 

on gut microbiota did not report any relationship between alpha diversity and 

response to vaccination (216,221,223,224,226,227). This apparent 

contradiction may be explained by different factors, such as the time when 

the microbiota was evaluated, the type of vaccine or immune stimulus or the 

host studied, which all can affect the output of the analyses.  

Since samples came from three different environments (farms), we did not 

focus the analysis on ASVs but searched for associations at higher taxonomic 

levels (order and genus). We detected several taxa in the nasal cavities of 

the piglets that positively correlated with a higher increase in the level of 

antibodies. Among these, taxa frequently found in the gut microbiota 

(Bacteroidales and Clostridiales) appeared as the most associated. It is not 

unusual to find these taxa in the swine respiratory tract (26,229), most are 

included in the nasal core, and their presence has been recently discussed in 

a previous study from our group that confirms these bacteria are indeed 

present in this body site (229). Nevertheless, the role of these gut microbiota-

related taxa in the upper respiratory tract is still uncertain (13,229), and future 

studies focusing on these microbes may help understanding their connection 

with the immune response. Interestingly, genera within these two orders 

appeared in higher abundances in farms without respiratory disease condition 

compared to farms with Glässer’s disease (16), as well as when compared 

with farms with polyserositis caused by Mycoplasma hyorhinis (17). Besides 
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these, other taxa frequently found in the swine nasal microbiota, such as 

Fusobacterium, Staphylococcus, Pasteurellaceae (uncl.), Moraxella and 

Neisseria (26) were positively associated with the increase of antibodies 

against G. parasuis. The presence of these taxa may be important for the 

immune system stimulation and therefore, for the immune response. 

Moraxella has already been proved as a potential nasal probiotic within a five-

bacteria cocktail (20). However, very few nasal colonizers are being 

considered for the moment as probiotics to enhance the immune response 

(237), which deserve further investigation. Regarding taxa negatively 

correlated with the antibody response, only a different group from Moraxella 

genus negatively correlated with Glaesserella antibody response. In a 

previous study (16), higher abundances of Moraxellaceae (Moraxella and 

Enhydrobacter) were found in farms with Glässer’s disease compared to 

control farms. The variability within the genus Moraxella may explain the 

different role in health status depending on the species or even the specific 

strain, as it has been previously observed regarding the virulence of these 

bacteria (238). Similarly, in gut microbiota, immune stimulation by probiotics 

is highly influenced by variables like the specific strain, host or environment 

(also explaining differences across farms in this study) (239).  

In the case of rectal samples, fewer taxa were identified as related with the 

response to vaccination, possibly because this microbiota can be more 

resilient to exposure to environmental taxa compared to the nasal microbiota. 

Two gut-microbiota core orders (Clostridiales and Enterobacteriales) (240) 

were identified as positively and negatively correlated with the antibody 

response, respectively. Munyaka, et al. showed that in vaccination against 

Mycoplasma hyopneumoniae, Operational Taxonomic Units (OTUs) from 

Bacteroidales (mainly Prevotella) found in the fecal microbiota at the moment 

of vaccination were positively correlated with higher antibody titters (226,227). 

OTUs classified within Clostridiales were associated with both high and low 

responses, while no associations within Enterobacteriales were found. The 
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fact that in these studies samples came from the same environment (farm) 

and the analyses were performed at OTU level could explain the differences 

with this study (three farms and associations evaluated at higher taxonomical 

levels). On the other hand and in agreement with our results, studies on the 

role of the human microbiota also associated several taxa within Clostridiales 

with better immune responses (213,217,218,223), possibly through the 

production of short-chain fatty acids that stimulate the immune system 

(213,241). However, other studies found taxa within Clostridiales associated 

with immune responses below average (224), suggesting differences in the 

role that taxa within this order may have. Aligned with our findings, higher 

abundances of Enterobacteriaceae (221) and Enterobacteriales (219) were 

associated with lower responses to vaccination. In any case, although 

bacteria within Clostridiales are frequently associated with health, while some 

Enterobacteriales can be associated with disease (242), both orders contain 

taxa that contribute metabolically to immune system homeostasis and 

stimulation (216,243). Two lower abundance orders (GMD14H09 and 

Pasteurellales) were also identified in this study as positively and negatively 

associated with the antibody response, respectively; but their presence and 

role are unclear in this microbiota. Finally, despite not finding any associations 

within Bacteroidetes and Actinobacteria, such as Prevotella and 

Bifidobacterium, these orders may play a role in immune response in humans 

and pigs (216,218–220,226,227), and also deserve further study. 

There are some limitations to be considered in this study. The main limitation 

is the variation given by the three farms, which introduced substantial 

environmental variability complicating the analysis. Similarly, there may be a 

certain caveat in comparing the antibody responses between animals from 

different farms (variable antibody levels and dynamics, maternal immunity, 

etc.). To address these issues, we classified the piglets as good or bad 

responders within each farm using a fixed criterion. The discrete analysis 

using this classification into good or bad responders agreed with the results 
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obtained in the numeric correlation analysis between the microbiota 

composition and the level of antibodies, which otherwise proved to be a fruitful 

strategy with higher statistical power, as expected. Also, in order to diminish 

the limitation of not accounting for collinearity in the regression models, the 

variables were examined for the possibility of interaction and confounding 

effects. Nevertheless, other statistical models could be explored to improve 

the analysis of these high-dimensional and compositional data. Finally, we 

analyzed the microbiota composition before weaning, when it may not be yet 

stable, giving rise to further variability. However, the fact that we obtained 

significant results using these samples can also be considered a strength, as 

the associations found can be considered more representative since they 

were observed in three different farms with independent management.  

In conclusion, this study highlights the importance of the diversity of the nasal 

and rectal microbiotas in the antibody response when facing an antigen 

(naturally or in vaccination). The associations of several bacterial species with 

a better response may serve as a starting point to investigate how these taxa 

stimulate the immune system from the nasal cavity. Additionally, it may help 

to design targeted interventions to enhance immunization and protection in 

animals. 
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Supplementary materials 

Supplementary figures 

 

Supplementary Figure 1. Antibody variation of the samples under study (DAb). 
The antibody variation is measured as the difference between the level of 
antibodies after and before vaccination or equivalent times in non-vaccinated 
piglets) shown per farm. Classification into good (turquoise) or bad (mauve) 
responders is also provided. 
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Supplementary Figure 2. Correlation between G. parasuis and antibody 
response. Spearman correlation between G. parasuis relative abundance (all 
ASVs collapsed) and antibody response (DAb measured as the difference 
between the level of antibodies after and before vaccination or equivalent times 
in non-vaccinated piglets) are shown for nasal microbiota samples from the three 
farms. The tendency line depicted in the graph (dashed line) was generated using 
geom_smooth function (ggplot2) using linear model (lm) as the method. 
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Supplementary Figure 3. Correlations with the antibody response and nasal 
microbiota at genus level. Scatter plots show the relative abundance versus DAb, 
measured as the difference between the level of antibodies after and before 
vaccination or equivalent times in non-vaccinated piglets. Only genera found 
significant with Maaslin2 are shown. Each tendency line depicted in the graphs 
(dashed lines) was generated using geom_smooth function (ggplot2) using linear 
model (lm) as the method. Color code corresponds to orders englobing these 
genera. 
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Supplementary Figure 4. Correlation between rectal microbiota alpha diversity 
and antibody response. Spearman correlation and the tendency as a linear model 
(dashed lines) between alpha diversity in the rectal microbiota samples are 
shown, measured by Chao1 (A) or Shannon (B) indexes, and the antibody 
response (measured as the difference between the level of antibodies after and 
before vaccination or equivalent times in non-vaccinated piglets, or DAb). Each 
tendency line depicted in the graphs (dashed lines) was generated using 
geom_smooth function (ggplot2) using linear model (lm) as the method. 
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Supplementary Figure 5. Correlations with the antibody response and rectal 
microbiota at order level. Scatter plots show the relative abundance versus DAb, 
measured as the difference between the level of antibodies after and before 
vaccination or equivalent times in non-vaccinated piglets. Only orders found 
significant with Maaslin2 are shown. Each tendency line depicted in the graphs 
was generated using geom_smooth function (ggplot2) using linear model (lm) as 
the method. Spearman correlations values are also depicted in each plot. 
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Supplementary Figure 6. Nasal microbiota taxa discriminating good responders 
at genus level. Relative abundance of the genera identified as associated with 
good responders in the nasal microbiota in the discrete analysis using Lefse 
(Figure 4B) are shown. 

Supplementary tables 

Supplementary tables are available within the publication in: 

https://www.nature.com/articles/s41598-025-85867-6 
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Abstract 

Mycoplasma hyorhinis (homotypic synonym of Mesomycoplasma hyorhinis) 

is a pathobiont commonly found in the upper respiratory tract of pigs. Under 

unclear circumstances, this bacterium is able to disseminate systemically and 

cause disease. Despite some studies have described different infectious 

capabilities, no factors have been linked specifically to virulent strains. The 

goal of this study was to analyse the pangenome of all available M. hyorhinis 

strains to identify potential virulence factors. 

We isolated strains from the nasal cavity of healthy animals (n=10) as well as 

from systemic lesions of diseased animals (n=8). The pangenome of 110 M. 

hyorhinis strains was characterized using strains isolated from healthy 

animals (nasal cavity), diseased animals (systemic organs, nasal cavity and 

lung), and animals with unknown health status (nasal cavity and lung). 

Comparative studies were performed according to their different clinical 

backgrounds and the metabolic capabilities of the strains were also inferred 

using genome-scale metabolic models.  

Although most putative virulence genes were shared across strains, we 

identified some genes encoding proteins involved in catalytic activity of DNA 

absent in a cluster of six health-associated strains, such as two genes of the 

hsd restriction/modification system (hsdM and hsdR) and different helicases. 

In addition, the variable lipoprotein (vlp) genes were studied due to their 

reported involvement in the infectious process. Although the prevalence of vlp 

genes did not vary between different clinical backgrounds, we found more 

repetitions in region III of vlpF and vlpC (tendency) in strains isolated from 

systemic organs compared with nasal strains. Besides, all strains exhibited 

comparable reactomes, and consequently, the predicted growth capabilities 

and auxotrophies were highly conserved. 

In conclusion, although all M. hyorhinis strains may possess the necessary 

gene set to cause disease, nasal strains associated with health lacked genes 
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involved in DNA processing and exhibited different VLP patterns. Future 

studies including more strains with complete metadata, especially from 

healthy animals could help clarifying whether these variations are associated 

with virulence. 
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Background 

Mycoplasma hyorhinis is a colonizer of the upper respiratory tract of healthy 

pigs. However, under some circumstances, this bacterium is able to escape 

the host defence barriers and disseminate systemically causing polyserositis 

(including polyarthritis, pericarditis, pleuritis, peritonitis and meningitis), 

mainly in nursery pigs (77,78) . This disease is an increasing cause of concern 

for pig producers worldwide (60,244,245) as compromises the animals’ 

welfare and lead to economically significant expenses derived from the 

antibiotic treatment costs and the associated productive losses (82). In 

addition, M. hyorhinis has also been associated, although to a lesser extent, 

with other pathologies such as otitis (83,246), conjunctivitis (84,85) and 

abortions (86). This Mycoplasma is also frequently detected in lower 

respiratory samples from apparently healthy but also from pneumonic pigs 

(247,248).  

Previous studies detected variable clinical outcomes among M. hyorhinis 

strains, suggesting the existence of different degree of virulence. For instance, 

Lin et al. reported the development of pneumonia after inoculation with clinical 

isolates but not with a non-clinical one (80), while Gois et al. detected different 

extent of lesions when inoculating intranasally three strains isolated from 

pneumonic lungs of pigs (81). In agreement, Wang et al. (82)  observed that 

the clinical outcome of an experimental inoculation using the strain isolated 

from the tonsil of an asymptomatic animal from a farm without polyserositis, 

was significantly milder than the one observed using a strain isolated from 

lesions of a clinically affected animal. In a previous study performed by our 

group in a farm with polyserositis, only two of the different M. hyorhinis 

amplicon sequence variants (n=45) detected in the nose of weaning piglets 

showed a 99-100% of homology with the strain isolated from the lesions (17). 

This result suggested a role for specific strains in the development of disease 

and highlighted the need to study the pathogenesis of this bacterium at strain 

level. Nevertheless, different molecular typing techniques used to 
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characterize M. hyorhinis strains isolated from clinical cases showed no 

relationship between the site of isolation and/or virulence with specific 

genotypes (79,249–253).   

Although there are several environmental factors that can facilitate M. 

hyorhinis systemic spread, such as stress (254), the nasal microbiota 

composition at weaning (17) or the presence of other pathogens (255), the 

underlying intrinsic mechanisms involved in this process remain elusive. This 

process is probably linked to various factors related to adhesion, nutrient 

uptake/transportation, homeostasis maintenance, antigenic variability and 

exoenzymatic activity, as described in other Mycoplasma species (256–263). 

In particular, in M. hyorhinis, the surface variable lipoproteins (VLPs) are 

postulated as an important virulence factor potentially involved in adhesion 

and antigenic variability, (256,264–267). However, to date no markers have 

been identified that reliably distinguish virulent from non-virulent M. hyorhinis 

strains. 

In this study, we aimed to perform a genomic comparison of M. hyorhinis 

strains according to their clinical background. To this end, we included the 

genomes of nasal isolates obtained from healthy animals, a source not 

previously represented in public databases, alongside strains isolated from 

systemic lesions in clinically affected animals. We carried out a pangenome 

analysis with these genomes together with those currently available in public 

databases to identify strain-level differences and candidate virulence markers.  

 

Methods 

Isolation of strains from systemic lesions from animals with fibrinous 
polyserositis or from the nasal cavity of healthy animals 

Swabs from systemic lesions from necropsied animals (at Diagnostic Service 

from Veterinary Faculty of Autonomous University of Barcelona) showing 
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fibrinous polyserositis lesions (N=8) were taken. These animals came from 7 

different farms and were 5-9 weeks of age. Moreover, strains isolated from 

swabs from the nasal cavity of healthy animals (N=10) coming from 4 different 

farms with no history of polyserositis in nurseries were also included in the 

study. All samples were confirmed to be positive to M. hyorhinis by isolation 

in Modified Friis medium liquid culture and a specific qPCR (Clavijo et al., 

2014). In parallel, the presence of Glaesserella parasuis (72) and 

Streptococcus suis (268), two other common pathogens causing polyserositis 

in nursery pigs was discarded by bacterial isolation and PCR.  

For nasal M. hyorhinis strains, a further isolation step was performed on agar 

plates. To do so, 50-100µl of each M hyorhinis liquid culture were plated on 

Modified Friis medium agar plates and grown for 1-7 days at 37ºC.  Afterwards, 

one or two M. hyorhinis colonies per culture were individually scaled up to 40 

ml in the same liquid media. Cultures were centrifuged at 20,817 x g for 5 min 

at room temperature and the pellet was used for DNA extraction with DNeasy 

UltraClean Microbial Kit (QIAGEN) or Nucleospin Blood (Macherey Nagel), 

following the manufacturer’s instructions. Quality and quantity assessment of 

the DNA was done using Qubit dsDNA BR Assay Kit (Thermo Fisher) and the 

Qubit 3.0 Fluorometer (Invitrogen).  

 

Genome sequencing and de novo assembly 

DNA samples were sent to Novogene (Cambridge Sequencing Center, UK) 

for sequencing using Illumina NovaSeq 6000 (WGS) (3 from nasal cavities 

from healthy pigs and 5 from systemic lesions) and to NanoHealth for Oxford 

Nanopore Long-read sequencing (all 18 strains). Long read adapters were 

removed using Porechop (269) and quality and length filtered with chopper 

(270). Read-quality was assessed with Fastqc (271). Raw reads were 

assembled de novo using Unicycler v0.4.8 (272) for strains sequenced with 

short and long-reads (hybrid assembly) or Canu v2.2 (273) for long-read only, 

in both cases under default parameters (just adding the expected genome 



178 
 

size). Long-read assemblies were polished using Medaka v1.11.3 

(https://github.com/nanoporetech/medaka), while this tool was used in 

combination with Polypolish v0.5.0  for hybrid assemblies. The genomes of 

the strains isolated in this study are available in NCBI BioProject 

PRJNA1281057. 

 

Genomes included 

All publicly available M. hyorhinis strains (n=99) and their related information 

were downloaded from National Centre for Biotechnology Information (NCBI), 

accessed on November of 2023, using their command line tools (datasets 

and dataformat) (274) by retrieving any genome classified as 

“Mesomycoplasma hyorhinis or Mycoplasma hyorhinis”. Additionally, the 

genomes of the reference strains of other Mycoplasma species infecting pigs 

(M. hyopneumoniae, M. flocculare and M. hyosynoviae) or other animal 

species (M. conjuctivae, M. ovipneumoniae and M. dispar) were added to the 

initial phylogeny. 

Metadata available for each public genome regarding the isolation site (nasal 

cavity, systemic organ or lung), animal health status (healthy, diseased or 

unknown) and country of origin (Spain, Austria, France, Germany or others) 

was included. All strains isolated from systemic sites were considered to 

come from diseased animals. Nasal strains came from animals with different 

clinical backgrounds: i) healthy animals (this study); ii) diseased animals 

(when systemic isolates were available for the same animal); iii) animals with 

unknown health status (no available information). Similarly, lung strains also 

came from diseased or unknown health-status animals. The information of all 

strains included in this study is provided in supplementary Table 1. 

 

Genome annotation and pangenome characterization 
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Genomes were annotated with Prokka v1.14.6 (275)  under the default 

parameters and using translation with Mycoplasma genetic code (translation 

table 4). After, functional annotation was done with Sma3s v2 (276) using 

Uniprot 2023.8 database (277).  

Roary v3.12.0 (278) was used to infer the M. hyorhinis pangenome from 

Prokka predicted encoding genes using an identity of 90% (using flag -i), 

meaning that genes with more or equal of this sequence identity were 

considered in the same group (orthologs) and with the same reference 

sequence. We used the additional flags to align the core genes (-e -n), do not 

split paralogs (-s) and use the translation table 4 (-t).  

Differences between groups of study based on gene presence/absence were 

evaluated with PERMANOVA pairwise tests (1000 permutations) on Jaccard 

distances (134) between groups using Vegan (128) and pairwise Adonis 

(279) packages in Rstudio (199). Samples from groups with very low number 

of strains (i.e. countries with two or less strains isolated) were removed for 

the PERMANOVA analysis. The robustness of the significant results in 

comparisons with low number of samples (i.e. when only strains from Spain 

were considered) was verified using also a leave-one-out strategy and a 

bootstrap resampling by randomly relabelling the sample metadata and 

compute the same PERMANOVA test for the same number of permutations 

(1,000) to see if differences were still significant.  

 

Identification of point mutations, variable lipoproteins, resistance genes 
and other virulence factors 

The identification of genes possibly implicated in the virulence of M. hyorhinis 

was done by selecting protein-encoding genes that were annotated into any 

of the categories compiled in the Virulence Factor Database (VFDB) (280) or 

in the literature specifying processes and proteins involved in Mycoplasma 

pathogenesis (257–259,281). Putative exoenzymes search was done by 



180 
 

combining the function (i.e. nuclease, protease or kinase) with membrane or 

extracellular presence. Specific genes mentioned in Mycoplasma literature 

were grouped under the category “mycoplasma-associated”. The gene 

prevalence was estimated as the percentage of strains within a group 

containing the gene. Genes were considered as differential when differences 

of prevalence (relative frequency) between groups were greater than 0.5 or 

lower than -0.5. Additionally, SignalP 6.0 (282) was also used to identify 

lipoprotein or secretory signal peptides in the predicted proteomes of each 

group (selecting genes present >80% in the strains of each group). 

Due to their highly variable and repetitive sequences, variable lipoproteins 

(VLPs) were studied in newly sequenced strains, taking advantage of the 

long-read data generated in this study. Putative VLPs were not automatically 

annotated in the pangenome. Therefore, we extracted all predicted proteins 

containing the VLP signal (shared consensus starting motif: 

KKSIFSKKLLVSFGS)  obtained by aligning all VLPs from M. hyorhinis HUB-

1 reference strain from Uniprot (277) using MAFFT (121). The repetitions 

within the VLP region III (264) were identified in the annotated genomes, 

quantified and used to distinguish the VLPs. The number of the VLP 

repetitions was compared using non-parametric Mann-Whitney U test (283).  

Resistance genes were searched in the Comprehensive Antibiotic Resistance 

Database (CARD) (284) and NCBI (285) databases (accessed on December 

2024) using blast (117). Only hits with identity > 80%, alignment length > 80% 

and an E value < 10-5 were considered. ResFinder (286) online tool was also 

used to find resistance genes under default parameters. Ribosomal RNA 23S 

and 16S subunit genes were extracted from annotated genomes and aligned 

with MAFFT (121). Single Nucleotide Polymorphisms (SNPs) were identified 

using snp-sites (287) and processed with vcftools (288), vcfR (289) and 

VariantAnnotation (290) R packages. Significant SNPs were selected using 

the allele frequency (>5%). Genes of DNA gyrase (gyrA and gyrB) and 

topoisomerase (parC and parE) were also extracted from annotated genomes 
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and multiple aligned. To account for the position of the described mutations 

in Mycoplasma (291,292) the same proteins of Escherichia coli str. K-12 

substr. MG1655 were included (available in NCBI, Taxonomy ID: 511145). All 

alignments were processed and visualized using Aliview (293). 

 

Phylogenetic analysis  

An initial phylogeny of all strains (as well as other Mycoplasma reference 

strains) was built from the whole genome sequences using Realphy (294) 

online tool (https://realphy.unibas.ch/realphy/) under the default parameters 

using type strain ATCC 17981 (BTS-7) as reference (isolated from the nasal 

cavity of a pig with atrophic rhinitis  (295). The alignment was bootstrapped 

using Iqtree2 v2.4.0 (296) and visualized using iTOL v7.1 (297). Average 

Nucleotide Identity (ANI) was calculated using pyani version 0.2.12 (298) 

under its default parameters. 

The phylogeny of the strains finally included in the study was inferred from 

the core-gene alignment outputted from Roary. Recombination and highly 

conserved sites were eliminated using Gubbins v3.1.0 (299) and the final 

alignment was trimmed with Trimal v1.5.0 (300). Phylogenetic tree was 

generated using Iqtree2 v2.4.0 (296) with automatic model selection (-MFP) 

and 1000 rounds of standard nonparametric bootstrap. The tree was 

processed and visualized using iTOL (297) , where it was rooted at midpoint, 

and branches with bootstrap < 70 were collapsed. The phylogenetic tree 

inferred from 23S SNPs included ascertainment bias correction in Iqtree2 (-

MFP+ASC), and was visualized using Ggtree (204) and Phytools (301).  

Differently abundant genes between clusters were identified by comparing the 

prevalence as explained previously (prevalence differences > 0.5 or < -0.5). 

Additionally, genes absent in a group and found over 25% strains in the other 

were included. Some of the associated proteins had uncomplete or absent 
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functional annotation, which were further searched using blastp (117)  against 

Uniprot (277) and NCBI databases.  

Enrichment analysis was performed in String (302) using the sequences of 

the selected genes as input and selecting M. hyorhinis as organism. 

Significantly enriched biological processes were selected when false 

discovery rate was P < 0.05. 

 

Genome scale metabolic modelling  

Genome-scale metabolic models were generated from annotated genomes 

using Carveme v1.6 (79), by adapting the biomass equation to M. hyorhinis 

using the information in Ferrarini, et al. (303). Models were gapfilled to ensure 

metabolic viability of the strains in a simulated rich cultivation medium 

resembling typical Mycoplasma cultivation media, with a similar number of 

gapfilled reactions (mean of 20 +- X per strain). Reaction prevalence analyses 

were performed using custom MATLAB scripts (Version R2021a), only taking 

reactions with a gene associated into consideration. Flux-Balance-Analysis 

(FBA) simulations using these models (i.e. reaction essentiality analysis) 

were performed using custom MATLAB (Version 2021a) scripts and 

commands from the COBRA toolbox (304) (Version 3.4, downloaded from 

https://github.com/opencobra/cobratoolbox in April of 2024), and using 

Gurobi (Version 9.1.2) as a linear solver. 

 

Data processing and figures 

Output data was processed using in-house bash scripts and using R script 

language version 4.2.2 in RStudio environment version 2022.07.0 (199) and 

ggplot (202), and reshape2 (201) packages. In all tests, significance 

thresholds were set at 0.05. 
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Results 

Definition of M. hyorhinis pangenome  

To build the pangenome of M. hyorhinis, the genome assemblies of all 

publicly available M. hyorhinis strains (N=99) were downloaded. Additional 

strains isolated from the nasal cavity of healthy animals (N=10) and from a 

variety of systemic organs of diseased pigs (N=8) were sequenced, 

assembled de novo and added to the dataset (Table 1).  

Table 1. Mycoplasma hyorhinis strains isolated in this study. The isolation sites, 
animal health status, sequencing platform, number of contigs and length of the 
assembly are shown. 

STRAIN* ISOLATION 
SITE 

ANIMAL 
HEALTH 
STATUS 

SEQUENCING 
PLATFORM CONTIGS 

TOTAL 
LENGTH 

(bp) 
103-2.C1 Nasal cavity Healthy NANOPORE 1 824556 
103-2.C2 Nasal cavity Healthy NANOPORE 1 827863 
107-1 Nasal cavity Healthy NANOPORE 1 868567 
107-5.C1 Nasal cavity Healthy NANOPORE 30 816783 
107-5.C2 Nasal cavity Healthy NANOPORE 2 867457 
109-2 Nasal cavity Healthy NANOPORE 1 855111 
82-1 Nasal cavity Healthy ILLUMINA+NANOPORE 2 868017 
82-2 Nasal cavity Healthy ILLUMINA+NANOPORE 2 861055 
82-3 Nasal cavity Healthy NANOPORE 1 868628 
82-6 Nasal cavity Healthy ILLUMINA+NANOPORE 1 900431 
101-8 Pericardium Diseased NANOPORE 2 893176 
104-2 Pleura Diseased NANOPORE 1 863659 
61-2 Joint Diseased ILLUMINA+NANOPORE 2 883462 
62-1 Peritoneum Diseased ILLUMINA+NANOPORE 13 862897 
74-2 Joint Diseased ILLUMINA+NANOPORE 5 862971 
83-1 Pleura Diseased ILLUMINA+NANOPORE 7 901416 
83-4 Pericardium Diseased NANOPORE 1 909194 
RM5-5 Joint Diseased ILLUMINA+NANOPORE 1 898669 
* The strain name corresponds to “farm ID - animal ID”. C1 and C2 correspond to two different 

colonies isolated from the same sample.  
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Initially, the phylogenetic relationship of all 117 available genomes (18 

sequenced in this study plus the 99 publicly available strains, including the M. 

hyorhinis reference strain BTS-7), was estimated together with the reference 

strains of other Mycoplasmas (i.e., M. ovipneumoniae, M. dispar, M. 

flocculare, M. hyopneumoniae, M. conjuctivae and M. hyosynoviae). All M. 

hyorhinis strains showed an ANI between them of 99.53% (range 99.08% to 

99.65%), while with other Mycoplasma species the mean identity was 

between 86.45% and 92.32%. We confirmed that all strains included in the 

pangenome analysis belonged to the M. hyorhinis cluster in the phylogenetic 

tree (supplementary Figure 1A). The analysis of the preliminary pangenome 

showed a mean number of genes per strain of 663 ± 12.7 and a mean number 

of shared genes of 636 ± 7.2. One strain isolated from lung in France, shared 

an unusual low number of genes with the other strains (591.67, 

supplementary Figure 1B) and was discarded from the analysis after 

confirming that its genome was uncomplete (286 contigs). Although one strain 

from the nasal cavity isolated in this study (strain 107-5.C1) showed a 

remarkable high number of predicted genes (719), it was kept in the 

downstream analysis because the number of shared genes with other strains 

was within the normal range. Finally, 4 strains isolated from cell culture, 1 

strain from Bos taurus and 1 from unknown host (supplementary Figure 1C) 

were also discarded. After removing the stated seven strains from the 

analysis, a final number of 110 strains were kept in the study. Among the 

strains finally included in the study, 36 were isolated from a variety of systemic 

organs, 44 from lungs and 30 from the nasal cavity. The specific isolation sites 

and the associated animal health status are shown in supplementary Figure 
1D. The final M. hyorhinis pangenome was computed from the refined pool of 

genomes. All strains included in the pangenome exhibited a similar number 

of genes mostly shared across strains (mean number of genes found per 

strain was 662.6, mean number of shared genes between strains was 635.4, 

Figure 1A). The core-genome was represented by 588 genes, while 452 were 

found to be accessory genes (Figure 1B), summing up a total amount of 
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1,040 genes in the pangenome (Figure 1C). From these, 1,014 were 

associated to proteins where 669 were functionally annotated (66%).  
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Figure 1. Overview of the M. hyorhinis pangenome. A) Number of genes and 
mean number of shared genes of each strain under study. Each dot represents 
one strain. Shape stands for isolation site and colour code follows the host health 
status. Strains sequenced in this study are indicated with crosses. B) Number of 
genes in the pangenome. Core-genes are shown in red and orange while 
accessory-genes are shown in turquoise and blue. C) Number of conserved (solid 
line) versus total genes (dashed line) appearing in the pangenome through all the 
strains. 

M. hyorhinis pangenome analysis did not reveal differences related to 
pathogenicity 

We analysed the pangenome to identify genomic differences (in terms of 

presence /absence of genes) when comparing strains from different isolation 

sites or animal health status. Nevertheless, significant clustering was found 

only when considering the country of origin of the strains (PERMANOVA 

P=0.003 supplementary figure 2).  

To investigate factors that could be responsible for pathogenicity, the 

presence of genes possibly involved in virulence was compared between 

healthy nasal strains and systemic strains. Proteins classified as virulence 

genes and/or possibly related with adhesion, cell migration, competence, 

effectors, exoenzymes, helicases, immune modulation, lipoproteins, metal 

uptake, mobile elements, molecule modification, peroxidase, phages, 

regulation, secretion, signalling, stress and toxins were identified in the 

pangenome (supplementary table 2). While a recD helicase, some variants 

of the dcm DNA modification system, and vlpA were more prevalent in nasal 

strains, the hsdM/R modification system occurred at a lower frequency in 

these strains. The virulence factors present in strains with unknown health 

status either from lung or nasal cavities were also compared with systemic 

strains, showing no differentially prevalent genes (see supplementary table 
2 for gene prevalence comparison). A more specific search of lipoproteins 

and secreted proteins done using SignalP resulted in similar observations. A 

few genes were predicted as lipoproteins or contained a signal peptide and 
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were found equally in all groups (supplementary table 2). Only three 

predicted proteins were exclusively detected in the strains from the nasal 

cavity of healthy animals (>80% strains), but not in strains from systemic 

organs, nasal cavity of unknown health-status animals and lungs. MOS_610 

and vlpA were already detected in the previous analysis, whereas unknown99 

was not; it was later classified as a hypothetical protein with similarity to other 

Mycoplasma lipoproteins. 

A detailed analysis of the vlp genes revealed that they were misannotated or 

appeared as hypothetical proteins in the pangenome. No significant 

differences in the prevalence of any of the seven vlp genes were observed 

between the two groups of strains sequenced in this study (Figure 2A). When 

the number of repetitions was compared between groups (Figure 2B), the 

genes coding for vlpF and vlpC tended to show more repetitions only in 

systemic strains (only significant for vlpF). Notably, we observed that vlps 

were present in multiple copies in several systemic strains (8 out of 39), but 

in none of the strains isolated from the nose of healthy animals. In some cases, 

difficulties in sequencing and assembly of these regions did not allow a fully 

characterization of the genes (indicated with dashed lines in Figure 2A). A 

vlpA in strain 1001-8 and a vlpF in strain 74-2 were incomplete for being in 

the beginning of a contig. Also, vlpA from strain 74-2, vlpD from 83-1 and vlpE 

from 103-2.C2 showed unannotated repetitions possibly due to a frameshift. 

Strain 83-4 had two vlpA fragments (identified by repetitions) separated by an 

insertion, which may represent a unique gene, as only one of the fragments 

had the signal sequence. Nevertheless, including the unannotated repeats in 

the comparison of repetitions did not alter the results in any Vlp.  
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Figure 2. Identification of the variable lipoproteins (VLPs) described in M. 
hyorhinis HUB-1 in the strains characterized in this study. A) Presence and 
number of repetitions of the VLPs identified. Colour code follows the host health 
status / isolation site, while the intensity corresponds to the number of repetitions 
found in region III. Incomplete VLPs are shown in dashed squares (see main text). 
For improved visualization, numbers on darker backgrounds are shown in white. 
B) Number of repetitions by VLP type compared between nasal and systemic 
strains with Mann-Whitney U tests. 

 

We next evaluated possible antibiotic resistances in the M. hyorhinis 

pangenome using different antimicrobial resistance databases yielding no 

evidence of resistance genes. When we studied point mutations in particular 

genes previously found to confer resistance in other Mycoplasma species, 

twelve significant SNPs in the 23S rRNA gene were found (Figure 3), with 

some SNPs specifically associated to healthy animals (positions 727, 879, 

1246 and 2134, indicated in green). A SNP-tree inferred from these 

polymorphisms showed also a strong clustering of strains isolated from the 

nasal cavity of healthy animals. Additionally, a G2057A substitution, 

previously described to confer resistance to erythromycin in other swine 

Mycoplasmas (291), was found only in strains isolated from animals with 

diseased or unknown health status, corresponding to 72.7% of all the strains. 

On the contrary, the analysis for 16S rRNA gene revealed only one significant 

SNP with no association to a particular cluster. Finally, no associations were 

established between study groups and mutations in gyrA/gyrB (DNA gyrase) 

and parC/parE (DNA topoisomerase), given their limited or widespread 

occurrence across M. hyorhinis strains. (Supplementary Table 3). 
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Figure 3. SNP-tree of all strains computed using significant SNPs found in the 
23S rRNA gene. Colour code follows the country of origin, isolation site and host 
health status (from top to bottom). Significant SNPs in each strain are attached 
below. Each allele is shown in one different colour: green for Adenine, blue for 
Cytosine, yellow for Guanine and red for Timine. SNPs specific to health-
associated strains are highlighted with a green bracket. 
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Core-genome phylogeny identified a cluster of six strains isolated from 
healthy animals  

To further investigate the genetic relationship of the strains, the genes present 

in the core were used to infer the phylogeny (Figure 4). Although no global 

clustering according to any of the categories under study was detected, we 

found a clade of six genetically close strains isolated from the nasal cavity of 

healthy animals 82-1, 82-2, 82-3, 107-1, 107-5.C1 and 107-5.C2 (NH cluster 

indicated in green in Figure 4).  
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Figure 4. Phylogenetic tree computed using the alignment from core-genes. 
Colour code follows the host health status, isolation site and country of origin 
(from outside to inside). The clade of six strains isolated from the nasal cavity of 
healthy animals is highlighted in green. Branches with bootstrap support < 70 
have been collapsed. The names of the strains characterized in this study are 
shown. 

 

To evaluate the relevance of the NH cluster, their whole genomes were 

compared with the ones from systemic strains, yielding 30 potential genes 

with different prevalence. Then, we examined the presence of these 30 genes 

and the Jaccard distances throughout all the strains (Figure 5A). Apart from 

reporting differences by country of origin (PERMANOVA P<0.05), strains 

isolated from the nasal cavity of healthy animals in Spain showed significant 

differences with strains isolated from systemic organs, including those 

isolated in the same country (PERMANOVA P=0.04, Figure 5B). Interestingly, 

the significance of this comparison increased when only the strains from 

Spain were analysed (P=0.003). Despite the low number of samples, the 

robustness of the results was supported by additional analyses: all leave-one-

out PERMANOVA tests yielded P values below 0.05, and only 4.5% of 

bootstrap iterations with randomly shuffled metadata showed significant 

differences (global empirical P = 0.004).  

Remarkably, some genes absent in NH cluster emerged as possible virulence 

markers (highlighted in yellow in Figure 5A). Among these, we found two hsd 

type 1 restriction-modification system genes (hsdM and hsdR) that were 

almost absent in all samples from the nasal cavity of healthy animals. Besides, 

helicase genes, such as CYT24_09070, _recD, MOS_370, unknown141 and 

unknown142. Notably, _recD was confirmed to be distinct from recD (i.e., not 

a variant) but was functionally annotated as _recD due to its similarity to recD-

like helicases. Moreover, it had similarity with DEAD/DEAH box helicase 

family proteins. Therefore, it was included among the characterized genes 

and considered a separate protein. Additionally, MOS_155 mobile element 
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protein, a family envelope stress response protein annotated as unknown30 

and hypothetical protein unknown11 were also totally or partially missing in 

NH cluster. Interestingly, some of these genes were consistently located in 

contiguous regions within the contigs, suggesting the absence of a specific 

genomic region in the nasal strains. Although only 8 of these genes were 

identified in the String database, enrichment analysis confirmed that most 

associations between them were due to gene neighbourhood, except hsdM 

and hsdR that also showed other types of associations (cooccurrence, 

coexpression and/or interaction of homologs in other organisms, etc.). The 

whole network had a functional enrichment of catalytic activity on DNA 

(P=0.004) dependant on ATP (P=0.04).  
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Figure 5. Genes differently prevalent between NH cluster and systemic strains. 
A) Presence and absence across all strains (ordered by isolation site). Selected 
markers for deeper study are highlighted in yellow. B) Principal Coordinate 
Analysis considering all differential genes using Jaccard distances. Shape stands 
for the host health status and colour code follows isolation site/origin of the 
samples. 

 

Genome-scale metabolic modelling revealed conserved reactome 
across M. hyorhinis strains  

The metabolic capabilities of the M. hyorhinis strains were computationally 

predicted using genome-scale metabolic models to search differences 

between groups of strains at reaction level (panreactome). The adapted 

biomass equation used to generate the M. hyorhinis models is shown in 
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supplementary table 4. All strains reported a similar number of reactions 

(mean of 441 ± 16.1), giving a final number of 634 total reactions of which 

299 were shared between all strains (Figure 6A). In agreement with the 

genomic information, distances between strains based on reaction 

presence/absence showed differences according to the country of origin 

(Jaccard distance, PERMANOVA P < 0.05), but not according to the isolation 

site or associated host health status.  Most strains isolated from the nasal 

cavities of healthy animals showed greater variability in their metabolic 

reactions, suggesting the presence of distinct reactions compared to the main 

pool of M. hyorhinis. However, due to the high variability among them, they 

did not appear to share a consistent set of differential reactions (Figure 6B). 

The comparison of reaction presence between the NH cluster and strains 

isolated from systemic organs revealed that most reactions were shared 

across all strains and only showed some transport reactions (mostly of 

peptides) more prevalent in strains coming from healthy animals (Figure 6C 
top and supplementary table 5).  Since these groups were uneven, other 

comparisons were made (i.e. using all strains from healthy animals or only 

systemic strains isolated in this study), yielding similar results 

(supplementary table 5). The reaction essentiality was also compared 

between groups, by calculating the impact of restricting the flux of each 

individual reaction to zero (equivalent to simulating a reaction “knock-out”) in 

each group. The few differences in the predicted relative growth rate indicated 

no differences in reaction essentiality between the different groups (figure 6C 
bottom), meaning that each reaction was equally essential or dispensable for 

all the models, also when evaluating the other comparisons. Finally, although 

our models support the possibility that M. hyorhinis may exhibit multiple 

auxotrophies, we did not detect any significant differences in the predicted 

auxotrophies among the groups analysed (figure 6D).  
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Figure 6. Genome-scale metabolic modelling of M. hyorhinis strains. A) Number 
of conserved (solid line) versus total reactions (dashed line) appearing in the 
predicted panreactome. B) PCA analysis of the reaction presence/absence in the 
strains (dots). Shape stands for the host health status and colour code follows 
isolation site/origin of the samples. C) Top: Reaction prevalence difference in the 
groups compared; clade of six strains isolated from the nasal cavity versus strains 
isolated from systemic organs. Reactions differing between the groups compared 
are highlighted in red (explained in supplementary table 5). Bottom:  Difference 
in reaction essentiality between the same groups compared. Reactions differing 
between the groups compared are highlighted in red. Only reactions present at 
least in the 90% of the strains are accounted. D) Predicted growth of the strains 
in the absence of each amino acid. 
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diseased pigs (79,249–253). Only Clavijo et al. (2019) included few strains 

isolated from the nasal cavity and bronchus of healthy animals in the study 

(79). Using these techniques based on the detection of targeted house-

keeping or specific genes, no distinctive clusters of M. hyorhinis strains 

associated with different clinical manifestations were identified. In this study, 

we compared the whole genome composition incorporating newly isolated 

strains from the nares of healthy animals as well as strains from systemic 

lesions. 

Analyses of gene presence/absence detected few differences among strains 

with different virulence. Nasal strains isolated from healthy pigs that 

constituted the NH cluster lacked two of the hsd system genes (hsdM 

methylase and hsdR nuclease). In Mycoplasma, these genes are related with 

phase-variable DNA methylation allowing to respond to the environment and 

participate in the expression of virulence factors (305) and are widely 

associated with bacterial pathogenesis through virulence regulation (306). 

Moreover, Pobeguts et al. identified HsdM in clinical isolates of M. hominis 

but not in laboratory strains (305). Additionally, although systemic strains 

showed higher prevalence of genes that could also be related with virulence 

such as helicases (258,307,308), mobile elements or stress response 

activities (280), their incomplete annotation prevents drawing further 

conclusions.  

Analysis of the vlp genes revealed that strains isolated from systemic organs 

showed more repetitions in the region III of VlpF (and a tendency for VlpC). 

Indeed, an increase in length of this region of different variable lipoproteins 

has been associated to pathogenicity. Longer region III of different M. 

hyorhinis Vlps (VlpsA, VlpB or VlpC) conferred resistance to grow-inhibition 

host antibodies (309) but decreased cytoadhesion capabilities and biofilm 

formation (264). Similar observations have been reported in M. pulmonis, 

where more tandem repeats in Vsa lipoprotein were associated to resistance 

to complement (310) or phagocytosis by macrophages (311) but with less 
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adhesion (312). All these findings may suggest that systemic strains may 

have higher dissemination capabilities. Moreover, some strains isolated from 

systemic organs showed more vlp gene copies compared to nasal strains 

coming from healthy animals. It is still unknown if gene copy number is 

actually related with pathogenicity, but we hypothesize that this could 

increase the antigenic diversity of the strains and increase their immune 

evasion capacity, as suggested in previous studies (256,267,313). However, 

genomic studies targeting surface variable lipoproteins in mycoplasmas 

should be carefully interpreted because of the recombination, slipped-strand 

mispairing, phase variation or variable expression events occurring in these 

genes (256,267,311,313,314). Here, we identified vlps by searching both for 

a conserved sequence in the signal region (266,315) and variable repetitive 

(264) regions, what proved a fruitful strategy because of the difficulties to 

assemble and annotate such proteins. Additional studies, as proteomics, 

comparing strains with different clinical background would help to understand 

the role of Vlps variability in M. hyorhinis pathogenicity.  

Other determinants under investigation included the genes associated with 

resistance to antimicrobial agents. We did not find antimicrobial resistance 

genes using different databases, similarly to Gaeta, et al. in M. 

ovipneumoniae (259). However, many point mutations in DNA gyrases and 

topoisomerases previously associated with quinolone resistance 

(259,291,292,316)  were detected in all M. hyorhinis strains, suggesting 

intrinsic and conserved resistances in this species. In agreement, M. 

hyorhinis species tends to present higher MIC values against 

fluoroquinolones compared to other swine Mycoplasmas (291). Moreover, 

analysis of the 16S and 23S rRNA genes was included, as mutations in these 

regions may also contribute to antibiotic resistance (291). Four SNPs were 

identified in the 23S rRNA gene that discriminated most strains isolated from 

the nasal cavity of healthy animals (NH cluster). Also, a G2057A substitution, 

previously described to confer intrinsic resistance to erythromycin in other 
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swine Mycoplasmas (291) , was only identified in the majority of the strains 

isolated from diseased animals.  

The panreactome analysis using genome-scale metabolic models also 

identified few differential reactions, e.g. some transport reactions (mainly of 

peptides) were more prevalent in nasal strains isolated from healthy animals. 

However, the observed differences in transport reactions did not result in 

significant variations in metabolic capabilities or auxotrophic requirements 

based on in silico simulations. These types of models were also studied for 

other swine mycoplasmas (M. flocculare and M. hyopneumoniae, together 

with M. hyorhinis) by Ferrarini, et al.  where, although some differences were 

established between species, no intra-species variations were investigated 

(303). Genome-scale metabolic models have been useful to predict different 

metabolic and growth capabilities associated with variable traits between 

strains in other bacterial species (317), but our results showed no variations 

among M. hyorhinis strains. 

The main limitation of this study is the number of strains analysed, along with 

the imbalance between strains isolated from healthy and diseased animals. 

The number of strains from nasal cavities of healthy pigs available in public 

data base is low probably due to the intrinsic difficulties in isolating unique M. 

hyorhinis strains in nasal cavities where more than one strain can be found 

(17) and because the lack of interest of this sample from a diagnostic point of 

view. Moreover, due to the scarce representation of M. hyorhinis in public 

databases, many genes remained unannotated, and potential antimicrobial 

resistance genes could not be identified. A larger number of strains, 

particularly from healthy animals, with complete metadata would help to 

confirm our findings. However, this study serves as a starting point to explore 

whether genomic information of the available M. hyorhinis strains can be 

linked to strain virulence. 
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In conclusion, comparison of multiple M. hyorhinis strains yielded few 

differences that can be associated with virulence and suggests that other 

mechanisms, such as gene expression regulation, may be also determinant 

for virulence. Phylogenetic relationships allowed to discriminate a group of a 

few strains isolated from the nares of healthy pigs with some differences in 

genomic composition. Future efforts with higher number of strains, especially 

from healthy animals, will be determinant to confirm whether such differences 

are related with strain virulence and unveil the mechanisms that allow M. 

hyorhinis to disseminate systemically. 
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Supplementary materials 

Supplementary figures 

 

Supplementary figure 1. Preliminary analysis of the pool of M. hyorhinis strains. 
A) Phylogeny of all strains initially added in the study. The reference strains of 
other Mycoplasmas were added to the phylogeny (i.e., M. ovipneumoniae, M. 
dispar, M. floculare, M. hyopneumoniae, M. conjuctivae and M. hynosynoviae). 
All shown branch divisions are supported by bootstrap analysis.  B) Distribution 
of the population of strains using their total number of genes (turquoise) and their 
mean number of shared genes with the other strains (red). C) Isolation host of 
the remaining 116 strains after eliminating one because of the low number of 
shared genes. D) Isolation site and host health status (colour coded) of the 
remaining pool of 110 strains used in this study. 
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Supplementary figure 2. Principal Coordinate Analysis of all strains using 
Jaccard distances computed from the presence and absence of all genes in the 
pangenome, coloured by isolation site/origin of the samples. Shape stands for 
the host health status. Ellipses of confidence using Euclidean distances are 
shown by country of origin of the strains (only for countries > 2 strains). 

Supplementary tables 

Supplementary tables are available in the following Zenodo repository: 

https://zenodo.org/records/15769032 
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General discussion 

Understanding the microbiota composition, as well as its interactions with the 

host immunity and opportunistic pathogens, is essential for improving pig 

health and reducing disease outbreaks in the swine industry. The early-life 

microbiota is strongly shaped by external factors and tends to develop a 

stable core composition with important functional effects. While the global 

microbial composition appears to modulate the risk of disease, the 

contribution of different strains within each bacterial species needs to be 

better defined, especially those with different degree of virulence.  

Standardization and optimization of protocols are essential for microbiota 

analysis. The pipeline developed in this thesis addresses and standardizes 

key steps such as read filtering and taxonomic assignment through an ASV-

based approach, which can be among the steps introducing biases between 

studies (99,100). This methodological contribution was essential for ensuring 

the reliability and comparability of microbial profiles across different studies. 

Differences in microbiota composition between farms or batches were 

consistently observed, indicating that local environmental conditions and 

farm-specific practices, are structuring forces. These environmental effects 

were not only biologically meaningful but also analytically relevant, as they 

had to be accounted in the design of statistical models and bioinformatics 

pipelines to ensure robust interpretations of the results. Studies focused on 

pig URT microbiotas have highlighted differences according to farms, batches 

or co-housing environments (17,30). This phenomenon is also evident in 

human studies, where cohabitation and shared environments facilitate the 

transmission of microbial strains across individuals (318). 

Studies on the swine nasal microbiota composition in health and in altered 

states (diseases, treatments, environments, etc.) converge on several key 

points. The swine nasal microbiota exhibits a relatively consistent 

composition, with recurring genera and species across individuals (26,319). 
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This composition is affected by environmental conditions (9,26) and 

disturbances or changes in the microbial structure commonly correlate with 

compromised health and greater pathogen incidence (16,17,32,46–48,57,58). 

Collectively, the studies on the swine nasal microbiota have identified a group 

of taxa that constitute the core members in healthy animals (26,319). 

Interestingly, several of the bacterial genera identified in the swine respiratory 

tract are commonly found in the human upper respiratory tract, highlighting a 

notable overlap in microbial colonizers across species (170). This cross-

species similarity suggests that certain commensal taxa may play conserved 

roles in maintaining respiratory health and immune homeostasis in mammals. 

Taxa commonly found in the core nasal microbiota of healthy piglets, such as 

Moraxella, Streptococcus, Lactobacillus, Rothia, Corynebacterium, Neisseria 

and Bergeyella (among others), were identified to be transmitted by the sows, 

highlighting the importance of the sow-piglet contact for the proper 

establishment of this microbiota. In agreement with the beneficial role of the 

core taxa, Moraxella, Staphylococcus, and Neisseria were positively 

associated with higher antibody responses against G. parasuis (Chapter 4), 

suggesting an immunomodulatory role within the nasal microbiota. In addition, 

increased relative abundance of Bergeyella, Neisseria (Eikenella), 

Glaesserella and Moraxella (Moraxella_A) was found in the nose of piglets 

that survived an infection with a highly virulent PRSS virus. The beneficial role 

of this core taxa is further supported by the fact that several species from 

these genera, including Moraxella pluranimalium, Rothia nassimurium, non-

virulent G. parasuis and Streptococcus pluranimalium, were used as nasal 

colonizers for early-life inoculation in piglets, demonstrating their ability to 

establish in the upper respiratory tract and to partially restore microbiota 

composition after an antibiotic-induced disruption (20). Notably. this 

intervention was associated with a reduction in clinical signs and an overall 

improvement of microbiota structure, reinforcing their value as candidates for 

microbiota-based strategies to support respiratory health. Most of these 

bacteria were included in a defined porcine nasal consortium (PNC) that 



206 
 

represents the core nasal microbiota of piglets and encompasses the majority 

of its metabolic capacities (319). The ecological specificity of these taxa as 

nasal inhabitants is supported by the observation that ASVs classified as 

Moraxellaceae, Pasteurellaceae, and Weeksellaceae (families of Moraxella, 

Glaesserella, and Bergeyella, respectively) were virtually absent in matched-

nasal rectal samples from (Chapter 3). On the other hand, Lactobacillus and 

Streptococcus, among others, were found in both types of samples, and also 

in other microbiotas (27,320,321), suggesting that these are more generalist 

bacteria able to thrive in a wide range of different niches. 

Besides these specialized nasal colonizers, we reported anaerobic taxa (strict 

or facultative) typically associated with the gastrointestinal tract in the swine 

nasal microbiota, in agreement with previous studies (13,15–

17,27,40,46,47,50). In the present work, we confirmed not only the presence 

of these microbes but also their likely fecal origin. This gut-associated fraction 

is mostly represented members of the orders Clostridiales and Bacteroidales, 

including taxa such as Ruminococcaceae, Lachnospiraceae and 

Veillonellaceae families, or Clostridium, Prevotella and Bacteroides, among 

others. The detection of shared and abundant ASV between these matched 

sites supports a strain-level connection and suggests a fecal origin, that can 

be explained by the rooting behavior of piglets (13,174,175). Interestingly, we 

found that these gut-associated anaerobes showed higher relative 

abundance in piglets with altered sow-contact (Chapter 2), possibly due to 

the lack of the nasal colonizers, transmitted by the sows. In agreement, we 

also detected higher abundances of gut-associated taxa in two different 

scenarios of microbiota dysbiosis, i.e. in piglets born to antibiotic-treated sows 

(33) or piglets that did not survive an infection with a highly virulent PRRS 

virus strain (58). Similarly, Zeineldin et al. reported increased abundances of 

Clostridium, together with a decrease of typical nasal colonizers, after 

parenteral ceftiofur administration (36).   Moreover, we observed that these 

microbes appeared also in the deep nasal cavity and with similar activity 
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levels as other commensals (RNA/DNA ratio), indicating that these 

anaerobes could be more than transient passengers in the nose. Remarkably, 

a positive correlation was observed between the abundance of gut-

associated microbes and antibody responses to G. parasuis, probably 

through immune system stimulation. Future studies are needed to unravel the 

role and functionality that these gut-associated microbes provide to the nasal 

microbiota, and to determine their precise localization within the respiratory 

mucosa, as the survival of anaerobic bacteria, and especially strict anaerobes, 

depends on microenvironments protected from oxygen exposure. The 

presence and location of anaerobes was only discussed by Peña-cortes, et 

al., who observed a progressive increase in Clostridiales when analyzing the 

tonsillar microbiota throughout pig development. They suggested that this 

might be due to the formation of deeper tonsillar crypts, either as a natural 

consequence of aging or induced by the activity of the bacteria themselves, 

and wondered whether these taxa might play roles similar to those observed 

in the gut microbiota, where they have been associated with resistance to 

pathogen colonization (13). Interestingly, some of these genera are also 

detected in the human nasal microbiota, often represented by different strains 

(322), although in lower prevalence and abundance than those observed in 

piglets. 

In early life, beyond the gut-nasal connection, other maternal microbiotas, 

such as the vaginal and skin microbiota, may also contribute to nasal 

community assembly. Several genera identified in noses (most of them 

generalists), such as Streptococcus, Staphylococcus, Corynebacterium or 

Lactobacillus, are well-documented members of both vaginal and skin 

microbiotas in sows (320,321,323). These communities were shown to share 

taxa with the early tonsillar microbiota of piglets (27), supporting maternal 

contact at birth and during lactation as a relevant source of initial colonizers. 

Likewise, Bugenyi et al. (324) and Zang et al. (325) reported overlaps 

between vaginal, rectal and oropharyngeal microbiotas, indicating that these 
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environments are not independent and may contribute jointly to the microbial 

landscape of piglets. Notably, several of the anaerobic taxa identified in the 

nasal cavity and suspected to originate from fecal microbiota, such as 

Clostridium, Bacteroides, Prevotella, Ruminococcaceae, Lachnospiraceae 

and Veillonellaceae, have also been detected in the vaginal microbiota 

(320,324), and to a lesser extent in skin (321). This suggests that not only the 

gut, but also the vaginal and skin microbiota may serve as sources of 

colonizers that reach the nasal cavity, especially at early life stages when 

piglets are with the sows and still have an unmature microbiota. In contrast, 

other taxa such as Moraxella, Glaesserella, Bergeyella and Rothia (to a lesser 

extent) which were consistently associated with the nasal cavity in our studies 

and previous literature, were found in very low abundance or absent entirely 

in the vaginal and skin microbiotas (320,321). This supports the idea that 

these genera constitute specialized members of the upper respiratory 

microbiota, adapted to its specific ecological conditions and selective 

environmental pressures. Similar patterns have been observed in humans, 

where strain-resolved metagenomic studies have pointed out to the mothers 

as the main source of early-life microbial strains, with infant initial oral 

colonization reflected the microbial composition of maternal vaginal, skin, and 

oral sites (326). A recent study specifically highlighted that the main source 

of the nasal microbiota in infants during early life is the mother’s nasal 

microbiota (29).  

Beyond taxonomic composition, microbial diversity emerged as another key 

feature for respiratory health, also via immune modulation. We described that 

higher alpha diversity was associated with higher antibody response against 

G. parasuis). The association with health is reinforced across several 

independent studies, which reported that increased microbial richness and/or 

evenness were consistently associated with more resilient communities 

and/or better health status (15–17,20,26,33–35,40,49,58,327,328). However, 

not all forms of diversity are equally beneficial. For instance, piglets reared in 
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high biosecurity facilities, particularly those with absent or limited sow contact, 

exhibited a high alpha diversity driven by an unusual microbial community 

(Chapter 2). We hypothesize that this pattern is related to both the 

overrepresentation of transient environmental taxa and lack of common 

professional colonizers and thus, not linkable with a status of health. A similar 

phenomenon was also observed in ceftiofur-treated piglets and in piglets born 

to ceftiofur-treated sows, which showed a transient high diversity associated 

to the presence of environmental taxa (20). 

Our findings align with a broader body of research on the human digestive 

and nasal microbiome, which consistently demonstrates that each body site 

harbors a distinct and characteristic microbial community (i.e. a site-specific 

core microbiota) composed of a conserved set of bacterial genera shared 

across healthy individuals (322,329–331). This core is maintained regardless 

of minor environmental influences, and while inter-individual differences may 

occur at finer taxonomic levels, such as species or strain level, the functional 

profiles of these communities tend to remain consistent across individuals, 

suggesting that both taxonomic stability and functional conservation are key 

features of a healthy microbiota (322,330,331). In humans, high microbial 

diversity is also a signature of health. Reduced diversity has been repeatedly 

associated with different diseases, such as inflammatory bowel disease, 

obesity and chronic respiratory conditions, among many others, often 

reflecting a microbial imbalance or loss of ecological resilience (5,7,330,332–

334). This indicates that diversity, together with a stable core composition and 

preserved functional potential, plays a central role in maintaining host–

microbiota homeostasis across animal species. 

We also aimed to explore microbes at a strain level, since studies performed 

using 16S profiling indicated ambiguous roles within a genus. For instance, 

we reported different Moraxella clades associated in opposite ways with the 

immune response to G. parasuis (Chapter 4), and different ASVs classified 

within Lactobacillus, Streptococcus, Prevotella, Moraxella, Clostridium or 
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Fusobacterium genera (among others) associated to either surviving or 

succumbing outcomes after a highly virulent PRRS virus infection (58) (. 

Studies at strain level are especially necessary in the case of pathobiont 

species, since these can be responsible for clinical outbreaks and great 

welfare and economic loses (8,21,22). Among the three pathobionts that can 

act as causative agents for polyserositis of weaned piglets, strains of different 

virulence have been already described for S. suis and G. parasuis, together 

with virulence markers for their differentiation (8,21,22,66,335,336). Here, we 

focused on the other pathogen capable of causing this relevant disease, M. 

hyorhinis whose mechanisms of pathogenicity are less understood. Although 

previous studies have suggested varying degrees of virulence among 

different Mycoplasma hyorhinis strains (17,80–82), no specific genetic 

markers or genomic patterns have been identified that correlate with virulence 

or the site of isolation (79,249–253). Our genomic analysis, despite employing 

extensive comparative analyses, revealed no strong genomic signatures that 

allowed to differentiate strains of different virulence or organ of isolation. 

Interestingly, we identified a phylogenetic cluster of nasal strains from healthy 

animals, with distinct characteristics that seems to represent a genetically 

conserved lineage associated with a commensal behavior. This nasal cluster 

lacked a few genes possibly linked with virulence and showed different point 

mutations. However, we cannot rule out that the ability of M. hyorhinis to 

cause systemic disease may depend less on its genome and more on other 

factors. In particular, phenotypic heterogeneity derived from mechanisms like 

phase variation, antigenic switching, or variable gene expression may 

generate subpopulations within genetically similar strains that differ in traits 

such as adhesion, immune evasion, or tissue tropism (256,264,266,267). 

Such flexibility could allow the bacterium to explore different host niches or 

adapt rapidly to changing conditions without requiring permanent genetic 

changes. Moreover, the surrounding microbiota may act as a key ecological 

determinant in this process. As demonstrated here or in many other studies, 

the microbiota influences both pathogen resistance and host immunity, and 
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may directly or indirectly modulate the behavior of M. hyorhinis. A balanced 

microbiota could have a role in inhibiting activation. Hyorhinis either through 

direct and indirect competition, or immune stimulation, while disruptions to 

this community might create permissive conditions for invasion.  

This thesis shows that the pig nasal microbiota comprises a stable microbial 

community consisting of both professional specialist colonizers and more 

generalist microbes connected with other body sites and environmental 

sources. Taken together, the findings presented in this thesis contribute to a 

more integrative and functional understanding of the porcine nasal microbiota. 

By combining taxonomic, immunological, and genomic analyses across 

diverse experimental contexts, this work helps underlines the nasal 

microbiota as an active player in host physiology and disease susceptibility. 

These results set the stage for future applications of microbiota-directed 

strategies, ranging from microbial (strain) monitoring to targeted interventions, 

that could support respiratory health and resilience in swine.  

 

Future perspectives 

While this thesis has laid a strong foundation in the field, it simultaneously 

highlights several promising lines of future investigation. These lines of 

investigation can be broadly categorized into two main areas. The first 

involves a deeper study of the swine respiratory microbiome, aiming to 

identify its key microbial inhabitants in healthy conditions, understand how 

they are influenced by intrinsic and extrinsic factors, and uncover the 

mechanisms by which they support host health. The second focuses on 

developing and applying therapeutic strategies that manipulate the microbiota 

to enhance host well-being, offering a potentially effective alternative to 

conventional treatments. Building on the findings of this thesis and taking into 

account its limitations, several important research questions have emerged 

that deserve further investigation. 
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What are the consequences of losing part of the commensal microbiota in 

piglets without contact with sows?  

In chapter 2 piglets reared without normal contact with sows exhibited a 

dysbiotic nasal microbiota marked by a lack of common commensals and the 

over-detection of environmental taxa, indicating that sows are a fundamental 

source of microbiota. In further studies, most of the diminished populations 

have been associated with better immune responses and / or better disease 

outcomes. Thus, it would be of interest to evaluate the performance or the 

disease susceptibility of such piglets later in life, reinforcing the role of the 

sows in the rearing period, but also the beneficial role of several nasal 

commensals.  

 

What are exactly gut-associated microbes doing in the nasal cavity? 

Chapter 3 demonstrated gut-associated microbes were present through all 

the nasal passage of piglets, and that these taxa were equally active than 

other commensals. Approaches such as WGS would allow to unravel the full 

genomic composition of these strains (99) and thus, what capacities they can 

bring to the nasal microbiota. Besides, transcriptomic and proteomic studies 

could reveal what are actually these anaerobes doing. Moreover, shifting the 

focus to these microbes in the nasal cavity raises additional questions from 

an ecological perspective, particularly, how these organisms survive and 

where they encounter low-oxygen niches within an environment that is 

predominantly aerobic (205). To localize these anaerobes, it would be useful 

to establish specific techniques, such as in situ hybridization, for their 

detection in the tissue. 
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Is there a true strain-connection between microbial sources? 

In this thesis, connection between microbiotas was made at ASV level (i.e. 

nasal and rectal ASVs overlap in chapter 3). Studies carried in humans at 

strain level using WGS were able to quantify the bacterial strains shared 

between mother and infant (326,337), co-habitants (318) and populations 

(338). The application of this technique to pigs will allow a precise resolution 

to conclusively define the strains shared between different microbiotas and 

sources, shedding light into the development and shaping of the microbiota 

in pigs.  

 

How do beneficial taxa stimulate the immune system?  

Chapter 4 connected increased abundances of several nasal colonizers with 

higher antibody responses. Mechanisms through which gut microbiota 

stimulate the immune system have been described, such as activating the 

inflammasome (339), activating TLRs through recognition of MAMPs (340), 

promoting NK cells (341) and memory B cells (342) or maintaining regulatory 

T cells (343). There are less studies focusing on pigs, and some of them using 

gnotobiotic pigs as a human model. Still, mechanisms such as modulation of 

TLR expression, cytokine profiles, adaptive immune cells (like T cells, NK 

cells), dendritic–T cell crosstalk, and maintenance of epithelial barrier integrity 

have been described (344–348). Notably, these studies do not target the 

nasal epithelium and are rather focused on the gut. In addition, most studies 

focus on correlations while those addressing the mechanistic pathways 

remain scarce. Future efforts examining specific compounds from commensal 

microbes of interest will help clarifying how the nasal microbiota is able to 

modulate immunity, especially in the case of the pigs’ respiratory mucosa.  
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How do beneficial commensals interact with pathobionts? 

Many of the commensal microbes described here have also been associated 

with a reduced incidence of diseases, often through direct effects on 

pathogens via mechanisms such as direct or indirect killing, or competitive 

exclusion (4–6). Future research focusing on the nasal microbiota of pigs 

should aim to elucidate the complex interactions between commensal 

microbes and pathobionts. This includes investigating which taxa outcompete 

others for key nutrients or niches, identifying commensals capable of 

inhibiting or killing pathobionts, and determining how these dynamics vary 

across host conditions or disease states. This new knowledge could pave the 

way for microbiota-based interventions to promote resilience against 

pathogens. Ongoing efforts are aiming to uncover the interactions among 

eight of the most abundant members of the nasal microbiota, which are 

expected to shed light on some of these questions (319). 

 

Are M. hyorhinis strains variable in virulence?  

Finally, chapter 5 yielded few genomic differences between M. hyorhinis 

strains according to their clinical origin, with a few distinct traits in some 

strains isolated from the nares of healthy animals. A clear limitation of the 

analysis is the reduced number of “non-invasive” strains associated to 

colonization of healthy piglets, since most of the M. hyorhinis available strains 

had been isolated from diseased animals. Moreover, the global number of 

strains compared to other pangenome / panreactome analyses is still very 

low (66,317,349). Therefore, it is necessary to increase the number of M. 

hyorhinis strains, especially those isolated from the nasal cavity of healthy 

animals. In addition, there might be other mechanisms implicated in M. 

hyorhinis virulence regulation, such as gene expression or interactions with 

other microbes. Hence, to gain a comprehensive understanding of these 

regulatory processes, it would be valuable to perform transcriptomics, 
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proteomics, and metabolomics studies. These multi-omics approaches may 

reveal key pathways involved in virulence, identify potential biomarkers, and 

uncover how M. hyorhinis interacts with the host and adapts to different 

organs. 
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Conclusions 

 

1. The robust pipeline that was established in this thesis facilitates a 

comprehensive characterization of the nasal microbiota in pigs under 

different scenarios. 

 

2. Sows play a crucial role as primary sources of early-life colonizers of 

the piglets' nasal cavity.  

 

3. Artificially rearing piglets in highly controlled environments, without the 

presence of sows, can significantly influence the nasal microbiota of 

weaning piglets and may introduce bias into microbiome research. 

 

4. Anaerobic taxa are present and metabolically active in the nasal 

microbiota of pigs. 

 

5. The composition and diversity of the piglets’ nasal and rectal 

microbiotas are associated to the immune response to vaccination 

and / or natural exposure to Glaesserella parasuis. 

 

6. Strains of Mycoplasma hyorhinis share most of their genomic content 

with few variations potentially associated with virulence.  
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