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Abstract 

The animal microbiota is the ecological community of microorganisms living in 

multiple body sites. In particular, the nasal microbiota plays an important role in host 

health as it constitutes a barrier for respiratory pathogens. Interactions among the 

pig nasal commensal bacteria and with the nasal epithelium are determinant for 

pathogen exclusion, but no systematic approach was available to elucidate such 

interactions. This thesis provides new tools for exploring the pig nasal microbiota 

within its host context.  

First, we studied whether an intensive antibiotic treatment to sows could 

prevent the transfer of nasal microbiota to piglets, as previous work highlighted that 

sows are the main source of piglet microbiota. The treatment of sows with ceftiofur 

alone or in combination with tulathromycin diminished the bacterial load in the nasal 

cavity of sows and piglets, causing dysbiosis in the piglets’ nasal microbiota, which 

showed unusual taxa. However, the transmission of the microbiota was not entirely 

prevented, which limits the use of this piglet model for microbiota studies. Additional 

strategies are needed to develop germ-free pigs, while ensuring that the conditions 

remain easy to implement.  

Next, we aimed to establish in vitro models to study the network of the piglet 

nasal microbiota. For this, we developed the Porcine Nasal Consortium (PNC8), a 

rationally designed synthetic community of 8 strains representing the most prevalent 

and/or abundant genera found in the nasal microbiota of healthy piglets. We found 

that PNC8 members varied in their ability to grow across 23 different in vitro 

conditions, which suggests that they harbour distinct metabolic functions. In 

addition, we confirmed the existence of interactions, such as the cooperation among 

Rothia nasimurium and Staphylococcus aureus with Glaesserella parasuis (virulent 

and non-virulent strains). In conclusion, PNC8 represents a valuable tool for 

examining the interaction network in the piglet nasal microbiota under in vitro 

defined conditions, as well as to elucidate its role in respiratory pathogen exclusion. 
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To explore the nasal microbiota-host interplay in a controlled in vitro system, we 

developed for the first time Porcine Nasal Organoids (PNOs), which showed similar 

structure and cell types than the in vivo pig nasal mucosa. We confirmed that some 

PNC8 members (Moraxella pluranimalium, R. nasimurium and G. parasuis) as well as 

a virulent G. parasuis strain adhered and colonized the PNOs, although at different 

levels. We also examined microbial-microbial and microbial-host interactions in this 

system by co-culturing R. nasimurium with the remaining 3 strains. Besides, PNOs 

reacted to the bacteria secreting different cytokines. M. pluranimalium and G. 

parasuis stimulated the production of proinflammatory cytokines, while R. 

nasimurium induced the secretion of INFγ and diminished the proinflammatory 

effect produced by the other bacteria. We conclude that PNOs recapitulate the in 

vivo nasal mucosa and can be useful to study host-microbe interactions in an in vivo-

like system, contributing to the 3Rs principles.  

In summary, this thesis provides new approaches to explore the nasal 

microbiota network under controlled conditions that mimic the in vivo environment 

of the piglet’s nose. This work will contribute to understand the role of microbiota in 

pathogen exclusion. 
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Resumen 

La microbiota animal es la comunidad ecológica de microorganismos que viven 

en múltiples partes del cuerpo. En particular, la microbiota nasal desempeña un 

papel importante en la salud del huésped, ya que constituye una barrera contra los 

patógenos respiratorios. A pesar de que las interacciones entre las bacterias 

comensales de la cavidad nasal de los lechones y el epitelio nasal son determinantes 

para la exclusión de patógenos, no existe ninguna metodología para estudiar estas 

interacciones de una forma sistemática. La presente tesis proporciona nuevas 

herramientas para explorar la microbiota nasal del cerdo en el contexto del huésped.  

Inicialmente, se estudió si el efecto de un tratamiento intensivo de antibióticos 

en cerdas podía evitar la transferencia de microbiota nasal a sus lechones, dado que 

en previos estudios se ha visto que las cerdas son la principal fuente de microbiota 

para los lechones. Se observó que un tratamiento con ceftiofur solo o en 

combinación con tulatromicina reducía la carga bacteriana en la cavidad nasal de 

cerdas y lechones, causando disbiosis en la microbiota nasal de los lechones, que 

mostraba taxones inusuales. Sin embargo, la transmisión de la microbiota no se evitó 

por completo, lo que limita el uso de este modelo para estudios de microbiota. Por 

ello, se necesitan estrategias adicionales para desarrollar lechones germ-free, 

asegurando a la vez que las condiciones sean fáciles de implementar. 

A continuación, nos propusimos establecer modelos in vitro para estudiar la red 

de interacciones de la microbiota nasal de los lechones. Para ello, se desarrolló el 

consorcio nasal porcino PNC8 (Porcine Nasal Consortium), una comunidad sintética 

diseñada racionalmente con 8 cepas que representan los géneros más prevalentes 

y/o abundantes de la microbiota nasal de lechones sanos. Se observó que los 

miembros del PNC8 variaban en su capacidad de crecer en 23 condiciones in vitro 

distintas, sugiriendo que poseen funciones metabólicas diferentes. Además, 

confirmamos la existencia de interacciones, como la cooperación entre Rothia 

nasimurium y Staphylococcus aureus con Glaesserella parasuis (tanto cepas 

virulentas como no virulentas). En conclusión, el PNC8 es una herramienta valiosa 
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para examinar la red de interacciones en la microbiota nasal de los lechones bajo 

condiciones in vitro definidas, así como para entender su papel en la exclusión de 

patógenos respiratorios. 

Para explorar la interacción entre la microbiota nasal y el huésped en un sistema 

in vitro controlado, se desarrollaron por primera vez organoides nasales porcinos 

(Porcine Nasal Organoids, PNOs), que mostraron una estructura y tipos celulares 

similares a los encontrados en la mucosa nasal del cerdo. Confirmamos que algunos 

miembros de PNC8 (Moraxella pluranimalium, R. nasimurium y G. parasuis), así 

como una cepa virulenta de G. parasuis, se adherían y colonizaban los PNOs, aunque 

en distinto grado. También examinamos las interacciones microbio-microbio y 

microbio-huésped en este sistema, co-cultivando R. nasimurium con las otras 3 

cepas. Además, los PNOs reaccionaron a la presencia de bacterias secretando 

diferentes citocinas. M. pluranimalium y G. parasuis estimularon la producción de 

citocinas proinflamatorias, mientras que R. nasimurium indujo la secreción de INFγ, 

reduciendo así el efecto proinflamatorio causado por las otras bacterias. Concluimos 

que los PNOs representan la mucosa nasal y pueden ser útiles para estudiar 

interacciones huésped-microbio en un sistema similar al in vivo, contribuyendo a los 

principios de las 3Rs. 

En resumen, esta tesis proporciona nuevas herramientas para explorar la 

microbiota nasal bajo condiciones controladas que imitan el ambiente in vivo de la 

nariz del lechón. Este trabajo contribuirá a comprender el papel de la microbiota en 

la exclusión de patógenos.



ix 
 

Resum 

La microbiota animal és la comunitat ecològica de microorganismes que viuen 

en múltiples llocs del cos. En particular, la microbiota nasal té un paper important en 

la salut de l’hoste, ja que constitueix una barrera en front els patògens respiratoris. 

Les interaccions entre els bacteris comensals de la cavitat nasal dels garrins i amb 

l’epiteli nasal són determinants per a l’exclusió dels patògens. Tanmateix, no hi ha 

cap metodologia disponible per estudiar aquestes interaccions de manera 

sistemàtica. La present tesi proporciona noves eines per explorar la microbiota nasal 

del porc en el context del seu hoste.  

Inicialment, es va estudiar si l’efecte d’un tractament intensiu amb antibiòtics a 

les truges podia evitar la transferència de la microbiota nasal als seus garrins, ja que 

estudis previs han demostrat que les truges són la principal font de microbiota pels 

garrins. El tractament de les truges amb ceftiofur sol o en combinació amb 

tulatromicina va reduir la càrrega bacteriana a la cavitat nasal de les truges i dels 

garrins, causant una disbiosi en la microbiota nasal dels garrins la qual presentava 

taxons inusuals. No obstant això, la transmissió de la microbiota no es va evitar 

completament, fet que limita l’ús d’aquest model per a estudis de microbiota. Per 

això, calen estratègies addicionals per desenvolupar garrins germ-free, assegurant 

alhora que les condicions siguin fàcils d’implementar. 

A continuació, ens vam proposar establir models in vitro per estudiar la xarxa 

de la microbiota nasal dels garrins. Per això, es va desenvolupar el consorci nasal 

porcí PNC8 (Porcine Nasal Consortium), una comunitat sintètica dissenyada 

racionalment amb 8 soques que representen els gèneres més prevalents i/o 

abundants de la microbiota nasal de garrins sans. Vam observar que els membres de 

PNC8 diferien en la seva capacitat per créixer en 23 condicions in vitro diferents, cosa 

que suggereix que tenen funcions metabòliques diferents. A més, vam confirmar 

l’existència d’interaccions, com la cooperació entre Rothia nasimurium i 

Staphylococcus aureus amb Glaesserella parasuis (tant soques virulentes com no 

virulentes). En conclusió, el PNC8 és una eina valuosa per examinar la xarxa 
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d’interaccions en la microbiota nasal dels garrins sota condicions in vitro definides, 

així com per entendre el seu paper en l’exclusió de patògens respiratoris. 

Per tal d’explorar la interacció entre la microbiota nasal i l’hoste en un sistema 

in vitro controlat, vam desenvolupar per primera vegada organoides nasals porcins 

(Porcine Nasal Organoids, PNOs), els quals van mostrar una estructura i tipus 

cel·lulars similars als de la mucosa nasal del porc. Vam confirmar que alguns 

membres de PNC8 (Moraxella pluranimalium, R. nasimurium i G. parasuis), així com 

una soca virulenta de G. parasuis, s’adherien i colonitzaven els PNOs, encara que a 

diferents nivells. També vam examinar les interaccions microbi-microbi i microbi-

hoste en aquest sistema co-cultivant R. nasimurium amb els altres 3 bacteris. A més, 

els PNOs van reaccionar a la presència de bacteris secretant diferents citocines. M. 

pluranimalium i G. parasuis van estimular la producció de citocines proinflamatòries, 

mentre que R. nasimurium va induir la secreció d’INFγ, reduint així l’efecte 

proinflamatori causat pels altres bacteris. Concloem que els PNOs reprodueixen la 

mucosa nasal i poden ser útils per estudiar les interaccions hoste-microbi en un 

sistema semblant al in vivo, contribuint als principis de les 3Rs. 

En resum, aquesta tesi proporciona noves eines per explorar la microbiota nasal 

sota condicions controlades que imiten l’ambient in vivo del nas del garrí. Aquest 

treball contribuirà a entendre el paper de la microbiota en l’exclusió de patògens. 

 

 



 
 

 

General 

introduction 
 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3 
 

1. The microbiota  

1.1. Functions of the microbiota 

The animal microbiota is defined as the ecological community of 

microorganisms that inhabit several body sites, which are considered their niches 

(1–3). The acquisition and preservation of a proper microbiota are determinant for 

the host well-being (4), as these communities exert distinct functions through 

interactions with the host, such as metabolic, immunologic and defensive against 

external agents (1,5–7). In fact, many health problems have been associated with a 

disturbed microbiota, a condition called dysbiosis (Figure 1). In contrast, eubiosis is 

considered when the microbiota is quantitative and qualitative balanced in healthy 

state (6,8–11).  

 

 

Figure 1. Diseases associated with an altered composition of the human gut microbiota. 

 

 



4 
 

Members of the gut microbiota are responsible for the metabolism of dietary 

elements and nutrient utilization, such as amino acids, proteins and indigestible 

carbohydrates, including cellulose, pectin, and lignin. These indigestible 

carbohydrates can be metabolized into short-chain fatty acids (SCFAs), which are 

important to gut-brain signalling pathways that mediate immune, endocrine, neural 

and humoral responses (12–14). SCFAs are metabolites mainly produced by Bacillota 

(Firmicutes) and Bacteriodota (Bacteroidetes) that are significant for the integrity of 

the mucosal barrier and have anti-inflammatory and anti-carcinogenic properties 

(13). Besides the SCFA production, gut microbiota members also contribute to other 

vital functions, such as the metabolism of bile salts and the elimination of some 

toxins (14). Furthermore, microbial communities are actively involved in the 

biosynthesis of vitamins, hormones, cholesterol, conjugated fatty acids, 

neurotransmitters and other indispensable compounds, highlighting their 

multifaceted role in maintaining the host health (13,14).  

The microbiota has also an essential role in immune system homeostasis and 

maturation. The immune system is shaped by the microbiota, since it contributes to 

the stimulation of the proliferation of neutrophils, eosinophils and macrophages, 

and modulates the production of cytokines and other molecules of the immune 

system. Moreover, it is well known that the microbiota controls some specific 

lymphocyte response. Commensal members can regulate the T cell response, 

especially the T helper 17 (Th17) cells, which are a specific lineage of CD4+ cells 

responsible of the production of interleukin 17, interleukin 22 and interleukin 1 (IL-

1 ) (4,9). Several studies have shown how interventions on the microbiota can 

modulate and improve the action of Th17 cells conferring protection against 

metabolic syndrome among others (15,16). Indeed, in antibiotic treated or germ-

free mice, Th17 cells are significantly diminished supporting these findings. 

Regulatory T cells are also influenced by the microbiota, as they are reduced in gut 

lamina propria in germ-free mice (17). The microbiota is also involved in the B cell 

response due to its role in the primary B-cell development and immunoglobulin 

diversification and production (4). Immunoglobulins are crucial to maintain a well-
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balanced relationship between the host and the microbiota. For instance, 

immunoglobulin A, one of the most important immunoglobulins produced in the gut 

and the nasal mucosa, regulates the microbiota abundance, upholding the host-

commensal mutualism and at the same time supporting a crosstalk communication 

(4,9,18). In agreement, a dysbiotic microbiota in the inferior turbinate mucosa was 

related to a high level of immunoglobulin E, and thus, with allergic rhinitis and 

asthma, suggesting that the microbiota plays a role in allergic responses (19,20).  

Toll-like receptors (TLRs) are pattern recognition receptors (PRRs) that 

recognize the bacterial and viral pathogen-associated molecular patterns (PAMPs) 

such as lipoproteins, lipopolysaccharide (LPS), flagellin among others (21,22). 

Moreover, TLRs found in epithelial and lymphoid cells have been associated with the 

differential recognition between commensal and pathogenic bacteria, promoting 

the immunological tolerance to the members of the microbiota (9). After TLRs 

stimulation, a signalling cascade is triggered, resulting in the releasing of the nuclear 

factor kappa-light-chain-enhancer of activated B cells (NF-κβ), which activates the 

secretion of cytokines and other mediators of the humoral immune response (9,22). 

Microbial communities shape a stable network that prevents the invasion of 

pathogenic microorganisms, conferring a determinant protective role to the host (4). 

This phenomenon is known as colonization resistance or pathogen exclusion, and it 

contributes to the maintenance and reinforcement of the mucosal barriers 

(4,13,23). Microbial symbionts have a myriad of mechanisms to fight pathogen 

invasion and infection (Figure 2):  

a. Direct killing of bacteria, using the type VI secretion system (T6SS), found in 

most Gram-negative bacteria (4). For example, commensal Bacteroides fragilis 

use the T6SS to antagonize pathogenic enterotoxigenic B. fragilis in the mice gut 

(24). 

b. Secretion of inhibitory metabolites, such as SCFAs, which have shown 

antibacterial effects in the gut (25). For example, butyrate and propionate can 

supress virulence factors of Salmonella ser. thyphimurium and pathogenic 
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Escherichia coli (4). SCFAs can also promote the proliferation of Bifidobacterium 

and in consequence, inhibit pathogenic Clostridium and Klebsiella proliferation 

(26). Bacteria can also secret small polypeptides called bacteriocins (4), such as 

Lactobacillus salivarus, that can protect mice from Listeria monocytogenes 

infection by secreting these molecules (27).  

c. Competition for nutrients and space, such as the competition for mucosal 

adhesion sites (often glycan structures) (4). For example, Bacteroidetes can 

avoid Klebsiella pneumoniae colonization and transmission by using their 

conserved commensal colonization factor (CCF) polysaccharide locus (28). 

d. Stimulation of the host mucus production. Mucin-5AC (MUC5AC) is the 

predominant mucin in the mammal airways and its gene expression and 

production is normally induced in response to bacteria, viruses, chemicals, etc., 

which facilitate the expulsion of pathogens (4,29).  

 

 

Figure 2. Colonization resistance and pathogen exclusion mechanisms in the mucosa: direct killing of 
the pathogenic bacteria by the type VI secretion system (T6SS), stimulation of the Mucin-5AC, secretion 
of inhibitory components such as short-chain fatty acids (SCFAs), and host bile acids and competition 
for nutrients and space using the conserved commensal colonization factor (CCF). Commensal 
members of the microbiota are represented in blue while pathogenic bacteria are represented in red.  
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To date, most of this knowledge has been mainly investigated in the human 

gastrointestinal microbiota. However, other less-studied microbiotas, including the 

dermal, oral, respiratory and reproductive ones, have also shown to be determinant 

in both human and animal health  (30–34). 

1.2. The pig nasal microbiota 

The respiratory tract is responsible for the exchange of oxygen and carbon 

dioxide and is divided into the upper respiratory tract (URT) and the lower respiratory 

tract (LRT). The URT is constituted by the nose, the nasopharynx and oropharynx, 

while the LRT is composed of the trachea, the bronchi, bronchioles and the alveoli 

(30,35,36). In health, the respiratory microbiota is restricted to the URT, and it is 

colonized by niche-specific bacteria (30,37). Like gut microbiota, respiratory 

microbiota is strongly associated to animal health and to essential functions of the 

host. However, despite its high relevance, it has been less studied (38).  

The nasal cavity is the most exposed part of the respiratory tract, and has 

several physiological functions such as air filtration, warming, humidification and 

olfaction (39). As it is continuously exposed to the exterior, it is the main entry route 

for the respiratory pathogens. Hence, the nasal mucosa is the first barrier that, 

together with the nasal microbiota, confers protection against respiratory pathogens 

by direct competition (Figure 3) (40–43). Besides, the microbiota has a key role in 

mucosal immunity, being able to modulate the immune system of the host and 

leading to a better functionality (43).  
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Figure 3. Scheme of the protection that confers the nasal mucosa together with the microbiota against 
pathogens’ colonization. 

 

Pseudomonadota (Proteobacteria) and Bacillota (Firmicutes) are the 

predominant phyla that colonize the nose of pigs, followed by Bacteroidota 

(Bacteroidetes) and Actinomycetota (Actinobacteria) (44–48). Moraxella is the most 

relative abundant and prevalent genera, but others, as Streptococcus, Weeksella, 

Staphylococcus, Rothia and Lactobacillus are also prevalently found. Strikingly, some 

anaerobic bacteria have been also identified in the pig nasal microbiota, such as 

Clostridium (44,45,49). This fact is supported by a recent study in which it was 

observed that anaerobic taxa were not only present, but also active in the nasal 

microbiota, indicating that they are not merely the result of contamination (50).  

The nasal microbiota is a complex ecosystem that is constantly evolving. Indeed, 

there are remarkable changes in the composition and structure of the piglets’ nasal 

microbiota during the firsts 7 weeks of life, when it reaches a stable stage (47). 

Besides the dynamic changes, the nasal microbiota can be modulated by a plethora 

of factors such as sow-piglet contact, diet, antimicrobials, treatments and stress, 

among others (45,48,51,52).  
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1.3. The microbiota establishment 

In pigs, as well as in all mammals, the early microbial colonization provider is 

their mother by the direct contact with the vaginal tract during the birth (52–55). 

Indeed, the delivery by caesarean is considered one of the principal causes of 

disruption of the normal colonization of the microbiota that can alter its composition 

(53,56–58). In mammals, breastfeeding is also an important factor that can modulate 

the correct development of the newborn microbiota due the presence of some 

oligosaccharides, which potentially stimulate the proliferation of Bifidobacteria and 

Lactobacilli species (13,56,59,60). In newborn piglets, breastfeeding is crucial 

because it provides warmth and energy, while influencing the establishment and 

development of gut microbiota, similar to humans (61). Since piglets are born more 

immunologically compromised in comparison to humans, the colostrum intake is also 

essential to provide them with the antibodies and immune factors they need to 

protect against infections, support the development of their immune system, and 

ensure their survival in the early stages of life (55,61).  

After birth, a combination of endogenous and exogenous factors, such as the 

genetic predisposition, the geographical location and the social context can shape 

the newborn microbiota, affecting the richness and diversity of the commensal 

bacteria and hence, the pathogen susceptibility (13). In piglets, weaning is the abrupt 

separation of the newborns from their mothers, which is a stressful moment for them 

(62,63). This process has a significant impact on the microbiota diversity and 

composition that may compromise their health and welfare (31,32,55,63). Some of 

the factors involved in this period that can alter the microbiota are described in 

Figure 4 (55,62–66). 
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Figure 4. Management practices performed at weaning that can affect to piglet’s microbiota.  

 

1.4. Tools to study the microbiota composition 

Cultivation techniques have been the most common approach to study the 

microbiota during the last century (67,68). Bacterial isolation using laboratory media 

and identification of strains based on physiological or biochemical properties, as 

Gram staining, have been convenient to describe the phenotypic characteristics of 

the isolates (67). More recently, culturomics was developed to improve the 

characterization of these communities. In culturomics, multiple culture conditions 

are used, coupled with matrix-assisted laser desorption/ionization time-of-flight 

mass spectrometry (MALDI-TOF) and 16S rRNA gene sequencing for the identification 

of the microbial species (69). However, all these culture-dependent approaches have 

the limitation of determining only the bacteria that can grow under the conditions 

used. 

The development of culture-independent methods based on the extraction and 

sequencing of the DNA has facilitated the study of complex bacterial communities 

(67). Next-generation sequencing (NGS) started to be exponentially used due to the 

ability to perform massive parallel sequencing of small DNA fragments amplified by 
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Polimerase Chain Reaction (PCR) (70,71), in comparison to classic Sanger sequencing, 

which only analyses one sequence at a time (70,72,73). Some examples of NGS 

platforms are Illumina and 454-pyrosequencing, among others. More recently, third-

generation NGS PCR-independent techniques were developed, which allowed the 

amplification of longer DNA molecules, such as Pacific Biosciences (PacBio) and 

Oxford Nanopore Technology (ONT) (70). 

To characterize microbial communities, the sequencing of a marker gene is a 

widespread approach in all sequencing technologies described before. A marker 

gene should include highly conserved regions (for universal amplification) containing 

some hypervariable regions (for unique classification). A good example is the 16S 

rRNA gene, which is the most commonly used gene for studying bacterial populations 

(74). Another option is whole genome sequencing (WGS) metagenomics, which 

allows the simultaneous sequencing of all the genetic material in a sample, providing 

information of other aspects encoded in regions beyond the 16S rRNA gene (70). 

However, due to the higher economic costs along with the intricacy of the generated 

data, the 16S rRNA marker gene sequencing has become the preferred technique in 

the last decades. 

2. Role of the nasal microbiota in bacterial diseases in 

piglets 

2.1. Disease and etiological agents  

Infectious diseases of animals have a significant impact on global health. In 

wildlife, emerging infectious diseases are responsible for numerous epidemics and 

pandemics, while in domestic and farm animals, they are linked to relevant economic 

loses in the food industry, especially the respiratory pathogens, since they cause 

higher mortality and growth retardation during the fattening period (75–77). Some 

respiratory pathogens can be found in the nasal microbiota of healthy piglets. 

However, depending on different factors such as the virulence of the strains, the 

animal immunity status and the environmental conditions, they can also produce the 

associated disease. Due to this duality, they are called pathobionts, and Glaesserella 
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parasuis, Streptococcus suis and Mycoplasma hyorhinis are some examples. These 

three bacteria can produce the inflammation of the serous membranes, known as 

polyserositis (78–82). In agreement, the clinical signs produced are common to the 

three infections, which make the differentiation of these diseases quite challenging, 

requiring the identification of the specific agent in the laboratory (83).  

2.2.1. Glaesserella parasuis  

G. parasuis is a pleomorphic Gram-negative bacterium that belongs to the 

Pasteurellaceae family and whose only host is the pig. It is commonly found in the 

URT of the pig as part of the normal nasal microbiota. However, it is also the 

etiological agent of the polyserositis called Glässer’s disease, a severe disease that 

causes considerable welfare problems, and production loses in the pig industry (84). 

The most common clinical signs are fever, anorexia, depression, respiratory 

problems, nervous signs, lameness, and death (79). 

The colonization by G. parasuis occurs soon after birth through the direct 

contact with the sow (85), and piglets normally are protected from Glässer’s disease 

by the maternal immunoglobulin M (IgM) and immunoglobulin G (IgG) antibodies 

(79). Generally, the disease is produced when virulent strains of G. parasuis 

colonizing the nasal mucosa, can spread systemically to internal organs due to their 

resistance to the phagocytic activity of the porcine alveolar macrophages (PAMs) and 

to the serum complement (79). In contrast, the non-virulent strains do not produce 

disease and can only be isolated from the nose, being restricted to the URT by the 

innate immunity (78,86,87). Additionally, G. parasuis can be found in co-infections 

with other pathogens, such as the porcine reproductive and respiratory syndrome 

virus (PRRSV), the swine influenza virus (SIV), the porcine circovirus type 2 (PCV-2) 

and S. suis (88–90).  

2.2.2. Streptococcus suis  

S. suis is a Gram-positive encapsulated coccus that belongs to the 

Streptococcaceae family, and it is considered the most important porcine 

streptococcal etiological agent due to its impact in swine industry around the world 
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(80,91). Among all the clinical signs, fever, nervous signs indicative of meningitis, 

lameness, and anorexia are the most common, even causing the death of the animal 

(80,92). Lesions found at necropsy include polyserositis and valvular endocarditis. 

Moreover, S. suis is a zoonotic pathogen and, in consequence, a public health 

concern, especially in Southeast Asia (93,94). Humans in close contact with pigs 

and/or eat raw pig products are particularly at risk of being infected with this 

bacterium (92,95,96). The symptoms in humans are similar to the clinical signs 

observed in the pigs.  

The associated systemic disease described above is normally produced by some 

strains considered virulent, but S. suis is also a normal commensal member of the 

URT microbiota, typically found in the nose and the tonsils of pigs. Normally, 

colonization of piglets starts at the birth canal, since S. suis can colonize the vagina, 

and continues after birth through direct contact with the sows (80). The pathogenesis 

and the mechanisms that S. suis use to pass though the mucosal barrier and 

systemically infect the animal are still unknown (97). In some cases, S. suis can co-

infect and contribute to the pathogenesis of other etiological agents such as the 

PRRSV, PCV-2, SIV, G. parasuis, Actinobacillus pleuropneumoniae, Pasteurella 

multocida and other bacteria (98,99).  

2.2.3. Mycoplasma hyorhinis 

M. hyorhinis is a small wall-less bacteria that belongs to the Mycoplasmataceae 

family (81,100). Mycoplasma are the smallest free-living organisms capable of self-

replication, and consequently, their genome is very small. This implies a reduced 

metabolic and enzymatic capacity, which force Mycoplasma to be a nutritional 

parasite (101).  

M. hyorhinis is considered a swine colonizer that is normally found in the 

mucous membranes of the URT and the tonsils (100). This bacterium is transmitted 

through contact with the sow or with other piglets. It can bind to the ciliated 

respiratory epithelium using the variable lipoproteins that are found in their cell 

membrane (81). In some cases, it can produce polyserositis, arthritis, eustachitis, 
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conjunctivitis and even meningitis in post-weaning piglets (102–105). Indeed, Clavijo 

et al. (2019) found the same strain in the nose and in the pericardium of sick animals, 

which indicated that M. hyorhinis can disseminate and produce, in this case, 

pericarditis (106). In addition, few studies have demonstrated that M. hyorhinis can 

produce pneumonia (107,108). Nevertheless, this latter fact is controversial, as other 

studies have suggested that it may play only a secondary role in pneumonia, together 

with Mycoplasma hyopneumoniae, PCV-2 or PRRSV (109–111). Until now, no clear 

marker has been identified to differentiate between virulent and non-virulent strains.  

2.2. Role of the nasal microbiota in disease development  

Alterations in the nasal microbial diversity and relative composition facilitates 

the development of disease by pathobionts. Correa-Fiz et al. (2016) showed that 

healthy weaned piglets from farms with recurrent problems of Glässer’s disease had 

a nasal microbiota with relative lower alpha diversity and different composition than 

piglets from healthy farms (45). In comparison to the diseased farms, an increase of 

Moraxella and Enhydrobacter, accompanied by a decrease of Haemophilus 

(Glaesserella) and Streptococcus genera was associated with health. In agreement 

with this, Blanco-Fuertes et al. (2021) reported that an altered nasal microbiota 

composition was associated with the development of polyserositis produced by M. 

hyorhinis as well. For instance, Moraxella genus was reduced in the group of animals 

from farms with recurrent problems with polyserositis associated with M. hyorhinis 

in comparison to the healthy control farms, while Enhydrobacter was found in a 

higher abundance in the M. hyorhinis farms (44). Similarly, a recent study has 

demonstrated that the piglet’s tonsillar microbiota influences the development of S. 

suis-associated disease via colonization resistance: Rothia nasimurium was reduced 

in comparison to the healthy animals, while Fusobacterium gastrosuis, Bacteroides 

heparinolyticus, Prevotella and Alloprevotella species were in a higher abundance in 

diseased animals (112). In global, these studies suggest that the nasal and tonsillar 

colonizers can have a protective role against respiratory pathogens. 
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The protective role of the microbiota has been observed also with 

Staphylococcus aureus. This bacterium is responsible of septicaemia, polyarthritis, 

endocarditis, chronic infections and lesions of the skin (113). Piglets that were not 

colonized with S. aureus showed microbial species with a potential probiotic role in 

their nasal microbiota, such as Leuconostop spp. which produces lactic acid, and 

members of the Lachnospiraceae family, related to butyrate production. By contrast, 

S. aureus-colonized piglets were associated with pathogenic bacteria such as P. 

multocida and Klebsiella spp. (46). Moreover, in another study, it was revealed a 

strong negative correlation between the presence of S. aureus and R. nasimurium, 

which is a normal commensal of the pig nose microbiota, among other bacteria 

(114).  

Alterations in the nasal microbiota can also influence the susceptibility to viral 

diseases, such as SIV and PRRSV (115,116). These viruses, in turn, may be associated 

with shifts in the microbial diversity, which can further contribute to susceptibility to 

other infections.  

Despite the implications that the nasal microbiota has on pathogen exclusion, 

the comprehension of the commensal-pathogen interplay remains unclear. 

2.3. Impact of the antibiotics in the nasal microbiota 

Antibiotics are a type of antimicrobials produced by microorganisms that are 

commonly used to treat bacterial infections (117). Among all the different antibiotics 

used to treat respiratory diseases in pigs, penicillin, ceftiofur, ampicillin and 

enrofloxacin are useful to treat the polyserositis caused by G. parasuis and S. suis 

(79), while tetracyclines, fluoroquinolones and macrolides are normally administered 

when animals are infected with Mycoplasma (118,119). Although the discover of 

antibiotics changed the modern medicine, their inappropriate and excessive use 

worldwide both in humans and animals has resulted in a dramatic increase of 

antimicrobial resistances (AMRs), becoming a global public concern that requires an 

urgent solution. The situation is even worse due to the decline in the development 
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of new effective antibiotics (120–124). Hence, ensuring animal health to minimize 

the use of antibiotics must be a priority in the swine industry (124,125). 

Another important antibiotic-associated problem is the disturbance that these 

drugs produce in the microbiota, affecting the host health. Several studies have found 

that antibiotics produce a decrease of the bacterial diversity in the piglet’s nasal 

microbiota, including a microbial shift in the composition over time (48,126,127). 

Mou et al. (2019) demonstrated how an oxytetracycline treatment in 2-week-old 

piglets decreased the nasal bacterial diversity, especially when the antibiotic was 

administered in the feed. In addition, increased relative abundances of Actinobacillus 

and Streptococcus were found, together with decrease of relative abundances of 

commensal genera such as Lactobacillus (128). In agreement, Correa-Fiz et al. (2019) 

and Blanco-Fuertes et al. (2023) observed higher relative abundance of Prevotella 

and Lactobacillus, accompanied by an improvement of the piglet’s health, when 

antibiotic treatments were removed from the management of the farrowing unit 

(126,127). 

Altogether, these problems reflect the urgent need for developing alternative 

therapies to prevent or treat respiratory bacterial infections, taking into 

consideration the importance of a good-balanced microbiota.  

2.4. Microbiota intervention as an alternative for antimicrobial therapy  

Nowadays, the main alternative to the use of antibiotics for controlling 

respiratory diseases are vaccines. For the three etiological agents that produce 

polyserositis in pigs mentioned above, there are commercial vaccines available in 

Europe for G. parasuis and for S. suis, but not for M. hyorhinis (81,129–131), although 

experimental vaccines are being developed for the three pathogens (132–139).  

Nevertheless, vaccines are generally designed to target only one pathogen. 

Therefore, exploring alternatives that could tackle multiple pathogens 

simultaneously by competition and stimulation of the piglet’s immune system is 

highly interesting. Modulation of the microbiota emerges as an interesting approach 

to control disease avoiding or diminishing the use of antimicrobials. A common way 
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to regulate the microbial communities is by using probiotics, prebiotics and 

postbiotics (Figure 5). Probiotics are microorganisms that modulate the microbiota 

positively and reduce pathogenic bacteria, while prebiotics are non-digestible 

substances that can stimulate the growth and establishment of commensal 

microorganisms, including the considered probiotics (10,140,141). Postbiotics are 

soluble factors derived from the metabolic activity of bacteria or any released 

molecule that can provide health benefits to the host, including non-living whole 

microorganisms o parts of them (10,142,143).  

 

 

Figure 5. Schematics of microbiota interventions: probiotics, prebiotics and postbiotics.   

 

Until now, only probiotics have been used to modulate the pig respiratory 

microbiota, demonstrating beneficial effects on the animals’ health. For instance, 

Rattigan et al. (2023) tested the probiotic capacity of an intranasally inoculated 

Lactococcus spp. cocktail, which was well-tolerated and did not have any adverse 
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effect on the piglet’s health, showing a potential immunomodulatory role (144). In 

another study, the intranasal inoculation of Bacillus subtilis on piglets stimulated 

local immune responses, exhibiting an increased number of immune cells in the nasal 

mucosa and tonsils along with a stimulated immune system (145). However, both 

treatments were not assessed to avoid pathogen colonization and infection. A recent 

study showed the potential probiotic activity of the intranasal inoculation of some 

commensal colonizers of the pig nasal microbiota. This inoculation that included 

Moraxella pluranimalium, Vagococcus lutrae, Streptococcus pluranimalium, R. 

nasimurium and a non-virulent strain of G. parasuis, not only ameliorated the long-

term changes produced by a ceftiofur treatment on the microbiota but also 

demonstrate that these bacteria were able to modulate the pig nasal microbiota 

(126).  

These strategies have been widely studied in humans, but less applied in animal 

health, which should be seriously considered due to the importance of zoonotic 

diseases and increase of AMRs. Hence, understanding the interactions between the 

members of the piglet’s nasal microbiota as well as with the pathobionts will allow 

the design of rational strategies to improve the protective capacity of the microbiota, 

supporting efforts to avoid antibiotic use.  

3. Approaches to study host-microbiota interactions  

3.1. Interactions in the microbiota 

Interactions among the members of the nasal microbiota are crucial to shape 

the community network, as they share and compete for many metabolites found in 

their niches (42). Importantly, those interactions can also determine and modulate 

pathogen entry and therefore, the subsequent capacity to disseminate in the host 

and produce disease. However, the study of the nasal microbiota is not an easy task 

due to the complexity of this ecosystem. A useful approach to simplify the complexity 

and understand the network in those communities is the use of synthetic 

communities. These consortia are well-defined and characterized mixtures of live 

microorganisms, generally bacteria, that effectively represent the microbiota (146). 
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Synthetic communities were developed to represent the gut microbiota, such as for 

example the Oligo-Mouse-Microbiota (OMM12), which has been used to perform 

pathogen exclusion studies with Salmonella in mice (147). In addition, OMM12 has 

been crucial to understand microbe-microbe metabolic interactions (148–151). For 

example, Pérez Escriva et al. (2022) unravelled the exchange of nutrients (cross-

feeding) between the members of OMM12 to elucidate its network functionality. At 

the beginning of this thesis, there was not a nasal consortium defined for any animal 

species to study the interactions within the microbiota and with respiratory 

pathogens.  

In terms of respiratory pathogen exclusion, many studies have been conducted 

in humans. These studies include techniques such as the use of spent media assays, 

liquid and side-by-side co-cultures, and metabolomics, to elucidate such interactions 

(Figure 6) (150,152,153). For instance, some investigations have shown that the 

negative association of the human nasal commensal Dolosigranulum pigrum with 

Staphylococcus aureus and Streptococcus pneumoniae could be explained by growth 

inhibition of the pathogens by D. pigrum (in synergy with Coryneobacterium species 

in the case of S. pneumoniae) (152,154–156). On the other hand, D. pigrum showed 

several auxotrophies and may be dependent on other bacteria and/or the host for 

obtaining key nutrients (152). Similarly, Stubbendieck et al. (2023) showed that 

various Rothia species inhibited Moraxella catarrhalis by secreting a peptidoglycan 

endopeptidase, explaining why Rothia spp. was negatively associated with the 

presence of Moraxella catarrhalis and more abundant in the nasal microbiota of 

healthy children noses compared to children with cold symptoms (153). These 

findings support the role of microbe-microbe interactions in shaping the composition 

of the nasal microbiota and the possibility of designing microbe-targeted 

interventions to reshape nasal microbiota and exclude pathogens, which could also 

be relevant for pigs.  
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Figure 6. Schematic representation of some techniques used to study microbe-microbe interactions in 
vitro. 

 

3.2. Interactions with the host 

While studying isolated microbial communities in vitro can provide insights into 

their basic metabolic and ecological interactions, such studies lack the complexity of 

the host-microbiota relationship. The microbiota composition, diversity, and 

functionality are shaped by the host's physiology and immune system, while the 

microbiota, in turn, influences host health, contributing to processes such as immune 

modulation and resistance to pathogens in a bidirectional relationship. A 

comprehensive understanding of the microbiota requires studying it within the host 

environment, and to achieve this, different approaches have been developed (Figure 

7).  
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Figure 7. Host models to study host-microbiota interactions. Inspired by Aguilar et al. (2021) (157). 

 

3.2.1. Host models based on a single cellular type  

Since the establishment of HeLa cells in the 1950s, immortalized cell lines have 

proven to be a useful tool to study host-pathogen interactions, primarily due to their 

relatively cost-effectiveness and ease of handling (157). Cell lines were initially 

isolated from tumours and embryos, which make them able to escape from the cell 

cycle restrictions, proliferating and growing constantly without limitations in vitro 

(158,159). Subsequently, methods for obtaining immortalized cell lines were 

developed, such as physical or chemical stimulation to abolish the regulation of 

proto-oncogenes or tumour suppressor genes, heterologous expression of viral 

oncogenes to evade from the cell cycle control or stimulation of the cellular 

telomerase to overcome the replicative senescence produced by telomere 

shortening (158). 
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In pigs, the immortalized epithelial cell line PK-15, isolated from the kidney of 

an adult pig, was used, for instance, to understand G. parasuis and M.  hyorhinis 

pathogenesis (160–162). Human immortalized cell lines have been also used to 

assess the adhesion capacity of some pig nasal commensals, such as the human lung 

adenocarcinoma A549 cells (163,164). Despite both PK-15 and A549 cell lines were 

useful, they were not isolated from the swine respiratory tissue. Thus, in order to 

better simulate the in vivo scenario, the swine tracheal epithelial cell and the 

newborn pig trachea cell lines, among others, were employed to study the infections 

of swine respiratory bacteria such as G. parasuis, M. hyorhinis, S. suis, P. multocida 

and A. pleuropneumoniae (161,165–170).  

Although immortalized cell lines were practical and extensively used, they have 

limitations, since they fail to mimic the functions and structures of the in vivo tissue, 

such as polarization, proper barrier formation or cell differentiation, among other 

essential aspects of the tissue. Hence, primary cell cultures represented an appealing 

alternative, as they are directly isolated from the specific tissues, better mimicking 

their functions in vitro (157). Many studies have isolated swine primary cell lines from 

nasal, tracheal and lung tissues to perform host-pathogen studies (171–174). 

Nevertheless, primary cell lines have a low expansion and fast differentiation rate, 

which quickly ends in culture death. In addition, the amount of fresh tissue needed 

to generate them is remarkably high (157,158).  

3.2.2. Host models based on multi-cellular type approaches 

The nasal mucosa is a multi-layered structure, where the outermost layer is a 

pseudostratified epithelium whose integrity and polarity are maintained by 

intercellular tight junctions. This epithelium contains different cell types as shown in 

Figure 7 (41,175–177): 

a) Ciliated cells: key to maintain the airway homeostasis by trapping and 

expelling the external agents by rhythmically beating their cilia in a process that 

is known as mucociliary clearance (MCC). 
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b) Goblet cells: responsible of the mucus production, and that together with 

the ciliated cells, are crucial to maintain the MCC. 

c) Proliferative or basal cells: stem cells able to self-renew and responsible for 

giving rise to most of the other cell types when required. 

Below the pseudostratified epithelia, the lamina propria is located, where 

glands and immune cells are found. These innate immune cells are crucial for the 

rapid immune surveillance and response in the nasal mucosa (41,175) (Figure 8). 

 

 

Figure 8. Nasal mucosa, including the mucus layer secreted by the Goblet cells, the pseudostratified 
epithelium and the lamina propria with the different cell types that constitute the tissue. 

 

Airway explants, which consist in three-dimensional segments of the tissue, 

containing diverse cell types as well as spatial information, can mimic the 

physiological environment in vitro, normally maintained in air-liquid interface (ALI) 

conditions (157,178,179). Many studies have shown the value of these models for 

elucidating host-pathogen interactions, such as SIV, avian influenza virus and African 

swine fever virus infections using ex vivo explants of porcine nasal mucosa, trachea, 
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bronchi or lung tissues, including precision-cut lung slices (PCLS) (178,180–183). 

Other studies also used the PCLS to understand interactions between S. suis and 

Bordetella bronchiseptica or SIV, which promoted S. suis adherence, colonization and 

invasion (184,185). Moreover, Dumigan et al. (2019) studied the bacterial 

pathogenesis of Klebsiella pneumoniae using the ex vivo lung perfusion system, in 

which they sustain the lungs in the laboratory, allowing the proper study of K. 

pneumoniae pathogenic potential and the inflammatory responses of the 

subsequent infection (186).  However, although explants are a valuable tool that 

clearly represents the tissue in its entirely, they require fresh tissue obtained few 

hours before and they are limited by their short-term viability. Recently, Lee-Ferris et 

al. (2024) have described methods to maintain these explants until 14 days, by using 

Gelfoam sponge in ALI cultures, enhancing the value of this technique for long-term 

studies (187). 

A more recent strategy is the use of organoids, which are 3D in vitro culture 

systems derived from self-organizing stem cells. Organoids were first developed from 

the human intestinal tissue by Sato et al. (2009), which showed that intestinal stem 

cells could proliferate in vitro and generate these 3D structures also called mini-guts 

(188).  Organoids recapitulate the in vivo architecture and functionality of the parent 

organ and are phenotypic and genetically stable in long-term cultures. Organoids can 

be derived from two types of stem cells: from pluripotent stem cells, that can be 

either embryonic stem cells or induced pluripotent stem cells; and from adult stem 

cells, which are tissue-specific stem cells (157,189,190).  

The use of organoids to elucidate host-microbiota and host-pathogen 

interaction have been widely applied in different human tissues, mainly in the 

intestinal tissue (10,191,192), although many studies of respiratory pathogens in 

organoids derived from different parts of the human respiratory system have been 

also conducted (193–196). Indeed, a recent study used human nasal organoids to 

understand the bacterial nasal colonization of some pathogens such as the 

methicillin-resistant S. aureus and S. pneumoniae but also tested the colonization of 
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D. pigrum to elucidate the host-microbiota and host-pathogen interactions (197). In 

pigs, a plethora of organoids from various organs have been developed, including 

kidney, airway tract, liver and intestine, and some of them have been used to test 

host-pathogen interactions (198–201). Some studies have generated porcine airway 

organoids to study the virulence of SIV strains, as well as the porcine respiratory 

coronavirus infection (202,203). However, to date no pig nasal organoid model has 

been developed yet.  

Organoids are first isolated in 3D embedded in Matrigel, which is the 

extracellular matrix (ECM) secreted by the Engelbreth-Holm-Swarm tumour cell line 

(189,204). In this 3D form, the apical side of the organoids is enclosed within the 

lumen of the organoid. For most studies, the apical side must be exposed to the 

environment and, consequently, to the microbes. Different approaches can be 

applied: 

a) Microinjections was the first approach used to colonize organoids. This 

method consists in injecting microbes directly to the lumen of 3D organoids, 

which allows to detect the early response of the host cells. As it is relatively 

labour-intensive and requires a high level of precision, an organoid 

microinjection platform aided by computer vision was developed. However, 

microinjections exhibit significant variability due to differences in organoid size 

and cell number (10,157,189,204).  

b) Infection of dissociated organoids, which entails disrupting organoids into 

single-cell suspensions and incubating them with microbes. When infected cells 

are seeded again in Matrigel, they reform the organoids. This method is easy to 

perform but the infection efficiency can vary among different microorganisms, 

and it is not possible to analyse the initial host-microbe interaction. Additionally, 

as the incubation with the microbes is carried out during the organoid splitting 

process, it may affect the infection, as if the organoids are infecting specifically 

differentiated cell types, because when splitting, cells are mainly adult stem 

cells. Additionally, as the incubation with microbes is carried out during the 
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organoid splitting process, it may affect the infection. This is because after 

splitting, cells in newly formed organoids are mainly adult stem cells, which may 

be refractory to bacterial infection (157,189,204).   

c) Apical-out organoids. This approach aims to expose the apical side of the 

epithelium to the media by reverting the polarity of the 3D organoids using EDTA 

to disrupt the polymerization of the ECM. Although this technique preserves an 

intact barrier and the ability of cells to differentiate, it is not clear if this polarity 

reversion can have any impact on the functionality of the cells (10,157,204).  

d) Organoid-derived monolayers involve the dissociation of the 3D organoids 

and the incubation of 2D apical-out monolayers on ECM-treated (Matrigel or 

collagen) wells. This method supports the growth of a single layer of apical-up 

organoids, that can develop tight junctions, ciliated cells and the rest of different 

cell types. Monolayers are easy to incubate with microbes, as the addition of 

them directly into the culture media allows the interaction with the host. 

However, monolayers do not resemble the in vivo 3D structure of the tissues. To 

improve the structure, monolayers can be seeded in transwells or other 

permeable inserts. Transwells allow barrier polarization and assessment of the 

integrity, bacterial adhesion and translocation and invasion of pathogens. 

Transwells can be used to establish ALI cultures, where cells are in contact with 

the culture medium by the basolateral side, while the apical side is exposed to 

the air (10,157,189,204).  

e) Organoid-on-a-chip (OrgOC) are devices seeded with 2D-organoids in a 

chamber subjected to a flow that mimics the physiological organ conditions. 

Generally, these models include multiple chambers separated by a porous 

membrane, allowing the presence of different cell types on each chamber 

(10,157).  

3.2.3. Animal models  

Animal models have a key role in the research of human and animal diseases. 

Several species have been adapted for elucidating host-microbe interactions. In pig 

diseases, murine models have been used due to the easy handling and the availability 
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of genetic tools. Yang et al. (2022) studied the relation between the gut microbiota 

dysbiosis, and the lung infection produced by S. suis in a mouse model, supporting 

the idea of the gut-lung axis communication (205). However, most of the bacteria in 

the microbiota are host-specific, and they can only be properly studied when using 

the actual host (51,64,109,134,145). Although animal models are a very valuable 

tool, due to ethical concerns, the number of animals used in research need to be 

clearly justified and, when possible, reduced. In this context, it was developed the 

principle of 3Rs (reduce, refine and replace), which is illustrated in Figure 9 (206–

208). For replacement, alternative models based on the in vitro approaches 

previously described should be considered, with careful attention to their limitations 

and avoiding reliance on a single method. An integrative approach combining 

different tools with complementary strengths should be used to optimize the 

interpretation of results (208,209).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. 3Rs principle of animal experimentation: reduce, refine and replace. 
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The importance of a good-balanced nasal microbiota in host health has been 

demonstrated in previous studies. However, there is a lack of tools for the evaluation 

of host-microbiota and microbe-microbe interactions in a systematic and rational 

way, including microbiota functionality studies and the factors that can alter it.  

In this thesis, we hypothesized that a model recapitulating the pig nasal 

complexity could allow the investigation of microbial interactions within the piglet 

nasal microbiota members and with the host. This approach would also enable the 

study of the colonization by respiratory pathogens and its modulation by the healthy 

microbiota. To develop an in vivo model, we hypothesize that intensive antibiotic 

treatments to sows will restrict the microbial transfer to their piglets since we have 

observed that the sow is the main source of piglet’s microbiota. This treatment will 

eliminate the resident commensals to establish a reliable animal model for 

microbiota studies. 

Objectives 

The general objective of this thesis was to develop approaches for studying the 

interactions within the nasal microbiota of piglets, including pathobionts, with the 

final goal of elucidating the microbiota functionality and its influence on the host 

immune response.  

With this, the specific objectives were:  

1. Assess whether intensive antibiotic treatments can prevent microbiota 

transfer from sow to piglets. 

2. Design an in vitro synthetic community that represents the piglet’s nasal 

microbiota.  

3. Establish a Porcine Nasal Organoid (PNO) model that recapitulates the pig 

nasal mucosa.  

4. Evaluate interactions between members of the piglet’s nasal microbiota as 

well as with the pathobiont Glaesserella parasuis. 
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Chapter 1 

Intensive antibiotic treatment of sows with 

parenteral crystalline ceftiofur and 

tulathromycin alters the composition of the 

nasal microbiota of their offspring  
 

 

 

 

 

 

 

 

 

 

Chapter adapted from the article:  

Bonillo-Lopez L*, Obregon-Gutierrez P*, Huerta E, Correa-Fiz F, Sibila M, 

Aragon V. Intensive antibiotic treatment of sows with parenteral crystalline 

ceftiofur and tulathromycin alters the composition of the nasal microbiota 

of their offspring. Vet Res. 2023;54(1):112. doi: 10.1186/s13567-023-01237-

y.  

* Equally contributing first authors.  
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Abstract  

The nasal microbiota plays an important role in animal health and the use of 

antibiotics is a major factor that influences its composition. Here, we studied the 

consequences of an intensive antibiotic treatment, applied to sows and/or their 

offspring, on the piglets’ nasal microbiota. Four pregnant sows were treated with 

crystalline ceftiofur and tulathromycin (CTsows) while two other sows received only 

crystalline ceftiofur (Csows). Sow treatments were performed at D-4 (four days pre-

farrowing), D3, D10 and D17 for ceftiofur and D-3, D4 and D11 for tulathromycin. Half 

of the piglets born to CTsows were treated at D1 with ceftiofur. Nasal swabs were taken 

from piglets at 22–24 days of age and bacterial load and nasal microbiota 

composition were defined by 16 s rRNA gene quantitative polymerase chain reaction 

(qPCR) and amplicon sequencing. Antibiotic treatment of sows reduced their nasal 

bacterial load, as well as in their offspring, indicating a reduced bacterial transmission 

from the dams. In addition, nasal microbiota composition of the piglets exhibited 

signs of dysbiosis, showing unusual taxa. The addition of tulathromycin to the 

ceftiofur treatment seemed to enhance the deleterious effect on the microbiota 

diversity by diminishing some bacteria commonly found in the piglets’ nasal cavity, 

such as Glaesserella, Streptococcus, Prevotella, Staphylococcus and several members 

of the Ruminococcaceae and Lachnospiraceae families. On the other hand, the 

additional treatment of piglets with ceftiofur resulted in no further effect beyond the 

treatment of the sows. Altogether, these results suggest that intensive antibiotic 

treatments of sows, especially the double antibiotic treatment, disrupt the nasal 

microbiota of their offspring and highlight the importance of sow-to-piglet 

microbiota transmission. 
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Introduction 

The animal microbiota is defined as the ecological community of 

microorganisms found in different body sites, which are considered their niches (3). 

Several studies have reported positive effects and functions that the microbiota 

provides to their hosts, including metabolic benefits, immune system maturation, 

protection against pathogens and other physiological functions (4,55). Due to the 

importance of the microbiota functions, the stability of the bacterial community is 

crucial for the health and welfare of their hosts (23,55,127,210). In general, the gut 

has been the main niche targeted in microbiota studies, but less-studied 

microbiomes have also proven to be highly important in animal health, as for 

example, the nasal microbiota (45,47). This microbiota is the first protection against 

colonization by respiratory pathogens, which need to overcome this barrier to 

systemically infect the host (211). In fact, it has been demonstrated that the nasal 

microbiota plays a role in the development of several swine respiratory diseases 

(31,44,45,212,213).  

One of the first sources of microbiota for the piglets are their mothers, firstly 

through exposure to the vaginal tract during birth and, later, by colostrum and milk 

intake together with the exposure to their faecal and skin microbiomes (52,214). 

Hence, the transmission of microorganisms from the dam is determinant for the early 

microbial acquisition by the piglet and is crucial for the proper development of their 

microbiome and immune system (52,54,55). Among early colonizers, Glaesserella 

parasuis, Streptococcus suis and Mycoplasma hyorhinis, are pathobionts found to be 

transmitted from sows to their offspring (85,96,100). 

Weaning, normally done in commercial farms at 3–4 weeks of age (215), is a 

stressful moment in piglets’ lives that has a big impact on their microbiota diversity 

and composition affecting also their health status (31). Changes caused by the 

separation from the sows (52), change to solid feed (51), different environmental 

conditions (52), or vaccination programs (64) have been shown to contribute to 

increasing the risk of disease development, and to impact the nasal microbiota of 
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piglets at this stage. Therefore, knowledge on the factors involved in the 

establishment and those that alter the swine microbiota is key in pig health. Among 

these factors, the use of antibiotics is one of the most concerning ones, not only for 

their association with antimicrobial resistances, but also for their deleterious effects 

on the microbiota (4,31,55). In farms, sows are sometimes treated with antibiotics to 

control pathogen transmission to their offspring (216); however, these treatments 

may have an impact on the natural early colonization of their offspring. Indeed, there 

is a need to reduce the use of these substances in animal production (121). 

Ceftiofur and tulathromycin, are two antibiotics used in animal production 

against respiratory diseases in swine, cattle, and other animals (84,118,128,217–

220). Ceftiofur is a broad-spectrum antimicrobial that inactivates penicillin-binding 

proteins (PBPs) and interferes with the cross-linkage of peptidoglycan chains 

necessary for building the bacterial cell wall, resulting in the weakening of this 

structure and the consequent lysis of the bacterial cells (221). Tulathromycin is a 

macrolide that inhibits bacterial protein synthesis by binding to the ribosomal 50S 

subunit, which results in a bacteriostatic and bactericidal activity. Due to its positive 

charge, this drug has a preferential activity against Gram-negative bacteria 

and Mycoplasma spp. (118,119). It has been shown that the administration of 

crystalline ceftiofur or tulathromycin, among other antibiotics, in 8-week-old piglets 

has an impact in the nasal microbiota, changing the microbial populations at both 

phylum and genus level (48). Despite the effect of the use of β-lactams on the nasal 

microbiota has been assessed in piglets and sows (48,126,222), to our knowledge, 

the effect of the co-administration of crystalline ceftiofur and tulathromycin on the 

bacterial transmission from sows to piglets has not been studied. 

The goal of this study was to compare the effect of two intensive antibiotic 

treatments given to sows (crystalline ceftiofur alone or together with tulathromycin) 

on the nasal microbiota of their piglets. Moreover, we also aimed to assess if the 

effect of the double antibiotic treatment in sows was enhanced by an additional 

treatment of crystalline ceftiofur on piglets. 
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Results 

Antibiotic treatment of sows reduces the microbial transfer to their offspring 

To investigate whether the antibiotic treatments could reduce the bacterial 

transmission from sow to piglets, DNA was extracted and quantified from nasal 

swabs from all sows and piglets of the study. In sows, we found that the total amount 

of DNA estimated using the absorbance at 260 nm (A260) was numerically lower 

(mean ± standard deviation, SD) after the first antibiotic treatment in both treated 

groups (CTsows 202 ± 16.1 ng and Csows 203 ± 6.8 ng) than before this treatment was 

applied at D-7 (CTsows 500 ± 362.6 ng and Csows 321 ± 132.3 ng). Indeed, the bacterial 

load (quantity of 16S rRNA gene) was also numerically reduced after the first 

antibiotic treatment in both CTsows and Csows groups (Figure 1.1A). However, these 

differences were not statistically significant for the CTsows group (Wilcoxon matched-

pairs signed rank test, P = 0.6250) and not possible to confirm for the Csows group due 

to the low group size (n = 2). Nevertheless, when considering all treated sows 

together, the bacterial load after antibiotic treatment was significantly reduced 

(Wilcoxon matched-pairs signed rank test, P = 0.0260). 

In piglets, the amount of total DNA extracted from nasal swabs (D22-24) 

measured at A260 was lower in samples taken from CTsowNpiglet (433.8 ± 221.4 ng), 

CTsowCpiglet, (432 ± 229 ng) and CsowNpiglet (1155 ± 802 ng) than from six age-matched 

healthy farm animals used as a reference control (1443.4 ± 1250.8 ng). Again, this 

result is in agreement with the total bacterial load (16S rRNA gene quantification) 

that also showed a reduction due to the antibiotic treatment (Figure 1.1B). All the 

piglets born to treated sows showed a reduced bacterial load compared with a group 

of the six age-matched healthy farm animals. The treatment of the sows with the 

combination of ceftiofur and tulathromycin caused a more pronounced reduction in 

bacterial load in their offspring than the treatment with only ceftiofur (Kruskal–Wallis 

test Multiple comparisons adjusting P values with a Benjamini, Krieger and Yekutieli 

correction method). On the other hand, the extra treatment performed to the piglets 
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with ceftiofur did not result in higher decrease in bacterial load in their nasal cavities 

(P = 0.9414, CTsowNpiglet vs CTsowCpiglet; Figure 1.1B). 

 

 

Figure 1.1: Quantitative PCR of 16S rRNA gene in nasal swabs. A) 16S rRNA gene quantity (pg) detected 
by qPCR in nasal swabs taken from sows before (Pre-antibiotic, in yellow) and after (Post-antibiotic, in 
purple) first administration of their respective antibiotic treatments: crystalline ceftiofur + 
tulathromycin sows (CTsows) and crystalline ceftiofur sows (Csows). Each dot corresponds to one animal. 
B) 16S rRNA gene quantity (pg) detected by qPCR in nasal swabs from piglets of the groups under study: 
non-treated piglets born to ceftiofur + tulathromycin treated sows (CTsowNpiglet, red); ceftiofur treated 
piglets born to ceftiofur + tulathromycin treated sows (CTsowCpiglet, green); non-treated piglets born to 
ceftiofur treated sows (CsowNpiglet, blue); and the reference group of age-matched farm piglets (grey). 
Each dot corresponds to one animal. Significant P values are shown in upper bars. 

 

The presence of typical pathobionts from the swine nasal microbiota was 

analysed to evaluate the effect of the antibiotic treatment on the transfer dynamics 

from sows to piglets. All nasal swabs from sows taken before and after the antibiotic 

treatment were negative to S. suis and G. parasuis PCRs, as well as M. hyorhinis qPCR. 

Similarly, all nasal swabs from piglets were negative for S. suis and for M. hyorhinis 

by PCR/qPCR. On the other hand, CTsowNpiglet piglets were negative for G. parasuis, 

but 4 out of 11 (36%) piglets of CsowNpiglet were positive for non-virulent G. parasuis 

strains and 1 out of 8 (12.5%) piglets of CTsowCpiglet was positive for virulent G. parasuis 

strains. 
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The antibiotic treatment on sows altered the nasal microbiota composition of the 

piglets 

In order to assess how the antibiotic treatment impacted the composition of 

the nasal microbiota of the piglets, we performed 16S rRNA gene sequencing 

analysis. After raw read pre-processing, a final number of 6666 different amplicon 

sequence variants (ASVs) were obtained (total frequency of 1374806), with a mean 

frequency per sample of 52877.15. All ASVs were classified at different taxonomic 

levels to characterize the nasal microbiota composition of the piglets. Surprisingly, a 

large percentage of the microbial community was represented by the orders 

Burkholderiales and Rhizobiales, with a mean abundance ± SD across all groups of 

33.7% ± 17.4 and 11.4% ± 9.3, respectively. The most relatively abundant genera 

within these orders were Ralstonia, Afipia and Hyphomicrobium, indicating an 

overabundance of environment-associated taxa. Other relatively abundant taxa 

belonged mainly to the orders Clostridiales, Pseudomonadales, Bacteroidales, 

Lactobacillales and Pasteurellales, including typical nasal associated genera such as 

Prevotella, Streptococcus, Acinetobacter, Ruminococcaceae (uncl.), Lachnospiraceae 

(uncl.) and Glaesserella (Annex 1.1 for the whole composition at genus level and 

Figure 1.2 for the most relatively abundant taxa at order level). 
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Figure 1.2. Relative abundance (%) of the top 10 most abundant orders in the piglet’s nasal 
microbiota. Microbiota composition is shown for each group included in the present study at order 
level. CTsowNpiglet, non-treated piglets born to ceftiofur+tulathromycin treated sows; CTsowCpiglet, ceftiofur 
treated piglets born to ceftiofur+tulathromycin treated sows; CsowNpiglet, non-treated piglets born to 
ceftiofur treated sows. Each bar represents the microbiota composition in each animal grouped by the 
study group they belong, where each colour represents one order. Orders under 1% mean relative 
abundance are summed and represented as “low abundant”. Red color scheme was used for the orders 
Burkholderiales and Rhizobiales. 

 

Since taxa not commonly found in the nasal microbiota were detected in 

relatively high abundance (probably due to the low bacterial load in the nasal cavity 

of these animals caused by the antibiotic treatments), we filtered out the ASVs 

classified as these uncommon taxa and continued the analyses with only those ASVs 

belonging to the core-microbiota of healthy farm piglets (see methods). The nasal 

core-microbiota from farm piglets represented a mean of 30.57% (± 30.46%), 21.89% 

(± 20.26%), and 39.21% (± 17.13%) of the total abundance for CTsowNpiglet, CTsowCpiglet 

and CsowNpiglet groups, respectively. The final filtered data consisted of 2319 ASVs 

(total frequency of 385391), with a mean frequency per sample of 14822.7. After 

filtering, the nasal microbiota was dominated by genera within the orders 

Clostridiales (general abundance of 35.2 ± 5.8%), mainly composed by the families 

Lachnospiraceae and Ruminococcaceae; Bacteroidales (22.2 ± 6%), with Prevotella 
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and Bacteroides as the most prevalent genus; Pseudomonadales (16 ± 9.6%) with 

genera such as Acinetobacter and an unclassified member from the Moraxellaceae 

family; Lactobacillales (8.65 ± 5%), with Streptococcus and Lactobacillus within the 

most relatively abundant genera; Enterobacteriales (4.45 ± 4.5%), with Escherichia as 

the most abundant genus; and Pasteurellales (3 ± 7%), mainly represented by 

Glaesserella. The abundances of the families and genera after filtering are detailed 

in Figure 1.3 and Annex 1.2.  
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Figure 1.3. Relative abundance (%) of genera from the piglet’s nasal microbiota that are present in the 
farm core-microbiota. A) Relative abundance (%) of the dominant families after farm core-microbiota 
filtering in all the study groups. Each colour of the legend represents the family members found (see 
Annex 1.1). B) Relative abundance of the dominant genera (>1% global mean) after farm core-
microbiota filtering, shown per sample in the three study groups. CTsowNpiglet, non-treated piglets born 
to ceftiofur+tulathromycin treated sows; CTsowCpiglet, ceftiofur treated piglets born to 
ceftiofur+tulathromycin treated sows; CsowNpiglet, non-treated piglets born to ceftiofur treated sows. 
Each bar represents the microbiota composition in each animal grouped by the study group they belong, 
where each colour represents one genus. Genera under 1% mean relative abundance are summed as 
low abundant. 

A 

B 
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With the aim of quantitatively compare the microbiota composition of animals 

in this study with that of animals from farms used as reference core-microbiota, we 

focused on the most abundant taxa in each type of samples (Figure 1.4). Eight of the 

most abundant genera were shared between farms and the groups under study. On 

the contrary, some typical swine nasal colonizers detected among the most abundant 

genera in farm samples, such as Moraxella, Bergeyella or Lactobacillus, were not 

found among the most abundant taxa in this study. At last, we detected some genera 

that were highly represented in the samples of this study while found in low 

abundance in farms, including Acinetobacter, Clostridium or Treponema.  

 

Figure 1.4. Comparison of the most abundant taxa in the study groups and healthy farms. Relative 

abundances (log scaled) of the top 15 most prevalent genera found in nasal cavities of piglets from the 

different groups of this study and in age-matched animals from farms from the studies of Correa-Fiz et 

al., 2019 and Correa-Fiz et al., 2016. Genera have been labelled as found between the most abundant 

in farms, this study groups, or both. Farms are labelled withs their original ID from their respective 

studies. Abundances in samples from this study are shown per group: non-treated piglets born to 

ceftiofur + tulathromycin treated sows (CTsowNpiglet); ceftiofur treated piglets born to ceftiofur + 

tulathromycin treated sows (CTsowCpiglet); non-treated piglets born to ceftiofur treated sows (CsowNpiglet). 

 

The sow antibiotic treatments differentially altered the nasal microbiota diversity 

of the piglets  

A diversity analysis was performed to understand whether the antibiotic 

treatments had a different impact on the nasal microbiota of piglets. Higher richness 

and evenness (Chao1 and Shannon) were found in the CsowNpiglet group compared to 

the groups of piglets born to sows treated with the two antibiotics (P < 0.05, Figure 
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1.5A). In the beta diversity analysis, the CsowNpiglet group clustered as a different 

community when it was compared to the two CTsow groups (Jaccard and Bray–Curtis, 

Figure 1.5B, PERMANOVA P = 0.001). On the contrary, differences between 

CTsowNpiglet and CTsowCpiglet groups were not significative in both qualitative and 

quantitative analyses. 

 

 

Figure 1.5. Alpha and beta diversity analysis of the groups under study. Non-treated piglets born to 
ceftiofur+tulathromycin treated sows (CTsowNpiglet, red); ceftiofur treated piglets born to 
ceftiofur+tulathromycin treated sows (CTsowCpiglet, green); non-treated piglets born to ceftiofur treated 
sows (CsowNpiglet, blue). A) Alpha diversity boxplots estimated with Chao1 and Shannon indexes. Each dot 
represents a sample. Dots corresponding to outlier simples are coloured in black. B) Beta diversity PCoA 
analysis computed with Bray–Curtis dissimilarity index, of the groups under study. Each dot represents 
a sample. Ellipses of confidence are calculated using Euclidean distances within the samples of each 
group 

 

To study the effect of the antibiotic treatments when applied only to sows, 

CTsowNpiglet and CsowNpiglet groups were compared, eliminating the treatment of piglets 

as a potential confounding factor. The beta diversity was significantly different 

between these groups, where the effect size was estimated to be 13.7% and 20.8% 

for qualitative and quantitative analyses, respectively (Adonis R2 value, P = 0.001, 
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Figure 1.6). Accordingly, several differently abundant ASVs were found between 

these two groups (ANCOM-BC and dsf-dr, Figure 1.6 and Annex 1.3).  

 

 

Figure 1.6. Top 50 differentially abundant ASVs between CTsowNpiglet and CsowNpiglet. ASV taxonomical 
classification is detailed to the lowest known taxonomical level. Z-score was applied to normalize the 
data. ANCOM-BC and dsf-dr approaches to assess the significance were applied, and an asterisk (*) was 
added to the taxa that were significant for both tests. All data is shown in Annex 1.3.  
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CsowNpiglet group showed increased abundances of different ASVs belonging to 

Bacteroides and Prevotella (Bacteroidales); Staphylococcus (Bacillales); 

Streptococcus (Lactobacillales); Lachnospiraceae and Ruminococcaceae 

(Clostridiales); Glaesserella (Pasteurellales); Acinetobacter (Pseudomonadales); and 

Succinivibrio (Aeromonadales), among others. The top five most relatively abundant 

differential ASVs are shown in Figure 1.7. Despite this finding at ASV level, similar 

differences were not reflected at higher taxonomic levels, as very few differences 

between families, genera were found (Table 1.1). 

 

 

Figure 1.7. Beta diversity on Bray–Curtis dissimilarity index for the groups under study. PCoA was done 
between CTsowNpiglet (in red) and CsowNpiglet (in blue) groups in A) and between CTsowNpiglet (in red) and 
CTsowCpiglet (in green) groups in B) CTsowNpiglet, non-treated piglets born to ceftiofur+tulathromycin 
treated sows; CTsowCpiglet, ceftiofur treated piglets born to ceftiofur+tulathromycin treated sows; 
CsowNpiglet, non-treated piglets born to ceftiofur treated sows. Each dot represents a sample from a 
piglet. Ellipses of confidence are not shown because of group convergence. 
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Table 1.1. Differentially abundant taxa between CTsowNpiglet and CsowNpiglet groups computed two 
different approaches. The relative abundance in all study groups and the significance in each test is 
shown per ASV (NF=not found). 

Taxa 
Mean relative abundance (%) ANCOM-BC 

statistics q-
value 

Ds-FDR 
statistics P-
value CTsowNpiglet CTsowCpiglet CsowNpiglet 

Order           

Enterobacteriales 0.0631 0.0636 0.0189 0.0002 NF 

Flavobacteriales 0.0037 0.0012 0.0003 0.0224 NF 

Family           

Aerococcaceae 0.0007 0.0015 0.0029 NF 0.0140 

Bacteroidales (uncl.) 0.0405 0.0424 0.0452 NF 0.0160 

Campylobacteraceae 0.0018 0.0048 0.0038 NF 0.0080 

Christensenellaceae 0.0053 0.0114 0.0101 NF 0.0020 

Clostridiaceae 0.0584 0.0631 0.0444 0 NF 

Clostridiales (uncl.) 0.0311 0.0381 0.0177 0.0017 NF 

Enterobacteriaceae 0.0631 0.0636 0.0189 0 NF 

Erysipelotrichaceae 0.0075 0.0044 0.0154 NF 0.0130 

[Mogibacteriaceae] 0.0039 0.0035 0.0086 NF 0.0070 

Muribaculaceae 0.0054 0.0103 0.0167 NF 0.0070 

Pasteurellaceae 0.0025 0.0089 0.0647 NF 0.0170 

RF16 (Bacteroidales) 0.0003 0.0006 0.0064 0 0.0020 

Ruminococcaceae 0.0843 0.0742 0.1532 NF 0.0080 

Succinivibrionaceae 0.0034 0.0082 0.0143 NF 0.0040 

Veillonellaceae 0.0158 0.0206 0.0278 NF 0.0070 

Verrucomicrobiaceae 0.0012 0.0021 0.0015 NF 0.0030 

[Weeksellaceae] 0.0037 0.0012 0.0003 0.0106 NF 

Genus           

Akkermansia 0.0012 0.0021 0.0015 NF 0.0050 

Christensenellaceae (uncl.) 0.0053 0.0114 0.0101 NF 0.0010 

[Eubacterium] 0.0031 0.0011 0.0121 0.0166 0.0010 

[Mogibacteriaceae] (uncl.) 0.0039 0.0035 0.0086 NF 0.0030 

Oscillospira 0.0097 0.0103 0.0264 0.0000 0.0050 

[Paraprevotellaceae] (uncl.) 0.0000 0.0000 0.0007 0.0021 NF 

RF16 (uncl.) 0.0003 0.0006 0.0064 0.0000 0.0010 

Ruminococcus 0.0140 0.0199 0.0411 NF 0.0040 

Succinivibrio 0.0034 0.0082 0.0143 NF 0.0040 
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Figure 1.8. Differently abundant ASVs between CTsow and Csow piglets. Top 5 most relatively abundant 
ASVs within all the differentials found with ANCOM-BC and DSFDR when comparing non-treated piglets 
born to ceftiofur+tulathromycin treated sows (CTsowNpiglet, red) and non-treat piglets born to ceftiofur 
treated sows (CsowNpiglet, blue). The abundances of these ASVs in ceftiofur treated piglets born to 
ceftiofur+tulathromycin treated sows (CTsowCpiglet) are shown too (green). Dots corresponding to outlier 
samples are coloured in black. All the differently abundant ASVs are listed in Figure 1.6 and Annex 1.3. 

 

The effect of the additional treatment with ceftiofur of the piglets born to sows 

treated with the two antibiotics was evaluated by comparing the microbiota 

composition of piglets born to CTsows (CTsowNpiglet and CTsowCpiglet). The clustering of 

the samples according to the treatment of piglets was not significant in either the 

qualitative or quantitative beta diversity analysis (PERMANOVA P > 0.05, Figure 1.7B), 

confirming that the treatment of the sows was the major driver of the changes 

observed in the piglets (Figure 1.5). Accordingly, no differentially abundant taxa were 

found between the two groups at any taxonomic level, except for one single low 

abundant ASV classified as Streptococcus (0.8% in CTsowNpiglet and 0.01% in CTsowCpiglet 

groups). 
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Discussion 

Our study shows that intensive antibiotic treatment in sows severely affected 

the microbial communities in the piglets’ nasal cavities. This effect was more 

pronounced when using a combination of crystalline ceftiofur and tulathromycin 

than only using crystalline ceftiofur. Sow treatments affected the bacterial transfer 

from sows to piglets, which showed a nasal microbiota with reduced alpha diversity 

and decreased populations of commonly found swine nasal colonizers, although 

were not completely eliminated. The addition of an extra administration of ceftiofur 

to newborn piglets had no further effect. 

The low transfer of microbiota from the sows seemed to increase the detection 

in the piglets’ nasal cavities of uncommon bacteria for this niche, with taxa from the 

orders Burkholderiales and Rhizobiales (Ralstonia, Afipia and Hyphomicrobium) 

among the most abundant ones. These microorganisms are not found in the nasal 

microbiota of pigs under standard farm conditions and are unlikely to be part of the 

swine nasal microbiota. These taxa are often associated with plants, as symbionts or 

pathogens (223,224) and they probably came from the food or the extraction kit in 

the case of Ralstonia, as it has been shown in other studies (225). The detection of 

environmental microbes in high relative abundance could be caused by the reduced 

presence of professional colonizers, creating a low-biomass environment prone to be 

colonized by transit microorganisms, as it has been previously observed (226). In 

agreement, during the preprocessing of raw reads, we found chloroplast and 

mitochondrial 16S sequences in unusual high abundances (9.5% and 4.3%, 

respectively) in comparison with the farm animals evaluated in this study, as well as 

in previous studies (0.07% and 0.03%, respectively) (45,127).  

Besides the unusual microbes described above, the rest of the microbiota was 

constituted of taxa previously found in the swine respiratory microbiota 

(45,47,127,128,227–229), which includes aerobic taxa as well as gut-associated 

anaerobic taxa that are commonly found and have been shown to be active in the 

pig’s nose (50). All of them were initially detected in a very low abundance 
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(considering also the 16S rRNA gene qPCR) and were represented by an unusual low 

quantity of ASVs but were not entirely eliminated. Altogether, these results suggest 

that the antibiotic treatment had a drastic effect on the usual nasal colonizers. This 

is in agreement with several studies assessing the effect of antibiotic treatments on 

the microbiota (48,126–128,230). As Mou et al. (2019) have reported, pig nasal 

microbiota shifted in response to the broad-spectrum antibiotic oxytetracycline 

treatment, normally used to treat respiratory bacterial diseases in swine (including 

Mycoplasma, Pasteurella and Glaesserella). They determined that oxytetracycline 

administered orally had a major impact in the diversity and disturbance of the 

microbiota than the intramuscular route (128). In the present study, we only assessed 

the intramuscular administration and observed that ceftiofur and tulathromycin 

administered by this route was enough to severely disturb the nasal microbiota and 

avoid the bacterial transfer from sow to piglet. In particular, sow antibiotic treatment 

reduced drastically the bacterial transfer of natural nasal microbiota members, 

including the three pathobionts G. parasuis, M. hyorhinis and S. suis. Although G. 

parasuis was not found in any of the sows, it is known that the level of this bacterium 

in nasal swabs from sows is sometimes too low to be detectable (85). The results 

obtained by PCR in piglets could be explained if the animals carried G. parasuis strains 

sensitive to tulathromycin but resistant to ceftiofur. This could be attributed to the 

presence of plasmids that bear resistances to β-lactams, as the ROB-1 β-lactamase 

reported in the pB1000 and the pJMA-1 plasmids. These plasmids were found in 

strains recovered from the nasal cavities from healthy animals and considered non-

virulent strains (231). In the case of S. suis, the transmission of this pathogen from 

sow to piglet seems to be prevented. However, we cannot discard the presence of S. 

suis in tonsils, since we have not analysed this niche, which is preferentially colonized 

by this bacterium (229). Similarly, M. hyorhinis colonization in piglets seems to have 

been prevented, but it is also possible that this colonization could occur later in life 

(100). It is possible that eliminating the transfer of pathobionts and microbiota from 

sows to piglets may require combining antibiotic treatments with early separation 

from the sows, as soon as possible after colostrum uptake, to improve piglet survival. 
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In relation to this, we assessed this gnotobiotic-like model by inoculating a 

combination of three members of the piglet’s nasal microbiota (Streptococcus 

pluranimalium, Moraxella pluranimalium and Rothia nasimurium) could colonize the 

piglet’s nose after the intensive antibiotic treatment conducted in this study. 

However, they were not able to settle in the piglet’s nose, as we did not detect the 

specific ASVs of the inoculated strains after the 16s rRNA gene sequence 

(unpublished results). These findings suggest that the combination of these three 

commensals was not enough to establish a stable microbial community in this model, 

which suggest that interactions within more microbiota members seem to be crucial 

for the early piglet nasal colonization.  

If we consider the implications of antibiotic treatments for farms, our results 

indicate that these interventions can also have negative consequences, since the 

dysbiosis produced by these drugs could facilitate pathogen colonization, with the 

consequent higher risk of infection. In fact, we detected in piglets from treated sows 

some potentials pathogens such as Acinetobacter (232,233), Clostridium (234) or 

Treponema (235) that were not found in the farm samples. In good health status 

farms, the colonization of these pathogens is probably controlled by the exclusion 

provided by the normal nasal microbiota. Other explanation could be the selection 

of resistant strains from these potential pathogens. In agreement, Acinetobacter was 

detected together with eighteen different antibiotics in the groundwater of areas 

affected by swine farming (232). Moreover, the poorly establishment of the 

microbiota in the early ages of the animal live could determine the proper maturation 

of their immune system (236). 

Several studies have demonstrated that the use of antimicrobial drugs in sows 

have an important impact on the establishment of the microbiota in the first weeks 

of life of their offspring (47), and that this effect lasted longer when administered to 

the sows than directly to their piglets (126). In the present study, the long-term effect 

was not evaluated, as we only had piglet nasal swabs from one timepoint (D22-24). 
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It would have been very interesting to elucidate the impact of the transitory effect of 

these antimicrobials in an extended period of time. 

In conclusion, our results evidence the importance of the maternal microbiota 

in the establishment of the respiratory microbiota of piglets, which can have a 

subsequent impact in the control of potential pathogens. This should be taken into 

consideration when setting treatment plans and routines in swine industry. In 

addition, further attempts to obtain gnotobiotic piglets need to consider other 

interventions besides the antibiotic treatments described here. 

Materials and methods  

Experimental design and sampling  

Animal experimentation was performed following proper veterinary practices, 

in accordance with European (Directive 2010/63/EU) and Spanish (Real Decreto 

53/2013) regulation and with the approval of the Ethics Commission in Animal 

Experimentation of the Generalitat de Catalunya (Protocol Number 11150). Six 

pregnant sows were moved to IRTA-CReSA facilities 2 weeks pre-farrowing. Two sows 

were treated with 15 mL of 5 mg/kg crystalline ceftiofur (Csow) four days before 

farrowing (D-4), and at D3, D10 and D17 and four sows received the same treatment 

in addition to 6 mL of 2.5 mg/kg tulathromycin (CTsows) at D-3, D4 and D11 (Table 1.2). 

 

Table 1.2. Study design: groups, number of animals and treatments administrated to sows and piglets. 

(Crystalline ceftiofur + tulathromycin treated sows, non-treated piglets, CTsowNpiglet; crystalline ceftiofur 

+ tulathromycin treated sows, crystalline ceftiofur treated piglets, CTsowCpiglet; crystalline ceftiofur 

treated sows, non-treated piglets, CsowNpiglet). 

Group 
Number of 
sows 

Sow treatment day 
Number of 
piglets 

Piglet treatment 
day 

Crystalline ceftiofur Tulathromycin 
Crystalline 
ceftiofur 

CTsowNpiglet n=2 D-4, D3, D10 and D17 D-3, D4 and D11 
 

n=7 - 

CTsowCpiglet n=2 D-4, D3, D10 and D17 D-3, D4 and D11 
 

n=8 D1 

CsowNpiglet n=2 D-4, D3, D10 and D17 - n=11 - 
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Farrowing was induced by injecting 1 mL of 0.075 mg/mL Veteglan to the sows. 

At birth (D0), piglets took colostrum from their biological mothers for at least 2 h and 

were cross-fostered to avoid the bias from the sow to their litter. Afterwards, piglets 

born to sows from CTsows were randomly distributed in two groups: group CTsowCpiglet 

(n = 8), where animals were treated at D1 with a dose of 0.1 mL 5 mg/kg of crystalline 

ceftiofur, and group CTsowNpiglet (n = 7), in which piglets remained untreated (Table 

1.2). Piglets born to sows from Csow did not receive any antibiotic treatment 

(CsowNpiglet, n = 11). Piglets from all groups were observed until weaning for clinical 

signs. 

Nasal sampling was performed with thin aluminium cotton swabs on both 

nostrils before (D-7) and after (D0) the first antibiotic administration on sows and on 

piglets at weaning (D22-D24). Moreover, nasal swabs from six age-matched animals 

(21 days of age) from healthy farms were sampled as a control for reference value of 

the total bacterial load. All nasal swab samples from piglets and sows were 

resuspended in 500 μL of PBS and stored at −80 °C until processed. 

DNA extraction and PCR/qPCR testing 

DNA extraction from all nasal swabs taken from sows and piglets was performed 

using the NucleoSpin Blood kit (Machinery Nagel, GmbH & Co, Duren; Germany) 

following the manufacturer’s protocol instructions. DNA concentration was 

measured using absorbance at 260 nm (A260) with BioDrop DUO (BioDrop Ltdre). 

Moreover, to assess the total bacterial load present in the samples, a real-time (RT) 

qPCR targeting the 16S rRNA gene was performed. This 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 (Femto Bacterial DNA Quantification Kit, Zymo Research) and run 

following the manufacturer’s protocol. Samples were quantified using different 

dilutions of DNA from Escherichia coli strain JM109 provided as a standard in the kit. 

Following manufacturer’s recommendations, samples were considered negative with 

a cycle threshold (Ct) > 33. Graphpad 8.3 (538) Prism software (Dotmatics, San Diego, 

CA, USA) was used for statistical analysis. Wilcoxon matched-pairs signed rank test 
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(237) was used to compare the bacterial quantity in sow samples before and after 

the antibiotic treatment. Kruskal–Wallis multiple comparison (238) with Benjamini, 

Krieger and Yekutieli post-hoc test (239) was used to compare the bacterial quantity 

among the three different groups of piglets. P < 0.05 were considered statistically 

significant. 

The presence of early colonizers (G. parasuis, S. suis and M. hyorhinis) in the 

piglet’s nasal cavities was tested by specific PCR/qPCR to confirm the possible 

reduction in bacterial transfer. The PCR used for the detection of G. parasuis allows 

the discrimination between virulent and non-virulent strains (240). For S. suis, a 

conventional PCR was performed following a previously described protocol (Ishida et 

al., 2014) modifying the annealing temperature (from 55 °C to 60 °C) and using 1 U 

GoTaq polymerase (Promega). Amplicons from both conventional PCRs were 

analysed by electrophoresis on 2% agarose gels. M. hyorhinis qPCR was performed 

using a previously described protocol (241) modifying the number of cycles (from 35 

to 40). Samples were considered negative when the Ct > 39 cycles. 

16S rRNA gene sequencing and microbiota analysis  

From the total extracted DNA from piglets’ nasal swabs at D22-D24, the 16S 

rRNA gene libraries were prepared and sequenced in two runs with Illumina MiSeq 

pairended (2X300 bp, MS-102–2003 MiSeq Re-agent Kit v2, 500 cycle) at the Servei 

de Genòmica, Universitat Autònoma de Barcelona (Spain). The amplicon sequences 

corresponding to V3-V4 hypervariable regions of the 16S rRNA gene were 

demultiplexed and used as input for downstream bioinformatics analyses. 

The analyses of the nasal microbiota of piglets were performed using 

quantitative insights into microbial ecology (QIIME) 2 software version 2022.2 (242). 

First, raw reads were imported in QIIME2 and quality assessed using q2 demux 

plugin. Primers were trimmed out from forward and reverse reads using Illumina 

V3V4 adapter sequences with q2 cutadapt plugin. DADA2 (243) was used to denoise 

the reads, i.e. quality-filtering, read-merging and chimera removal, and sort them 

into Amplicon Sequence Variants (ASVs) for each run. Additionally, low-quality 3’ end 
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positions were truncated from the reads. After, ASVs not matching the 88% 

preclustered Greengenes database Vs. 13.8. (244,245) at 65% identity and 50% query 

coverage were filtered out using VSEARCH (246) within q2 quality control plugin 

(247), to eliminate spurious nonprokaryotic features (unspecific contaminants). 

Furthermore, non-bacterial sequences classified as Archaea, Chloroplast or 

Mitochondria were also removed from the data set. Since the reads included in this 

analysis were obtained in two different runs, after all these denoising and filtering 

steps, all data was merged for the downstream analysis. Curated merged sequences 

were aligned with MAFFT (248) and hypervariable positions were masked (249) with 

q2 alignment plugin. Finally, the phylogenetic tree was built using Fastree (250). For 

the first diversity analysis, the depth used was 17,348, corresponding to the lowest 

sample depth evaluated through rarefaction curves (251). 

The farm core-microbiota was calculated at genus level considering nasal 

samples of same-aged healthy animals from Spanish (n = 39) and British (n = 18) 

farms from previous studies (45,127). All genera present in at least 80% of all farm 

samples were considered as farm core microbiota and hence, common members of 

the swine nasal microbiota. In this study, we excluded all ASVs whose classification 

did not match the defined genera using the QIIME2 software options to filter the 

data. As the core-microbiota also contained taxa with unresolved classification to 

genus level (i. e. Bacteroidales or Moraxellaceae), we also kept those ASVs with such 

unresolved classifications. After eliminating the ASVs absent from the farm core-

microbiota, the lowest sample depth to be used in the diversity analyses was 3,629. 

Alpha diversity (diversity found within each sample) was estimated with Chao 

(Chao, 1984) and Shannon (Weaver, 1949) indexes, and the significance between 

groups was computed by pairwise non-parametric t-tests (999 random 

permutations) with q2 diversity alpha-group-significance plugin (238). The distance 

matrices to estimate beta diversity (diversity between samples) were computed 

using q2 core-metrics plugin and used to perform principal coordinate (PCoA) 

analysis (252,253). Jaccard (254) and Bray Curtis (255) dissimilarity measures were 
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used to estimate beta diversity qualitatively and quantitatively respectively and 

visualized using Emperor (256). To quantify the group variation of the variables under 

study (R2), we used Adonis function from Vegan package in R software (257), where 

the significance was calculated by PERMANOVA pairwise test (999 random 

permutations) using q2 diversity beta-group-significance plugin (258). PERMANOVA 

test was also performed to estimate the significance of the clustering on both 

qualitative and quantitatively distance matrices. ASVs were taxonomically classified 

with scikitlearn (Python module for machine learning) using a naive Bayes classifier 

(Dubourg et al., 2011), previously trained against V3-V4 regions from 16S rRNA gene 

with Greengenes database vs. 13.8 pre-clustered at 99% sequence identity, to 

improve its performance as suggested by Werner et al. (2012) (259). To perform 

differential abundances estimation, we used two complementary approaches to 

compare the groups: discrete False-Discovery Rate (dsf-dr) (260) and Analysis of 

Compositions of Microbiomes with Bias Correction (ANCOM-BC) (261). In all tests, P 

values lower than 0.05 were considered significant. 
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Annexes 

Annex 1.1 

Nasal microbiota composition, ordered by global abundance (50 more abundant taxa), of the study 
groups at three weeks of age: non-treated piglets born to ceftiofur + tulathromycin treated sows 
(CTsowNpiglet), Ceftiofur treated piglets born to ceftiofur + tulathromycin treated sows (CTsowCpiglet); non-
treated piglets born to ceftiofur treated sows (CsowNpiglet).  

 

Genera 
CTsowNpiglet CTsowCpiglet CsowNpiglet 

Mean SD Mean SD Mean SD 

Ralstonia 0.293 0.200 0.368 0.158 0.327 0.180 

Prevotella 0.042 0.062 0.032 0.051 0.043 0.018 

Afipia 0.048 0.039 0.045 0.039 0.028 0.030 

Hyphomicrobium 0.038 0.032 0.041 0.036 0.022 0.023 

Streptococcus 0.027 0.039 0.009 0.011 0.038 0.029 

Phyllobacteriaceae;__ 0.020 0.015 0.027 0.014 0.012 0.011 

Acinetobacter 0.017 0.009 0.022 0.012 0.016 0.011 

Ruminococcaceae;g__ 0.014 0.016 0.004 0.002 0.027 0.014 

Lachnospiraceae;g__ 0.015 0.019 0.010 0.020 0.018 0.008 

Haemophilus 0.001 0.002 0.001 0.001 0.033 0.056 

Moraxellaceae;__ 0.020 0.048 0.013 0.013 0.010 0.008 

Bacteroidales;f__;g__ 0.008 0.005 0.009 0.007 0.016 0.004 

Bradyrhizobium 0.012 0.010 0.012 0.011 0.009 0.008 

Ruminococcus 0.004 0.006 0.005 0.009 0.017 0.009 

Treponema 0.011 0.015 0.004 0.004 0.013 0.006 

Bacteroides 0.010 0.012 0.007 0.003 0.011 0.005 

Sphingomonas 0.010 0.006 0.012 0.006 0.006 0.003 

Arcobacter 0.011 0.008 0.010 0.006 0.006 0.006 

Clostridiales;f__;g__ 0.009 0.010 0.006 0.006 0.010 0.004 

Pedomicrobium 0.008 0.007 0.010 0.014 0.004 0.004 

Chitinophagaceae;g__ 0.010 0.012 0.005 0.003 0.007 0.005 

Clostridiales;__;__ 0.006 0.002 0.009 0.011 0.006 0.002 

Pirellulaceae;g__ 0.008 0.004 0.009 0.006 0.004 0.003 

Oscillospira 0.003 0.002 0.003 0.003 0.011 0.007 

Moraxella 0.011 0.023 0.003 0.004 0.004 0.006 

Lactococcus 0.004 0.006 0.002 0.003 0.010 0.008 

Lactobacillus 0.006 0.007 0.004 0.002 0.007 0.005 

k__Escherichia 0.006 0.007 0.009 0.012 0.003 0.002 

Lachnospiraceae;__ 0.006 0.014 0.002 0.003 0.007 0.005 

Clostridiaceae;g__ 0.005 0.005 0.004 0.004 0.007 0.004 

Pseudomonas 0.007 0.002 0.006 0.002 0.004 0.002 
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[Prevotella] 0.008 0.014 0.004 0.007 0.004 0.002 

Enterobacteriaceae;__ 0.008 0.004 0.004 0.003 0.004 0.003 

JG30-KF-CM45;f__;g__ 0.004 0.004 0.007 0.004 0.003 0.004 

Clostridium 0.004 0.001 0.005 0.002 0.005 0.002 

Phascolarctobacterium 0.003 0.004 0.004 0.009 0.006 0.003 

Roseburia 0.005 0.005 0.006 0.006 0.003 0.002 

S24-7;g__ 0.003 0.006 0.003 0.005 0.006 0.003 

SMB53 0.003 0.003 0.003 0.003 0.005 0.003 

Succinivibrio 0.001 0.002 0.003 0.006 0.006 0.004 

Staphylococcus 0.004 0.004 0.002 0.004 0.005 0.003 

Coxiellaceae;g__ 0.003 0.003 0.004 0.002 0.003 0.002 

Blautia 0.003 0.002 0.003 0.003 0.004 0.002 

Coprococcus 0.004 0.004 0.003 0.002 0.003 0.002 

Faecalibacterium 0.005 0.009 0.003 0.004 0.003 0.002 

Rothia 0.008 0.017 0.002 0.002 0.001 0.001 

Coriobacteriaceae;g__ 0.002 0.003 0.007 0.012 0.001 0.001 

Citrobacter 0.006 0.011 0.002 0.002 0.002 0.002 

Christensenellaceae;g__ 0.001 0.001 0.003 0.005 0.004 0.002 

Caldilineaceae;g__ 0.003 0.003 0.004 0.002 0.002 0.002 

 

Annex 1.2 

Relative abundance of the genera from nasal microbiota of the piglets included in this study including 

only the ASVs present in the farm core-microbiota. Non-treated piglets born to ceftiofur+tulathromycin 

treated sows (CTsowNpiglet); ceftiofur treated piglets born to ceftiofur+tulathromycin treated sows 

(CTsowCpiglet); non-treated piglets born to ceftiofur treated sows (CsowNpiglet). Genera with global relative 

abundance below 0.5% are summed as low abundant. 

 

Genus 

CTsowNpiglet 
  

CTsowCpiglet  
  

CsowNpiglet 
  

Mean SD Mean SD Mean SD 

g__Prevotella 0.1031 0.0634 0.1178 0.0518 0.1104 0.0185 

g__Acinetobacter 0.1271 0.0893 0.1532 0.0789 0.0573 0.0673 

g__Streptococcus 0.0661 0.0535 0.0376 0.0198 0.0863 0.0392 

f__Ruminococcaceae;g__ 0.0393 0.0096 0.0274 0.0198 0.0658 0.0187 

o__Bacteroidales;f__;g__ 0.0405 0.0211 0.0424 0.0154 0.0452 0.0141 

f__Lachnospiraceae;g__ 0.0426 0.0200 0.0309 0.0248 0.0465 0.0078 

f__Moraxellaceae;__ 0.0324 0.0581 0.0574 0.0617 0.0313 0.0254 

g__Bacteroides 0.0391 0.0242 0.0397 0.0160 0.0320 0.0176 



62 
 

g__Haemophilus 0.0025 0.0033 0.0089 0.0148 0.0647 0.0999 

o__Clostridiales;__;__ 0.0311 0.0182 0.0381 0.0140 0.0177 0.0056 

o__Clostridiales;f__;g__ 0.0315 0.0080 0.0262 0.0150 0.0260 0.0078 

g__Treponema 0.0288 0.0132 0.0180 0.0144 0.0334 0.0085 

g__Ruminococcus 0.0140 0.0079 0.0199 0.0156 0.0411 0.0125 

g__Clostridium 0.0272 0.0183 0.0338 0.0171 0.0155 0.0139 

f__Enterobacteriaceae;__ 0.0448 0.0390 0.0180 0.0094 0.0125 0.0088 

g__Escherichia 0.0183 0.0104 0.0456 0.0626 0.0064 0.0028 

g__Lactobacillus 0.0204 0.0126 0.0191 0.0075 0.0171 0.0081 

g__Roseburia 0.0204 0.0125 0.0246 0.0157 0.0099 0.0082 

f__Clostridiaceae;g__ 0.0180 0.0096 0.0168 0.0071 0.0169 0.0048 

g__Oscillospira 0.0097 0.0068 0.0103 0.0058 0.0264 0.0087 

g__Moraxella 0.0245 0.0312 0.0155 0.0153 0.0090 0.0098 

g__Coprococcus 0.0150 0.0063 0.0205 0.0118 0.0075 0.0030 

g__[Prevotella] 0.0180 0.0181 0.0114 0.0091 0.0117 0.0042 

f__Lachnospiraceae;__ 0.0118 0.0191 0.0064 0.0049 0.0175 0.0071 

f__Clostridiaceae;g__SMB53 0.0132 0.0125 0.0125 0.0095 0.0121 0.0045 

o__Bacteroidales;f__S24-7;g__ 0.0054 0.0086 0.0103 0.0076 0.0167 0.0041 

g__Phascolarctobacterium 0.0084 0.0048 0.0105 0.0120 0.0138 0.0045 

g__Faecalibacterium 0.0142 0.0105 0.0088 0.0052 0.0098 0.0111 

g__Staphylococcus 0.0123 0.0094 0.0062 0.0051 0.0108 0.0050 

g__Succinivibrio 0.0034 0.0033 0.0082 0.0100 0.0143 0.0064 

g__Anaerovibrio 0.0049 0.0036 0.0088 0.0062 0.0127 0.0065 

f__Christensenellaceae;g__ 0.0053 0.0052 0.0114 0.0072 0.0101 0.0039 

g__Rothia 0.0147 0.0214 0.0081 0.0045 0.0035 0.0022 

g__Turicibacter 0.0074 0.0077 0.0070 0.0070 0.0079 0.0070 

g__Dorea 0.0109 0.0129 0.0036 0.0028 0.0061 0.0034 

f__Erysipelotrichaceae;g__[Eubacter
ium] 

0.0031 0.0044 0.0011 0.0018 0.0121 0.0043 

f__Ruminococcaceae;__ 0.0046 0.0052 0.0058 0.0052 0.0065 0.0038 

f__[Mogibacteriaceae];g__ 0.0039 0.0040 0.0035 0.0055 0.0086 0.0027 

k__Bacteria;__;__;__;__;__ 0.0109 0.0114 0.0073 0.0060 0.0012 0.0016 

k__Bacteria;p__;c__;o__;f__;g__ 0.0065 0.0082 0.0066 0.0054 0.0018 0.0039 

f__Lachnospiraceae;g__[Ruminococc
us] 

0.0027 0.0047 0.0027 0.0052 0.0066 0.0044 

g__Desulfovibrio 0.0059 0.0084 0.0059 0.0052 0.0016 0.0013 

g__Campylobacter 0.0018 0.0024 0.0048 0.0084 0.0038 0.0029 

g__Parabacteroides 0.0026 0.0035 0.0030 0.0033 0.0034 0.0028 

o__Bacteroidales;f__RF16;g__ 0.0003 0.0005 0.0006 0.0016 0.0064 0.0038 

g__Butyricicoccus 0.0026 0.0033 0.0020 0.0029 0.0035 0.0023 

;g__Sutterella 0.0025 0.0038 0.0015 0.0013 0.0024 0.0022 
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f__Erysipelotrichaceae;g__p-75-a5 0.0009 0.0024 0.0026 0.0047 0.0025 0.0022 

g__Aerococcus 0.0007 0.0018 0.0015 0.0016 0.0029 0.0026 

c__Alphaproteobacteria;o__RF32;f_
_;g__ 

0.0028 0.0048 0.0032 0.0040 0.0002 0.0004 

g__Mucispirillum 0.0012 0.0021 0.0026 0.0037 0.0013 0.0021 

g__Megasphaera 0.0026 0.0028 0.0013 0.0017 0.0014 0.0008 

g__Akkermansia 0.0012 0.0023 0.0021 0.0028 0.0015 0.0006 

o__Flavobacteriales;f__[Weeksellac
eae];__ 

0.0037 0.0031 0.0012 0.0013 0.0003 0.0004 

f__Erysipelotrichaceae;g__ 0.0035 0.0033 0.0006 0.0017 0.0008 0.0010 

c__Mollicutes;o__RF39;f__;g__ 0.0018 0.0031 0.0004 0.0012 0.0009 0.0015 

g__Enhydrobacter 0.0006 0.0011 0.0021 0.0031 0.0003 0.0010 

g__Mycoplasma 0.0023 0.0030 0.0004 0.0013 0.0001 0.0002 

g__Clostridium 0.0005 0.0010 0.0000 0.0000 0.0013 0.0013 

g__Delftia 0.0009 0.0015 0.0007 0.0021 0.0001 0.0003 

g__Anaeroplasma 0.0000 0.0000 0.0009 0.0023 0.0005 0.0014 

f__Desulfovibrionaceae;g__ 0.0011 0.0028 0.0000 0.0000 0.0003 0.0005 

o__Bacteroidales;f__p-2534-
18B5;g__ 

0.0005 0.0012 0.0002 0.0003 0.0005 0.0006 

o__Bacteroidales;f__[Paraprevotella
ceae];g__ 

0.0000 0.0000 0.0000 0.0000 0.0007 0.0006 

f__Neisseriaceae;g__ 0.0009 0.0021 0.0000 0.0000 0.0000 0.0000 

g__Ruminococcus 0.0004 0.0011 0.0003 0.0009 0.0000 0.0000 

g__Bacteroides 0.0000 0.0000 0.0002 0.0005 0.0003 0.0009 

k__Bacteria;p__TM7;c__TM7-
3;o__CW040;f__F16;g__ 

0.0000 0.0000 0.0000 0.0000 0.0004 0.0008 

g__Fusobacterium 0.0006 0.0015 0.0000 0.0000 0.0000 0.0001 

o__Lactobacillales;__;__ 0.0005 0.0011 0.0000 0.0000 0.0000 0.0000 

g__Neisseria 0.0000 0.0000 0.0000 0.0000 0.0001 0.0002 

 

Annex 1.3 

Differentially 50 more abundant ASVs between CTsowNpiglet and CsowNpiglet computed by two different 
approaches. ASV taxonomical classification is detailed to the lowest known taxonomical level. The 
relative abundance in all study groups and the significance in each test is shown per ASV (NF=not found). 

 

ASV taxonomical 
classification 

Relative abundance (%) 
ANCOM-BC 
statistics 

Ds-FDR 
statistics (%) 

CTsow 

Npiglet 
CTsow 

Cpiglet 
Csow 

Npiglet 
q-value (%) p-value 

k__Bacteria 0.4390 0.0004 0.0002 NF 0.0100 

o__Bacteroidales; f__; g__; 
s__ 

0.0000 0.0000 0.1299 0.0000 0.0040 
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o__Bacteroidales; f__; g__; 
s__ 

0.0000 0.0000 0.0072 0.0000 0.0020 

g__[Prevotella]; s__ 0.0000 0.0000 0.0023 0.0001 0.0080 

g__Bacteroides; s__ 0.0000 0.0000 0.0022 0.0000 0.0020 

g__Bacteroides; s__ 0.0010 0.0048 0.0043 0.0123 0.0060 

g__Bacteroides; s__ 0.0000 0.0000 0.0027 0.0000 0.0040 

g__Bacteroides; 
s__uniformis 

0.0000 0.0009 0.0018 0.0000 0.0010 

g__Prevotella; s__ 0.0000 0.0000 0.0012 0.0004 0.0090 

g__Prevotella; s__ 0.0000 0.0000 0.0039 0.0000 0.0010 

g__Prevotella; s__ 0.0000 0.0007 0.0017 0.0011 0.0070 

g__Prevotella; s__ 0.0000 0.0000 0.0236 0.0000 0.0010 

g__Prevotella; s__ 0.0000 0.0000 0.0009 0.0407 NF 

g__Prevotella; s__ 0.0000 0.0000 0.0019 0.0230 NF 

g__Prevotella; s__ 0.0010 0.0000 0.0050 NF 0.0120 

o__Bacteroidales; f__RF16; 
g__; s__ 

0.0000 0.0000 0.0038 0.0000 0.0030 

o__Bacteroidales; f__S24-7; 
g__; s__ 

0.0000 0.0000 0.0012 0.0000 0.0030 

g__Staphylococcus 0.0003 0.0000 0.0063 0.0007 0.0020 

g__Streptococcus 0.0000 0.0000 0.0025 0.0000 0.0030 

g__Streptococcus; s__ 0.0183 0.0127 0.0527 NF 0.0130 

g__Turicibacter; s__ 0.0049 0.0060 0.0079 NF 0.0040 

o__Clostridiales; f__; g__; 
s__ 

0.0000 0.0000 0.0043 0.0000 0.0010 

o__Clostridiales; f__; g__; 
s__ 

0.0000 0.0000 0.0012 0.0131 0.0100 

f__[Mogibacteriaceae]; 
g__; s__ 

0.0000 0.0000 0.0015 0.0001 0.0110 

f__[Mogibacteriaceae]; 
g__; s__ 

0.0003 0.0000 0.0024 NF 0.0020 

f__Christensenellaceae; 
g__; s__ 

0.0000 0.0000 0.0014 0.0004 0.0080 

f__Christensenellaceae; 
g__; s__ 

0.0000 0.0000 0.0010 0.0224 NF 

f__Christensenellaceae; 
g__; s__ 

0.0000 0.0000 0.0010 0.0262 NF 

f__Lachnospiraceae 0.0010 0.0003 0.0093 0.0002 0.0030 

f__Lachnospiraceae 0.0003 0.0000 0.0021 NF 0.0120 

f__Lachnospiraceae; g__; 
s__ 

0.0000 0.0000 0.0015 0.0014 0.0120 

f__Lachnospiraceae; g__; 
s__ 

0.0005 0.0006 0.0141 0.0000 0.0010 

f__Lachnospiraceae; g__; 
s__ 

0.0000 0.0000 0.0024 0.0007 0.0100 

f__Lachnospiraceae; g__; 
s__ 

0.0000 0.0004 0.0032 0.0001 0.0090 

g__[Ruminococcus]; 
s__gnavus 

0.0000 0.0000 0.0051 0.0000 0.0010 

g__Coprococcus; s__ 0.0002 0.0000 0.0018 0.0038 0.0040 
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g__Dorea; s__ 0.0019 0.0007 0.0038 NF 0.0130 

f__Ruminococcaceae 0.0004 0.0008 0.0023 NF 0.0090 

f__Ruminococcaceae; g__; 
s__ 

0.0000 0.0000 0.0048 0.0000 0.0010 

f__Ruminococcaceae; g__; 
s__ 

0.0000 0.0000 0.0099 0.0000 0.0010 

f__Ruminococcaceae; g__; 
s__ 

0.0001 0.0004 0.0112 0.0000 0.0010 

f__Ruminococcaceae; g__; 
s__ 

0.0000 0.0008 0.0028 0.0007 0.0070 

f__Ruminococcaceae; g__; 
s__ 

0.0000 0.0004 0.0011 0.0034 0.0020 

f__Ruminococcaceae; g__; 
s__ 

0.0000 0.0000 0.0010 0.0008 0.0070 

f__Ruminococcaceae; g__; 
s__ 

0.0000 0.0000 0.0028 0.0001 0.0090 

f__Ruminococcaceae; g__; 
s__ 

0.0000 0.0000 0.0014 0.0230 NF 

g__Oscillospira; s__ 0.0000 0.0000 0.0019 0.0001 0.0130 

g__Oscillospira; s__ 0.0000 0.0000 0.0039 0.0000 0.0040 

 

 



 
 

 

  



 
 

Chapter 2 

Design of an in vitro Porcine Nasal 

Consortium (PNC8) synthetic community 
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Abstract  

Mounting evidence suggests that interactions among microbiota members are 

key drivers of a well-balanced microbial composition and pathogen exclusion. 

Regarding pig nasal microbiota, current efforts to study these interactions are 

hampered by a lack of tools for examining them under in vitro conditions. To address 

this issue, we developed the Porcine Nasal Consortium (PNC8), a rationally designed 

microbial synthetic community of eight strains representing the most in-vivo 

abundant and prevalent genera found in the nasal microbiota of healthy piglets. We 

used this consortium to systematically examine the metabolic capabilities of nasal 

microbiota members. We found that PNC8 strains differed substantially in their 

metabolic functions repertoire and ability to grow across various in vitro conditions. 

Moreover, we conducted an interaction proof-of-concept experiment with some of 

the PNC8 members, and we determined that it existed cooperation among some 

consortia members. Overall, this work provides a valuable resource for studying the 

nasal microbiota under experimentally tractable in vitro conditions and is a key step 

towards mapping its metabolic interaction network.  
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Introduction 

Animals are hosts to a myriad of microorganisms found in different body sites, 

collectively known as the microbiota (3). Given the importance of the commensal 

microbiota in the host health, there have been extensive efforts to understand the 

mechanisms that determine microbiota composition. Indeed, several studies have 

shown that interactions within the human gut microbiota are key to avoid pathogen’s 

colonization by blocking the nutrients available to them (262–265). An approach that 

can provide a way to simplify the complexity of microbial ecosystems while still 

capturing the dynamics of microbial interactions, are the synthetic communities. For 

instance, the OMM12, a simplified community of 12 bacterial species from gut mice 

(147), have been critical in enabling the identification of metabolic interactions 

within the gut microbiota (148–151,266–268).  

In the respiratory tract, the nasal microbiota constitutes the first line of defence 

against respiratory pathogens and pathobionts, acting as the gatekeeper (30,269). 

However, it remains unclear whether interactions between the members of this 

microbiota play a similar role in pathogen’s protection. Some studies in humans have 

determined pivotal metabolic interactions, as for example the inhibition of the 

pathogens Streptococcus pneumoniae and Staphylococcus aureus by the nasal 

commensal members Dolosigranulum pigrum and Coryneobacterium species 

(152,154). Nevertheless, the full network interaction is not clearly understood yet, 

mainly because of the lack of adequate experimental tools, as the few currently 

available nasal communities only cover a small fraction (3 strains) of the diversity 

present in the in vivo human nasal microbiota (270,271). Until date, there is no gut 

neither nasal microbial consortium for pigs.  

To tackle this, we have rationally designed, for the first time, an in vitro 

community called the Porcine Nasal Consortium (PNC8) that represents the aerobic 

fraction of the piglet’s nasal microbiota. We further characterized the growth 

patterns of each member of the consortium. Finally, as a proof-of-concept, we 
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conducted side-to-side microbe-microbe interaction experiments with some PNC8 

members as well as with the pathobiont Glaesserella parasuis. 

Materials and methods  

Identification of most abundant nasal microbiota genera 

To identify the most abundant genera in the piglet nasal microbiota, 16S 

sequencing data were collected from 94 nasal swab samples from healthy animals 

from farms of several previous studies conducted in our laboratory and analysed 

jointly in a recent publication from our group (50). All the taxa composing these 

samples were sorted (at genus level) by mean relative abundance across all samples. 

Gut-microbiota associated taxa (i. e. taxa belonging to Clostridiales and Bacteroidales 

orders) were excluded, and the relative abundance of the remaining taxa was 

recalculated accordingly. 

Strain selection 

To ensemble de defined consortium, we took advantage of our strain internal 

collection constituted by bacterial isolates from noses of healthy 3-4-week-old piglets 

coming from previous studies (87,126,163,164,272) (Table 2.1). We chose one strain 

per genus considering the previous information regarding low antibiotic resistances, 

low virulence traits (sensitivity to serum, phagocytosis susceptibility and biofilm 

formation positive), availability of a fully sequenced genome, and the ability to grow 

in vitro. For the Moraxella and Bergeyella genus, previous work showed that isolates 

predominantly belong to two species, namely Moraxella pluranimalium and 

Bergeyella zoohelcum (majority of isolates) and Moraxella porci and Bergeyella 

porcorum respectively. From these isolates, we selected the strain M. pluranimalium 

LG6-2 and B. zoohelcum AR-9 due to its low virulence traits and antibiotic resistances 

(163,164). In our collection, only Rothia nasimurium was available within Rothia. We 

selected UK1-9 strain due to its high susceptibility to phagocytosis (272), and the lack 

of adverse effects during in vivo inoculation experiments (126). In concordance, for 

Streptococcus genus, we identified three predominant species among our isolates, 

Streptococcus pluranimalium, Streptococcus suis, and Streptococcus hyovaginalis. 
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We discarded S. suis due to its pathogenic potential (273), and S. hyovaginalis since 

it is normally found in the sow genital tract (274). We selected the strain S. 

pluranimalium LG3-6 due to its high susceptibility to phagocytosis and a lack of 

adverse effects during in vivo inoculation experiments (126,272). F9 Glaesserella 

parasuis strain was picked to represent non-virulent Glaesserella since previous 

studies found this strain to be phagocytosis and serum sensitive and non-virulent in 

colostrum-deprived piglets (86,87,275,276). Regarding Staphylococcus, we had a 

plethora of species in our strain collection (Staphylococcus aureus, Staphylococcus 

haeomolyticus, Staphylococcus chromogenes, Staphylococcus hyicus, Staphylococcus 

agnetis, Staphylococcus simulans, Staphylococcus saprophyticus, Staphylococcus 

succinus and Staphylococcus petrasii). Although S. aureus is an opportunistic 

pathogen, we selected the strain EJ41-2 since it is the most abundant species from 

Staphylococcus in the nose and skin of piglets (unpublished results from a new strain 

collection from newborn piglets in our laboratory). Finally, for Neisseria and 

Lactobacillus genus, we only had one strain in our collection for each one, Neisseria 

shayeganii GM3-3 and Lactobacillus plantarum KD9-5. The full list of strains used in 

this study, including the virulent G. parasuis Nagasaki strain used as a representative 

pathobiont, is shown in Table 2.1.  

The genome sequences of the PNC8 strains generated in this study were 

deposited in the NCBI database (BioProject ID: PRJNA1175893) (Table 2.1 for 

biosample numbers of each strain) except for G. parasuis F9, which was previously 

sequenced (NCBI RefSeq Assembly GCF_000731865.1).  

 

 

 

 

 

 



73 
 

Table 2.1. Bacteria used in this study.  

Species Strain Source 
PNC8 
member 

Biosample 
number 

Bergeyella zoohelcum AR-9 Lorenzo de Arriba et al., 2018 Yes SAMN44375914 

Glaesserella parasuis 
F9 Olvera et al., 2006 Yes N/A* 

Nagasaki Amano et al., 1994 No N/A 

Lactobacillus plantarum KD9-5 This thesis Yes SAMN44375915 

Moraxella pluranimalium LG6-2 López-Serrano et al. 2020 Yes SAMN44375912 

Neisseria shayeganii GM3-3 This thesis Yes SAMN44375913 

Rothia Nasimurium UK1-9 This thesis, Lorenzo, 2016 Yes SAMN44375910 

Staphylococcus aureus EJ41-2 This thesis Yes SAMN44375916 

Streptococcus 
pluranimalium 

LG3-6 
Blanco-Fuertes et al., 2023; 
Lorenzo, 2016 

Yes SAMN44375911 

*NA: Not applicable. 

 

Analysis of KEGG module completeness 

KEGG module completeness of individual PNC8 strains was determined with the 

“reconstruct” function of the KEGG-mapper tool (available online at 

https://www.genome.jp/kegg/mapper/), using the list of KO identifiers inferred with 

the eggNOG-mapper, and considering also incomplete modules and modules with 

missing blocks. To determine KEGG module completeness when considering all PNC8 

strains together, the lists of KO identifiers from each strain were first merged before 

using the KEGG-mapper tool. To infer KEGG module completeness found in in vivo 

samples, a recently identified pig nasal core-microbiota was used as a starting point 

(Bonillo-Lopez et al., 2023), and ASVs found in this pig nasal core-microbiota (or only 

ASVs belonging to the 8 genera included in the PNC8 consortium, see Figure 1) were 

used to predict KO identifiers using PICRUSt2 (Douglas et al., 2020; Czech et al., 2020; 

Mirarab et al., 2011; Barbera et al., 2019; Louca et al., 2018; Ye et al., 2009 A 

parsimony approach to biological) using its default parameters, and the KEGG 

reference database (Kanehisa et al., 2017). Finally, the resulting KO identifier list was 

used to determine KEGG module completeness as described above. In each case, 

results from the KEGG-mapper tool were parsed using a python script available at 

https://www.genome.jp/kegg/mapper/
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(https://github.com/JulieMarieCharmillon/kegg_parser) as well as custom bash 

scripts. 

Growth experiments across different conditions 

For all in vitro cultivation experiments, strains were first plated on chocolate 

PolyVitex agar plates (Biomérieux), except L. plantarum, which was plated on MRS 

agar, directly from -80ºC stocks and were incubated overnight (o/n) at 37ºC in a 5% 

CO2-enriched atmosphere. 

To characterize the in vitro growth of bacterial strains across diverse metabolic 

environments, bacterial suspensions were freshly prepared from agar plates (at 

OD600 of 0.3 in sterile PBS) and used 1:30 diluted to inoculate 150 µL cultures of 23 

different growth media (listed in Table 2.2) in 96-well plate format (Greiner Cat. No 

655 180). Subsequently, 100 µL mineral oil (M3516, Sigma-Aldrich) was added to 

each well to prevent evaporation without affecting the aeration of the culture, as 

described previously (277,278). Bacterial growth was monitored at OD600 every 10 

min for around 24h with an automated plate reader (Tecan Nano M+) using an 

incubation temperature of 37ºC and an intermittent shaking protocol (alternating 10 

sec of linear shaking with 1 mm amplitude and 50 sec without shaking) to support 

the growth of aerobic as well as microaerophilic strains, as described previously 

(279).  

 

 

 

 

 

 

 

 

https://github.com/JulieMarieCharmillon/kegg_parser
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Table 2.2. Cultivation media (conditions) used in this study. 

Medium Composition 

BHI Brain Heart Infusion broth (53286, Sigma-Aldrich) 

BHI+ 
Brain Heart Infusion broth + 80 µg/mL NAD+ (N0632, Sigma-Aldrich) + 1% pig 

serum heat-deactivated (P9783, Sigma-Aldrich) 

M9 base salts 

11.33 g/L sodium phosphate dibasic heptahydrate (S9390, Sigma-Aldrich) + 3 

g/L potassium phosphate monobasic (P0662, Sigma-Aldrich) + 0.5 g/L sodium 

chloride (1.06404.1000, Millipore) + 1 g/L ammonium chloride (12125-02-9, 

Millipore) 

M9 + Glc M9 base salts + 2 g/L glucose (16301, Sigma-Aldrich) 

M9 + Glc + Vit 

M9 base salts + 2 g/L glucose + 2% RPMI vitamin solution (R7256, Sigma-

Aldrich) + 80 µg/mL NAD+ + 1 mg/mL pyridoxal-HCl (P9130, Sigma-Aldrich) + 1 

mg/mL pyridoxamine-2HCl (P9158, Sigma-Aldrich) 

M9 + Glc + CAA M9 base salts + 2 g/L glucose + 2 g/L Casamino acids (N4642, Sigma-Aldrich) 

M9 + Glc + 

RPMI 

M9 base salts + 2 g/L glucose + 1% RPMI amino acid solution (R7131, Sigma-

Aldrich) + 2 mM L-Glutamine (G7513, Sigma-Aldrich) 

M9 + Glc + CAA 

+ Vit 

M9 base salts + 2 g/L glucose + 2 g/L CAA + 2% RPMI vitamin solution + 80 

µg/mL NAD+ + 1 mg/mL pyridoxal-HCl + 1 mg/mL pyridoxamine-2HCl 

M9 + Glc + 

RPMI + Vit 

M9 base salts + 2 g/L glucose + 1% RPMI amino acid solution + 1% L-Glutamine 

+ 2% RPMI vitamin solution + 80 µg/mL NAD+ + 1 mg/mL pyridoxal-HCl + 1 

mg/mL pyridoxamine-2HCl 

M9 + Glc + CAA 

+ Vit + pig 

serum 

M9 base salts + 2 g/L glucose + 2 g/L CAA + 2% RPMI vitamin solution + 80 

µg/mL NAD+ + 1 mg/mL pyridoxal-HCl + 1 mg/mL pyridoxamine-2HCl + 1% pig 

serum heat-inactivated 

M9 + Glc + CAA 

+ Vit + yeast 

extract 

M9 base salts + 2 g/L glucose + 2 g/L CAA + 2% RPMI vitamin solution + 80 

µg/mL NAD+ + 1 mg/mL pyridoxal-HCl + 1 mg/mL pyridoxamine-2HCl + 0.2 g/L 

yeast extract (70161, Sigma-Aldrich) 

M9 + Glc + CAA 

+ Vit + BHI 

M9 base salts + 2 g/L glucose + 2 g/L CAA + 2% RPMI vitamin solution + 80 

µg/mL NAD+ + 1 mg/mL pyridoxal-HCl + 1 mg/mL pyridoxamine-2HCl + 1% BHI 

M9 + Glc + CAA 

+ Vit + THB 

M9 base salts + 2 g/L glucose + 2 g/L CAA + 2% RPMI vitamin solution + 80 

µg/mL NAD+ + 1 mg/mL pyridoxal-HCl + 1 mg/mL pyridoxamine-2HCl + 1% THB 

M9 + Glc + CAA 

+ Vit + MRS 

M9 base salts + 2 g/L glucose + 2 g/L CAA + 2% RPMI vitamin solution + 80 

µg/mL NAD+ + 1 mg/mL pyridoxal-HCl + 1 mg/mL pyridoxamine-2HCl + 1% MRS 

M9 + NAD+ + 

pig serum 
M9 base salts + 80 µg/mL NAD+ + 1% pig serum heat-inactivated 

MH Müller-Hinton broth (212322, BD) 



76 
 

THB Todd-Hewitt Broth (T1438, Millipore) 

THB+ 
Todd-Hewitt Broth (T1438, Millipore) + 80 µg/mL NAD+ (N0632, Sigma-Aldrich) 

+ 1% pig serum heat-deactivated (P9783, Sigma-Aldrich) 

THY Todd-Hewitt Broth (T1438, Millipore) + 0.2 g/L yeast extract 

MRS De Man, Rogosa and Sharpe broth (69966, Sigma-Aldrich) 

LB Luria-Bertani broth (L3022, Sigma-Aldrich) 

HPLM Human Plasma-Like Medium (A4899101, Gibco) 

BHI + NAD+ + 

CAA 
BHI + 80 µg/mL NAD+ + 2 g/L CAA 

BHI + NAD+ + 

yeast extract 
BHI + 80 µg/mL NAD+ + 0.2 g/L yeast extract 

BHI + Vit 
BHI + 1% RPMI vitamin solution + 80 µg/mL NAD+ + 1 mg/mL pyridoxal-HCl + 1 

mg/mL pyridoxamine-2HCl 

 

Microbial growth curves in 96-well plate format were analysed using custom 

MATLAB scripts (Version R2021a) following procedures described previously (Gerosa 

et al., 2013). Briefly, raw OD600 time courses from each well were blank-corrected and 

smoothed using a moving average window with size 3. Area-under-the-growth-curve 

(AUC) was calculated using the trapz function, and the maximal growth rate of each 

curve during exponential growth was calculated using a slide window of six 

consecutive time points and an OD600 threshold of > 0.02. 

Side-to-side agar plate interaction experiments 

Dilutions 1:100 in PBS were prepared from dense suspensions of R. nasimurium 

UK1-9, S. pluranimalium LG3-6, S. aureus EJ41-2, G. parasuis F9, G. parasuis Nagasaki 

and L. plantarum KD9-5, individually. Dots of 1.5 μl were cultured in BHI and 

chocolate agar alone or next to the other bacteria. All plates were incubated o/n at 

37ºC in a 5% CO2-enriched atmosphere. 

Results 

Development of a defined consortium of the pig nasal microbiota 

To identify the taxa highly abundant and most prevalent in the nasal microbiota 

of healthy piglets, we analysed the 16S rRNA gene sequence from nasal swabs from 
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94 animals sampled at several farms from previous studies in our laboratory. Since 

we were interested in nasal colonizers that can be grown under aerobic conditions, 

we excluded taxa belonging to Clostridiales/Bacteroidales (gut-associated anaerobic 

microbes which can frequently be found in nasal microbiota samples) from further 

analyses and re-calculated the relative abundance of all other taxa accordingly (50).  

First, we analysed the complexity of these nasal microbiota samples in terms of 

the number of abundant taxa. We found that individual samples were typically 

dominated by a small set of highly abundant taxa at genus level (Figure 2.1A).  
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Figure 2.1. Rational design of the Porcine Nasal Consortium (PNC8) using in vivo nasal microbiota 
samples. A) Summed relative abundance as a function of the number of taxa considered at genus level 
in nasal microbiota samples obtained from 94 piglets (after removing gut-microbiota associated taxa). 
Gray lines represent samples from individual animals. Red dashed lines denote the 75 and 25 
percentiles, and the red continuous line represents the median. B) Prevalence (fraction of samples with 
relative abundance > 0.1%, top) and relative abundance (bottom) of the twenty most abundant genera 
(sorted by median abundance across samples, shown as red horizontal lines). Each circle denotes an 
individual animal. Blue: respective genus is prevalent (>10% prevalence) in a reference pig gut 
microbiota data set (Chrun et al., 2021). Vertical red dashed line: cut-off of genera included in the PNC8 
(shown in bold). Wherever the taxonomical assignment was not possible at genus level, the lowest 
resolved annotation is shown. C) Summed in vivo relative abundance of PNC8 genera (dashed line 
denotes median: 64%). Each circle represents an individual animal. D) Summed relative abundance of 
PNC8 genera in five publicly available pig nasal microbiota data sets (using in each case the non-treated 
control group animals). n denotes the number of samples used for each data set. Red dashed lines: 
median summed relative abundance (values are listed above). 
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It is conceivable that, although there were few dominant genera in the nasal 

microbiota samples, these could be different across individuals. To assess this 

question, we next determined the relative abundance of different taxa (at genus 

level) across individuals. Moraxella, Lactobacillus, and Streptococcus were the most 

abundant genera found with close to 100% prevalence, consistent with previous 

reports (32). In addition, we detected five other genera (Rothia, Bergeyella, 

Glaesserella, Staphylococcus and Neisseria), which were ranked just below (rank 4-

8). Beyond these eight genera, we largely detected genera associated with the gut 

microbiota (e. g. Treponema, Escherichia), genera with low relative 

abundance/prevalence, or unclassified genera. As a compromise between 

completeness (how many of the genera found in the pig nasal microbiota are 

included in the consortium) and size (enabling in vitro tractable experiments in 96-

well plate format), we decided to consider the highest ranked eight genera for the 

defined consortium (Figure 2.1B). Collectively, these eight genera, ranking among the 

40 most abundant genera in individual animals by relative abundance, constitute the 

majority of the pig nasal microbiota, (median: 64% summed relative abundance, with 

many samples reaching > 90% summed relative abundance, Figure 2.1C) both in this 

dataset, as well as in five additional publicly available datasets of pig nasal microbiota 

samples (Figure 2.1D) (117,228,280–282). 

The result of these efforts is the Porcine Nasal Consortium (PNC8) consisting of 

eight genetically diverse strains (Figure 2.2A). The assembled PNC8 genomes were 

used to predict the corresponding KEGG. The KEGG modules inferred for these 8 

genomes were compared with the metabolic modules inferred for the previously 

described healthy nasal core-microbiota (defined as genera present in at least 80% 

samples (283). The KEGG modules completeness was estimated considering all 

genera from the core microbiota, and also for the combined ASVs belonging to these 

8 genera. As shown in Figure 2.2B, the PNC8 consortium can collectively cover a large 

fraction of the predicted metabolic repertoire found in the in vivo pig nasal 

microbiota. Thus, these analyses suggested that this consortium is a good 
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representation not only of the overall genetic diversity (in terms of included genera), 

but also of the metabolic capabilities found in the pig nasal microbiota.  

 

 

Figure 2.2. Development of the Porcine Nasal Consortium (PNC8). A) Codon phylogenetic tree was built 
from translated genomes of PNC8 members, using 100 rounds of rapid bootstrapping was done. PNC8 
members are color-coded by phylum (Blue: Actinobacteria, Purple: Firmicutes, Green: Bacteroidota, 
Orange: Proteobacteria). B) Comparison of inferred KEGG completeness within in vivo samples. Inferred 
using core nasal microbiota or only PNC8 genera based on 16S ASVs (top and middle rows) and the 
combined PNC8 strains (bottom row). To aid visual comparison KEGG modules were sorted according to 
completeness first for core nasal microbiota, and then for PNC8 strains. 

 

Characterization of the in vitro growth capabilities of the PNC8  

We aimed to characterize the metabolic capacities of the PNC8 species and 

assess the differences between them. To do that, we examined the ability of each 

PNC8 strain to grow in 23 metabolically diverse in vitro cultivation media, varying 

their composition and richness (conditions described in Table 2.2). Individual 

bacterial growth is shown in Figure 2.3, confirming that all the PNC8 strains had 

distinct metabolic requirements, and thus, substantial differences in growth patterns. 

All tested strains grew well in only one or few conditions, which tended to differ 

across PNC8 strains. Interestingly, only S. aureus EJ41-2 was able to grow in most of 

the tested conditions, being the less-specialized strain. In contrast, G. parasuis F9 and 

S. pluranimalium LG3-6 were only able to grow well in 3-4 conditions, suggesting that 
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they need more specific requirements to grow, and thus, showing a higher level of 

metabolic specialization. Notably, none of the strains grew in a minimal medium 

supplemented only with glucose (and inorganic nitrogen/phosphor/sulphate), 

indicating that all PNC8 strains require at least some external metabolites, while all 

of them grew well in BHI+, which is a rich medium (Figure 2.3). Thus, these data 

showed that PNC8 members tend to be metabolic specialists with distinct nutrient 

requirements, which suggests that the in vivo nasal microbiota members could also 

exhibit this specialization.   
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Figure 2.3. Over-time growth patterns of PNC8 members across various in vitro conditions. A) Growth 
curves of all PNC8 members in 23 different cultivation media. Each line is a replicate culture. Gray: no 
growth detected (maximal OD600 < 0.02). X-axis range (h): 0-24h. Y-axis range (OD600): 0 to 0.6. B) 
Maximal OD600 value (mean across 2-3 replicates) shown as red circle size for all eight PNC8 members 
in 23 different cultivation media. C) Area-under-growth-curve (AUC) of PNC8 members in 23 different 
cultivation media (normalized to the condition with maximal AUC for each PNC8 member, which is 
denoted with a black edge). 
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Finally, to examine if the virulence correlated with the metabolic capacities of 

the strains, we evaluated the bacterial growth of the virulent G. parasuis Nagasaki 

strain and compared it with the non-virulent F9 strain of the PNC8 consortium. We 

selected 12 of the 23 conditions described in Table 2.2 based on the growth results 

of F9 obtained in Figure 2.3. We observed that both strains grew in the same 4 

conditions shown in Figure 2.4A. Additionally, Nagasaki strain could slightly grow in 

M9 + Glc + CAA + Vit, while F9 did not (Figure 2.3 and Figure 2.4A). These results 

suggest that, under the conditions tested, virulence is not a determinant factor for 

metabolic characteristics. Both strains did not grow in M9 base salts, HLPM, BHI, MH, 

THB, MRS and LB. On the other hand, we observed differences in the growth rate, as 

the virulent Nagasaki strain showed a slower and less-abundant growth in 

comparison to the non-virulent F9 strain (Figure 2.4B and 2.4C).  

 

Figure 2.4.  Over-time growth patterns of Glaesserella parasuis F9 and Nagasaki strains across various 
in vitro conditions. A) Growth curves of G. parasuis non-virulent F9 and virulent Nagasaki strains (nvGp 
F9 and vGp N respectively) in 12 of the conditions described in Table 2.2. Each line is a replicate culture. 
(maximal OD600 < 0.02). X-axis range (h): 0-24h. Y-axis range (OD600): 0 to 0.6. B) Maximal OD600 value 
and C) Area-under-growth-curve (AUC) (normalized to the condition with maximal AUC for each strain) 
for the two Glaesserella strains, in which each circle represents one condition shown in panel A. 
Standard deviation (SD) is represented by horizontal/vertical lines (n=3).  
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PNC8 allowed the elucidation of a cooperative interaction between G. parasuis, R. 

nasimurium and S. aureus 

As a proof-of-concept, to explore possible interactions within the PNC8 bacterial 

consortium, we performed a side-to-side experiment in which dotted suspensions of 

selected PNC8 members were inoculated in agar plates alone and next to the others.  

Thus, we evaluated the potential interaction between the two strains of G. parasuis 

(virulent Nagasaki and non-virulent F9) and three of the PNC8 strains (Figure 2.5A). 

We cultured G. parasuis in BHI agar plates (which did not contain nicotinamide 

adenine dinucleotide, NAD+) in close proximity to S. pluranimalium LG3-6, S. aureus 

EJ41-2 and R. nasimurium UK1-9, to assess if any of these strains could supply this 

essential factor for G. parasuis growth.  When both G. parasuis strains were cultured 

next to S. aureus EJ41-2 and R. nasimurium UK1-9, a polarized growth towards these 

two bacteria was observed, showing a cooperative interaction between them, 

independently of their virulence. In contrast, S. pluranimalium LG3-6 did not show 

interaction with G. parasuis, as both strains (Nagasaki and F9) could not grow close 

to S. pluranimalium, similar to the observed when cultured alone (Figure 2.5B). As a 

growth control, we replicated the experiment in chocolate agar, showing that G. 

parasuis alone can grow in this condition and that none of the strain inhibited its 

growth, confirming that there is not a competitive interaction within these selected 

PNC8 strains (Figure 2.5C). Finally, we also assessed the possible interactions 

between L. plantarum KD9-5 and the same PNC8 members explained before (Figure 

2.5A). Unlike for G. parasuis, we did not observe any interplay between L. plantarum 

KD9-5 and the other 3 PNC8 strains in the conditions tested (Figure 2.5B and Figure 

2.5C).  
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Figure 2.5. Side-by-side interaction experiment in agar plates with some PNC8 members. Glaesserella 
parasuis non-virulent (nvGp, F9), virulent (vGp, N) and Lactobacillus plantarum (Lp) growth are shown 
in the columns respectively. A) Schematics of the experiment: Rothia nasimurium in pink (Rn), 
Staphylococcus aureus in orange (Sa), Streptococcus pluranimalium in green (Sp), F9 in blue, N in grey 
and Lp in yellow. B) Experiment performed in BHI agar plates. C) Experiment performed in chocolate 
agar plates.  

 

Discussion 

In this study, we developed a synthetic nasal community, the Porcine Nasal 

Consortium (PNC8), to represent the nasal microbiota of piglets. PNC8 will allow the 

study of the interaction network of the nasal microbiota, which is a critical first hurdle 
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for respiratory pathogen invasion. The consortium consists of 8 strains representing 

the most prevalent and/or abundant genera found in the nasal microbiota of healthy 

piglets, covering a large fraction of the in vivo nasal composition, as described in 

previous studies (45,64,126). This low number of genera dominating the nasal 

microbiota of individual pigs is in agreement with some findings in the human nasal 

microbiota (284,285). Indeed, there is a high overlap between the genera selected 

for the PNC8 and the most abundant taxa in the human nasal microbiota, as 

Moraxella, Staphylococcus, Neisseria and Streptococcus were also identified among 

the 10 most abundant genera in the human nasal microbiota (285). Moreover, the 

consortium strains reflect the metabolic network complexity of the in vivo 

community, exhibiting substantial differences in their nutrient requirements, as 

indicated by the growth assays across various in vitro cultivation media. Our results 

suggest that the nasal microbiota is composed of diverse specialist microorganisms, 

which is in coherence with the fact that the nose is a poor-nutrient environment, and 

microorganisms need to find their own metabolic niche to survive (269).  

Within this restrictive habitat that is the nasal passage, two different interaction 

patterns have been observed: cooperation and competition. Cooperation normally 

occurs between bacteria with different nutritional requirements. For instance, 

energy-rich fermentation products of one microorganism can be consumed by other. 

Competition, on the other hand, takes place when closely related bacteria need 

similar metabolites (269). Understanding the interactions within the nasal microbiota 

may provide opportunities for developing strategies against respiratory pathogens, 

as recently suggested (286). In fact, epidemiological studies in humans have shown 

a negative correlation between the nasal commensals Corynebacterium spp. and D. 

pigrum, and the pathogens methicillin-resistant S. aureus and S. pneumoniae 

(152,287). In humans, seminal work has demonstrated that pathogens could indeed 

be eliminated from the nasal passage by the introduction of commensal microbiota 

members (288). Similar negative interactions may occur in the porcine nasal 

microbiota and should be identified to leverage this knowledge for pathogen control. 

For example, a recent study showed that the inoculation with some members of the 
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swine nasal microbiota (M. pluranimalium, Vagococcus lutrae, S. pluranimalium, 

non-virulent G. parasuis  and R. nasimurium) to piglets from farms with respiratory 

problems modulated the microbiota composition and diminished the presence of 

pathogenic strains of G. parasuis, reducing as well the number of animals with 

lameness (126). In relation to this, we performed an interaction experiment in two 

different conditions to assess the interplay within some PNC8 members, as a 

representation of the piglet nasal microbiota, as well as with a pathogenic strain of 

G. parasuis. Our results suggested a cooperation between both R. nasimurium and S. 

aureus strains with G. parasuis. Moreover, virulence did not affect this cooperation, 

as both non-virulent and virulent G. parasuis strains seemed to behave in the same 

way in the in vitro conditions tested. This cooperative interaction could be explained 

by the capacity of S. aureus to produce NAD+ using the NAD+ synthetase enzyme, as 

this factor is essential for G. parasuis growth (289,290). In fact, in some cases G. 

parasuis is cultured in blood agar near to a “nurse streak” of S. aureus which will 

provide the NAD+ factor (291). We confirmed by sequencing that this S. aureus EJ41-

2 strain had the NAD+ synthetase enzyme in its genome. The same explication could 

be given to the R. nasimurium – G. parasuis interaction, since we also verified the 

presence of this enzyme in the UK1-9 genome. All these results correlate with 

previous human nasal studies, which showed that nasal commensals can interact 

between them and with pathogens, cooperating or competing in the nose 

(155,287,292,293). Further research to elucidate PNC8 interaction network must be 

conducted involving the host to examine if a similar effect may be happening.  

Our study has some limitations. First, although the PNC8 consortium enables 

the systematic characterization of the main nasal microbiota members, and it covers 

not only the most in vivo abundant taxa, but also a large fraction of the metabolic 

pathways present within the piglet nasal microbiota, it cannot capture the full 

complexity of the nasal microbiota, as any synthetic microbial consortium. Future 

efforts may use complementary approaches, such as the in vitro cultivation of nasal 

microbial communities directly from swabs, as recently demonstrated for the gut 

microbiota (294), to corroborate the findings obtained with our synthetic 
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consortium. However, this approach faces the challenge of maintaining a 

representative environment and preserve the selection of one bacterium over the 

others. Second, as a proof-of-concept, we evaluated only few interactions within the 

members of the PNC8. This research line needs to be extended to a systematic study 

of interactions among all the members of the PNC8, not only in pairwise, but also 

including combination of three and more species in different in vitro conditions. It 

could allow us to elucidate the minimum number of PNC8 strains needed to stablish 

the nasal community, as well as to fully comprehend the type of interactions 

(positives or negatives) that can be found in this restrictive environment. In addition, 

further commensal-pathogen interactions need to be examined, such as with S. suis, 

A. pleuropneumoniae, Mycoplasma spp., among others, as these bacteria are a major 

concern in pig farms (80,81,91,295). Moreover, other interaction assays such as spent 

media experiments, liquid co-culture or metabolomics could provide complementary 

information to better understand the microbial network interaction and the 

pathogens interplay. Another limitation is the lack of a realistic representation of the 

in vivo environment. One approach well applied in humans is the use of nasal 

secretions as a growth medium (296,297). Future efforts are needed to adapt to pigs 

the currently available human protocols to obtain these samples. Alternatively, it 

would be interesting to characterize the composition of piglet’s nasal secretions to 

obtain an in vitro media that recapitulated the nasal environment. In addition, 

upcoming research may include the relationship between the bacteria and the host, 

as for example taking advantage of models such as explants, which are tissue 

segments maintained in vitro, or organoids, which are 3D in vitro cultures derived 

from self-organizing stem cells. Both approaches mimic the physiological conditions 

in an in vivo-like environment. In conclusion, in this work we developed and 

characterized the synthetic community PNC8, a new resource for studying the nasal 

microbiota under experimental in vitro conditions. PNC8 represents a convenient 

tool to explore the interaction network of the pig nasal microbiota and its role in 

pathogen exclusion. These studies could serve as a stepping stone to study 
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alternatives to antibiotic, such as microbiota interventions to promote a healthy 

microbiota, aiming to reinforce the protective role of the nasal microbiota.  
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Abstract  

Interactions between the nasal epithelium, commensal nasal microbiota, and 

respiratory pathogens play a key role in respiratory infections. Currently there is a 

lack of experimental models to study such interactions under defined in vitro 

conditions. Here, we developed a Porcine Nasal Organoid (PNO) system from nasal 

tissue of pigs as well as from cytological brushes. PNOs exhibited similar structure 

and cell types than the nasal mucosa, as evaluated by immunostaining. PNOs were 

inoculated with porcine commensal strains of Moraxella pluranimalium, Rothia 

nasimurium and the pathobiont Glaesserella parasuis for examining host-

commensal-pathogen interactions. All strains adhered to the PNOs, although at 

different levels. M. pluranimalium and G. parasuis strains stimulated the production 

of proinflammatory cytokines, whereas R. nasimurium induced the production of 

IFNγ and diminished the proinflammatory effect of the other strains. Overall, PNOs 

mimic the in vivo nasal mucosa and can be useful to perform host-microbe 

interaction studies. 

  



94 
 

Introduction 

The nasal epithelium is the first barrier in direct contact with the external 

environment providing protection from viral, bacterial, and fungal pathogens, as well 

as pollutants in the air (40,298). This tissue is responsible for mucociliary clearance 

and, together with the nasal microbiota, acts as a physical, chemical, and 

immunological defence to preserve the homeostasis of the nasal cavity and limit the 

invasion of microorganisms (31,41,176,292,299–302). It is also considered an integral 

part of the innate immune system as it produces antimicrobial agents, danger-

associated molecular patterns (DAMPs) and recognize pathogens via pattern 

recognition receptors (PRRs) (299). Integrity alteration of the nose epithelium has 

been related to inflammation with severe consequences for animal health 

(39,176,299).  

Traditionally, models to study basic and clinical aspects of the airway 

pathophysiology have been cells and explants from nose, trachea, or bronchia. These 

models were either hard to maintain in vitro (like primary cells and explants) or not 

physiologically relevant enough (like immortalised cell lines) (303–307). The recent 

emergence of both human and animal organoids are promising systems to model the 

respiratory epithelium and study immunological parameters or host-pathogen 

interactions. To date, airway organoids established in humans (190,195,196) as well 

as in some animal species (203,308,309) have shown to represent a robust system 

for airway modelling, since they retain the in vivo architecture of the nasal epithelium 

forming a complex pseudostratified epithelium with most of the cell types from the 

original tissue (ciliated, mucus-secreting goblet, basal and club cells) (40,298). To our 

knowledge, only lung organoids have been set up for the porcine respiratory tract 

(308). Despite the burden of respiratory diseases for the porcine sector, there is no 

nasal organoid model currently available for pigs, which would enable experiments 

under defined in vivo-like conditions. Moreover, cross-species transmission from pigs 

to humans are continuously posing a major challenge to public health and this model 

could be extended to investigate the potential transmission of many zoonotic 
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pathogens, using pigs as asymptomatic carriers, to humans preventing outbreaks of 

disease in both host species. 

To tackle this issue, we have successfully established and characterized the first 

Porcine Nasal Organoids (PNOs) cultures and used this model to study the 

interactions with the host and between members of the nasal microbiota. 

Understanding the interplay between the host with its microbiota, and the 

pathogens will facilitate the design of preventative and therapeutic interventions to 

promote respiratory health. 

Results 

Generation and characterization of Porcine Nasal Organoids (PNOs) 

Several lines of PNOs were established from nasal turbinates by isolation of the 

cells and embedding in Matrigel (basement membrane matrix), adapting published 

protocols for human and swine tissues (195,203,310). After 7-10 days in culture, 

PNOs were formed showing the typical cystic shape with visible lumen, showing the 

cellular types normally found in the nasal mucosa (Figure 3.1A and 3.1B). Moreover, 

beating cilia were observed inside the lumen (Annex 3.1) under light microscopy. 

PNO cultures were treated with 1% penicillin-streptomycin and 10 μg/ml of primocin 

to avoid bacterial growth, but they were positive for Mycoplasma spp. Since M. 

hyorhinis can be found in the nasal cavity of pigs, we performed a specific PCR for 

this pathogen and confirmed that the PNOs were positive to this species.  

To verify if the generated organoids recapitulated the histology of the nasal 

mucosa, organoids were expanded, differentiated, and characterized. Thus, PNOs 

from non-differentiated 3D cultures were seeded as monolayers (2D cultures) with 

the apical side exposed, cultured for 1 week and differentiated for one more week 

(Figure 3.1C). PNOs were also established from nasal samples taken with cytology 

brushes yielding comparable PNOs. The only difference noted was that they required 

more time to form 3D PNO structures, specifically 2 to 3 weeks after initial adaptation 

to the growth medium. Early passages from non-differentiated 3D PNOs were frozen 
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to keep a stock of the different PNO cultures and maintained viability after at least 3 

freeze-thaw cycles.  

 

Figure 3.1. Establishment of porcine nasal organoids (PNOs) from nasal turbinates. A) Representative 
images of PNOs morphology at different time points by bright field microscopy at 4x, 10x and 20x 
magnification, respectively. B) Haematoxylin and eosin (H&E) staining of 3D paraffin-embedding PNOs 
in which proliferative, goblet and ciliated cells are marked with arrows. C) Comparison between 
differentiated and non-differentiated 3D PNOs (top) and monolayers (bottom). 
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To evaluate whether 3D and/or 2D PNO cultures maintained and mimicked the 

characteristics and the organization of the nasal respiratory epithelium, as well as the 

response to differentiative stimuli, the expression of several cell markers was 

analysed at different time points by reverse transcription polymerase chain reaction 

(RT-PCR) and immunofluorescent assays (IFA). Similar to nasal turbinates from pigs, 

3D PNOs and 2D non-differentiated and 2D differentiated PNOs expressed the 

markers for club cells (scgb1a1), goblet cells (muc5ac), basal cells (tp63), ciliated cells 

(foxj1) and tight junctions (zo-1). An increase in the expression of muc5ac, zo-1 and 

foxj1 genes was observed in organoids that underwent a longer period of 

differentiation (Figure 3.2).  

 

Figure 3.2. RT-PCR of nasal epithelial cell marker genes expressed on porcine nasal organoids (PNOs). 
In monolayers, 3D organoids and nasal turbinate (NT) as a positive control for club cells (scgb1a1), goblet 
cells (muc5ac), basal cells (tp63), ciliated cells (foxj1), housekeeping gene (gapdh) and tight junctions 
(zo-1).  

 

Gene expression of the cellular markers was confirmed by immunostaining, 

showing that both 3D and 2D PNO cultures did cover all major airway epithelial cell 

types, including proliferative cells (Ki67+), goblet cells (Muc5AC+) and ciliated cells 

(AceαTub+, FOXJ1+), and exhibited an in-vivo like stratification, as illustrated by the 

increased expression and organized localization of ZO-1 protein (Figure 3.3). Few Ki67 

positive cells were detected while acetylated α-tubulin appeared highly expressed in 

the differentiated cultures. Goblet cells were also detected. 
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Figure 3.3. Cell marker analysis expressed on porcine nasal organoid (PNO) surface by 
immunofluorescent assay (IFA). A) Cell marker expression in PFA-fixed differentiated 3D PNOs and B) 
PFA-fixed differentiated monolayers by IFA. ZO-1 protein (tight junctions) highlighted the tightness of 
the epithelial monolayer. Few proliferative Ki67 positive cells were detected indicating a mature 
epithelium. Muc5AC (goblet cells) and airway-specific markers acetylated α-tubulin (AceαTub) and 
FOXJ1 (ciliated cells) were expressed at high levels. All markers were detected in red. Nuclei were 
counterstained with Hoechst 33342 (blue). In the 3D PNO, IFA phalloidin (green) was also added to the 
incubation with the secondary antibody. 
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Taken together, these results suggest that the generated PNO cultures 

recapitulate the nasal pseudostratified airway epithelium, retaining in vivo 

morphological and functional characteristics as shown in the immunohistochemistry 

assay (IHC) of the nasal turbinate (Figure 3.4).  
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Figure 3.4. Characterization and cell marker expression in paraffin-embedded nasal turbinate from 

pigs by immunohistochemistry (IHC). Nasal turbinate tissue was used for IHC staining. Antibodies 

against FOXJ1 (transcriptional factor of ciliated cells), acetylated α-tubulin (ciliated cells), ZO-1 (tight 

junctions) and Ki67 (proliferative cells) were used to visualize the different cells markers expressed on 

the nasal airway epithelium from pigs. Images (40x) are representative of at least five similar images. 
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Nasal microbiota members were able to colonize PNO monolayers maintaining 

monolayer integrity 

The colonization of the host mucosal surfaces by the microbiota is fundamental 

in host homeostasis. To evaluate the nasal colonization with the organoid model, we 

selected some bacterial isolates commonly found in the nasal cavity of pigs 

(126,311). We used two prevalent and abundant members of the nasal microbiota: 

Moraxella pluranimalium (Mp) and Glaesserella parasuis (Gp). From the latter, we 

included two strains with different virulence capacities (non-virulent, nvGp; and 

virulent, vGp). Finally, Rothia nasimurium (Rn) was also inoculated to PNOs as a 

prevalent but not abundant member of the nasal microbiota. The colonization 

capacity was assessed through the evaluation of bacteria attachment to the 

organoids after o/n incubation. As a control, we also incubated the monolayers with 

all these strains for 2 h to analyse their adhesion capacity.  All individual strains were 

able to adhere and colonize the nasal organoids and were also recovered from the 

culture supernatants after o/n incubation (Figure 3.5).  

 

 

Figure 3.5. Bacteria found in the supernatant of non-differentiated and differentiated Porcine Nasal 
Organoids (PNOs) after o/n incubation. Non-differentiated (Ndif, plain pattern) and differentiated (Dif, 
stripped pattern) PNOs were o/n incubated with approximately 104-105 CFU/ml of R. nasimurium (Rn, 
in blue), 103 CFU/ml of M. pluranimalium (Mp, in red), 103 CFU/ml of non-virulent G. parasuis (nvGp, in 
green) or 105-106 CFU/ml of virulent G. parasuis (vGp, in yellow). After incubation, bacteria present in 
the supernatant were quantified by dilutions and plating. Each dot represents a replicate from three 
different experiments of PNOs coming from two animals. Two replicates were included in each 
experiment. 
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Rn adhered (2h) to both non-differentiated and differentiated PNOs (Figure 3.6). 

This association occurred during the first hours of incubation and did not increase in 

time, while Mp and both nvGp and vGp strains colonized the PNOs in a time 

dependent manner in both non-differentiated and differentiated PNOs (Figure 3.6). 

For nvGp and vGp strains, adhesion at 2h was higher on differentiated than non-

differentiated PNOs. Although no differences in adhesion were detected among the 

strains, o/n colonization by Rn was less efficient than the colonization by the other 

strains (Figure 3.6), probably related to the lower capacity of this strain to grow in 

the conditions of the assay, as reflected by the lower number of bacteria recovered 

from the supernatant (Figure 3.5).   

 

 

Figure 3.6. Quantity of bacteria associated with Porcine Nasal Organoids (PNOs) after 2h (adhesion) 
and o/n (colonization) incubation. PNOs coming from two animals were incubated with approximately 
105 CFU/ml of R. nasimurium (Rn, in blue), 103 CFU/ml of M. pluranimalium (Mp, in red), 103 CFU/ml of 
non-virulent G. parasuis (nvGp, in green) or 106 CFU/ml of virulent G. parasuis (vGp, in yellow) for 2 h 
to assess the bacterial adhesion capacity (plain pattern) or o/n to evaluate the colonization (dotted 
pattern). After incubation, non-attached bacteria were eliminated by washing, and attached bacteria 
were quantified by dilutions and plating after lysis of the cells with saponin. Three independent 
experiments were performed with duplicate wells and each dot in the plot represents individual well 
results. A) Non-differentiated PNOs, B) Differentiated PNOs. Significant differences are shown with the 
associated P values using Kruskal-Wallis multiple comparison with Benjamini, Krieger and Yekutieli post-
hoc test. 
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Finally, the similar level of expression of the different marker genes in 

differentiated PNOs, together with morphology observation, indicated that the 

commensal bacterial inoculation did not affect the monolayer integrity (Figure 3.7). 

 

 

Figure 3.7. Reverse transcription polymerase chain reaction (RT-PCR) of nasal epithelial cell marker 
genes expressed on porcine nasal organoids (PNOs) after 2 h of bacterial incubation. Presence of 
mucus (Muc5A gene, (indicating mucus secretion by goblet cells) and ZO-1 gene (tight junctions) after 
2 h of incubation with Rothia nasimurium (Rn), Moraxella pluranimalium (Mp), Glaesserella parasuis 
non-virulent (nvGp) and virulent (vGp) strains in non-differentiated and differentiated PNOs, 
respectively. NC represents negative control, consisting in PNOs without bacteria, and NT represents 
the positive control, nasal turbinate.  

 

PNOs enabled to evaluate interactions within the nasal microbiome and a 

respiratory pathogen 

Rothia has recently received attention for its role in host health and interaction 

with other members of the microbiota (312). To explore if the PNO model can be 

useful for elucidating interactions between nasal microbiota members, differentiated 

PNOs were inoculated with combinations of the commensal Rn and the other 

bacteria under study. The colonization of Mp, nvGp and vGp was not affected by the 
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presence of Rn in the co-culture (Figure 3.8A) and likewise, Rn colonization was not 

affected by the presence of any of the other strains (Figure 3.8B).  

 

 

 

Figure 3.8. Bacterial colonization on differentiated Porcine Nasal Organoids (PNOs). PNOs were 
incubated o/n with approximately 103 CFU/ml of Mp, 103 CFU/ml of nvGp or with 106 CFU/ml of vGp 
individually or in combination with 105 CFU/ml of Rn and colonization capacity (attachment) and 
presence in the supernatant were quantified by dilutions and plating. A) Co-culture of Moraxella 
pluranimalium (Mp, red), Glaesserella parasuis non-virulent (nvGp, green) and virulent (vGp, yellow) 
strains with Rothia nasimurium (Rn, blue) in the PNOs. B) Co-culture of Rn with Mp, nvGp and vGp in 
the PNOs. Each dot represents a replicate from three different experiments of PNOs coming from two 
animals. Two replicates were included in each experiment. Kruskal-Wallis multiple comparison with 
Benjamini, Krieger and Yekutieli post-hoc test was used to compare the bacterial concentrations. 
Significant difference is shown with the associated P value. 
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Adhesion at 2 h of either Mp or nvGp in co-culture with Rn was not affected 

(Figure 3.9A). However, a small reduction in the adhesion of vGp was observed when 

co-cultured with Rn (Figure 3.9A), which was accompanied by a reduction in the 

recovery of Rn from the supernatant (P = 0.0151; Figure 3.8B), and this could not be 

explained by competition of the strains in the culture media alone (Figure 3.10). Rn 

adhesion at 2h was not affected by any of the strains (see Figure 3.9B). 

 

 

Figure 3.9. Bacterial adhesion after 2 h of incubation in differentiated Porcine Nasal Organoids (PNOs). 
PNOs were incubated for 2 h with approximately 103 CFU/ml of Mp, 103 CFU/ml of non-virulent nvGp, 
106 CFU/ml of virulent vGp and with 105 CFU/ml of Rn. Adherent bacteria were quantified (CFU/ml) 
after eliminating non-attached ones by washing. A) Adhesion of Moraxella pluranimalium (Mp, red) and 
Glaesserella parasuis non-virulent (nvGp, green) and virulent (vGp, yellow) strains co-cultured with 
Rothia nasimurium (Rn) in PNOs. B) Adhesion of Rn (blue) co-cultured with Mp, nvGp and vGp in PNOs. 
Each dot represents a replicate from three different experiments of PNOs coming from two animals. 
Two replicates were included in each experiment. Significant difference is shown with the associated P 
value using Welch’s t test. 
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Figure 3.10. o/n co-culture of bacterial strains in fresh organoid media. Bacterial growth (CFU/ml) after 
o/n incubation in fresh Organoid Growth Medium (OGM) and fresh Organoid Differentiation Medium 
(ODM). A) Rothia nasimurium (Rn) individually grown as well as in co-culture with Moraxella 
pluranimalium (Mp, Rn+Mp), non-virulent Glaesserella parasuis strain (nvGp, Rn+nvGp) and virulent G. 
parasuis strain (vGp, Rn+vGp) in OGM (dark blue) and ODM (turquoise). B) Mp individually grown and 
in co-culture with Rn (Mp+Rn) in OGM (red) and ODM (orange). C) nvGp individually grown and in co-
culture with Rn (nvGp+Rn) in OGM (dark green) and ODM (light green). D) vGp individually grown and 
in co-culture with Rn (vGp+Rn) in OGM (dark yellow), ODM (light yellow). 

 

Minor differences in colonization patterns were observed in non-differentiated 

PNOs. A reduction of Rn colonization was observed when co-cultured with both nvGp 

and vGp strains (P = 0.0410 and P = 0.0009 respectively, Figure 3.11A), but the 

adhesion at 2h was not affected (Figure 3.11C). In the supernatants from the co-

cultures, a reduction in the number of Rn was observed when co-cultured with the 

vGp strain (P = 0.0055), but not with the nvGp, similarly to what was observed with 

differentiated PNOs (Figure 3.11B).  
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Figure 3.11. Rothia nasimurium load in non-differentiated porcine nasal organoids (PNOs) individually 
or in co-culture with selected strains. PNOs were inoculated with 104 CFU/ml of Rn alone or in 
combination with approximately 103 CFU/ml of Moraxella pluranimalium (Mp), 103 CFU/ml of non-
virulent Glaesserella parasuis (nvGp) or with 105 CFU/ml of virulent G. parasuis (vGp). A) R. nasimurium 
(Rn) attachment after o/n incubation. B) Rn found in the supernatant after o/n incubation. C) Rn 
adhesion after 2 h of incubation. Three independent experiments were performed with duplicate wells 
and each dot in the plot represents individual well results. Kruskal-Wallis multiple comparison with 
Benjamini, Krieger and Yekutieli post-hoc test was used to compare the bacterial concentrations. 
Significant differences are shown with the associated P value. 

 

Considering that the initial Rn inoculum was 105 CFU/ml, Rn did not grow in the 

conditions used for PNO culture. In fact, when Rn was grown as control in fresh 

Organoid Growth Medium (OGM) and Organoid Differentiation Medium (ODM) 

without PNOs, no colonies were recovered after o/n incubation (Figure 3.10A). 

However, when co-culturing Rn with Mp either nvGp or vGp strains, the quantity of 

Rn recovered after incubation was similar to the inoculum used (Figure 3.10A). By 

contrast, no differences between individual growth and growth with Rn in co-culture 

were observed in Mp when inoculated in fresh OGM and ODM (Figure 3.10B), as this 

bacterium could grow in the same way in all conditions tested. Interestingly, when 

inoculating ~103 CFU/ml of nvG, no growth was detected in single culture in fresh 

OGM or ODM but reached to approximately 104 and 105 CFU/ml when co-cultured 

o/n with Rn in OGM and ODM respectively, indicating a metabolic cooperation 

between these strains (Figure 3.10C). Similar results were observed with vGp, as it 

reached a higher concentration of bacteria when co-cultured with Rn in the absence 

of PNOs (Figure 3.10D). Overall, these results indicate that the PNOs are providing a 
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substrate for Rn’s growth, but also that vGp outcompetes Rn in these conditions. By 

contrast, it seemed to be a cooperation between nvGp and Rn. Similar to 

differentiated PNOs, colonization of non-differentiated PNOs by Mp and either nvGp 

or vGp strains was not affected by the presence of Rn (Figure 3.12A and 3.12B). 

However, Rn reduced the initial adhesion of nvGp (2 h of incubation) in the non-

differentiated PNOs (P = 0.0189, Figure 3.12C). 

 

 

Figure 3.12. Moraxella pluranimalium and Glaesserella parasuis strains load in non-differentiated 
porcine nasal organoids (PNOs) individually or in co-culture with Rothia nasimurium. PNOs were 
inoculated with 103 CFU/ml of Moraxella pluranimalium (Mp), 103 CFU/ml of non-virulent Glaesserella 
parasuis (nvGp) or with 105 CFU/ml of virulent G. parasuis (vGp) alone or in combination with 104 
CFU/ml of Rn. A) M. pluranimalium (Mp, red), non-virulent G. parasuis (nvGp, green) and virulent G. 
parasuis (vGp, yellow) attachment after o/n incubation. B) Mp, nvGp and vGp found in the supernatant 
after o/n incubation. C) Mp, nvGp and vGp adhesion after 2 h of incubation. Three independent 
experiments were performed with duplicate wells and each dot in the plot represents individual well 
results. Kruskal-Wallis multiple comparison with Benjamini, Krieger and Yekutieli post-hoc test was used 
to compare the bacterial concentrations. Significant differences are shown with the associated P value. 

 

R. nasimurium modulated cytokine secretion by PNOs and had an anti-

inflammatory role 

The results described above indicated that, contrary with the reported 

interaction described for Rothia mucilaginosa and Moraxella catarrhalis (153), Rn did 

not have a major direct impact on other microbiota members (i. e. by altering their 

abundance).  
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To explore a possible interaction through immunomodulation, we quantified 

cytokine release by PNOs in presence/absence of Rn and the other members of the 

nasal microbiota. For that, multiple cytokines (interferon alpha, IFNα; interleukin 1 

beta, IL-1β; interleukin 4, IL-4; interleukin 10, IL-10; interleukin 17A, IL-17A, 

interleukin 8, IL-8 (CXCL8); interleukin 12, IL-12; interleukin 6, IL-6, tumour necrosis 

alpha, TNFα; and interferon gamma, IFNγ) associated with inflammation and 

colonization were assessed. In general, two different patterns were detected in the 

stimulation by the individual strains of the differentiated PNOs. The first one 

produced by Rn and characterized by the induction of IFNγ (Figure 3.12A). The 

second one, the stimulation by the rest of the strains, characterized by a 

proinflammatory pattern with induction of IL-8, IL-12 and TNFα (Figure 3.12B, 3.12C 

and 3.12D respectively). Interestingly, the pro-inflammatory effect produced by Mp 

and both nvGp and vGp was abolished by co-incubation with Rn (Figure 3.12), despite 

the low numbers of Rn in the co-cultures (~103 CFU/ml) in comparison to the high 

abundance of nvGp and vGp (107 CFU/ml for both strains) and Mp (108 CFU/ml). On 

the contrary, the stimulation of IFNγ by Rn was not affected by incubation with the 

other two commensal strains (Mp and nvGp), but it was abolished by the pathogenic 

one, the vGp strain (Figure 3.12A). 
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Figure 3.12. Cytokine concentrations secreted by the differentiated Porcine Nasal Organoids (PNOs) 
when stimulated with the bacteria. Differentiated PNOs were incubated with 105 CFU/ml of R. 
nasimurium (Rn), 103 CFU/ml of Moraxella pluranimalium (Mp), 103 CFU/ml of non-virulent Glaesserella 
parasuis (nvGp) or with 106 CFU/ml of virulent G. parasuis (vGp) individually or in combinations. After 
o/n incubation supernatants were recovered for cytokine quantification. Results are shown as the delta 
of each interleukin and cytokine, subtracting the negative control (PNOs without inoculation, basal 
levels of the secretion) in pg/ml. A) Secretion of interleukin 8 (IL-8), B) Secretion of interleukin 12 (IL-
12), C) Secretion of Tumor Necrosis Factor alpha (TNFα) and D) Secretion of Interferon gamma (IFNγ). 
Each dot represents a replicate from three different experiments of PNOs coming from two animals. 
Two replicates were included in each experiment. Kruskal-Wallis multiple comparison with Benjamini, 
Krieger and Yekutieli post-hoc test was used to analyze the data. Significant differences are shown as 
horizontal lines with the associated P value. 

 

Similar results in the expression of cytokines were obtained with non-

differentiated PNOs (Figure 3.13), with the addition of the ability of secrete IL-6 

(Figure 3.14).  
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Figure 3.13. Interleukins and cytokines concentrations secreted by the non-differentiated Porcine 
Nasal Organoids (PNOs) when stimulated with the bacteria. Non-differentiated PNOs were incubated 
with 104 CFU/ml of R. nasimurium (Rn), 103 CFU/ml of Moraxella pluranimalium (Mp), 103 CFU/ml of 
non-virulent Glaesserella parasuis (nvGp) or with 105 CFU/ml of virulent G. parasuis (vGp) individually 
or in combinations. After o/n incubation supernatants were recovered for cytokine quantification. 
Results are shown as the delta of each interleukin and cytokine, subtracting the negative control (PNOs 
without inoculation, basal levels of the secretion) in pg/ml. a) Secretion of interleukin 8 (IL-8), b) 
Secretion of interleukin 12 (IL-12), c) Secretion of Tumor Necrosis Factor alpha (TNFα) and d) Secretion 
of Interferon gamma (INFγ). Each dot represents a replicate from three different experiments of PNOs 
coming from two animals. Two replicates were included in each experiment. Kruskal-Wallis multiple 
comparison with Benjamini, Krieger and Yekutieli post-hoc test was used to analyze the data. Significant 
differences are shown as horizontal lines with the associated P value. 
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Figure 3.14. Interleukin 6 (IL-6) concentrations by the non-differentiated Porcine Nasal Organoids 
(PNOs) when stimulated with the bacteria. Non-differentiated PNOs were incubated with 104 CFU/ml 
of Rothia nasimurium (Rn), 103 CFU/ml of Moraxella pluranimalium (Mp), 103 CFU/ml of non-virulent 
Glaesserella parasuis (nvGp) or with 105 CFU/ml of virulent G. parasuis (vGp) individually or in 
combinations. After o/n incubation supernatants were recovered for cytokine quantification. Results 
are shown as the delta of interleukin 6 (IL-6), subtracting the negative control (PNOs without 
inoculation, basal levels of the secretion) in pg/ml. Each dot represents a replicate from three different 
experiments of PNOs coming from two animals. Two replicates were included in each experiment. 
Kruskal-Wallis multiple comparison with Benjamini, Krieger and Yekutieli post-hoc test was used to 
analyze the data. Significant difference is shown as a horizontal line with the associated P value. 

 

Finally, IFNα, IL-1β, IL-4, IL-10 and IL-17A were below the detection limits in all 

tested samples, suggesting that these cytokines are not released in this PNO model 

under the tested conditions. 

Discussion 

In this study, for the first time, we have established long-term cultures of 

porcine nasal organoids (PNOs) derived from nasal turbinates by isolating the basal 

epithelial cells. These 3D “mini-noses” exhibited a centralised lumen surrounded by 

a polarised airway epithelial cell layer, showing cilia oscillations with proliferative 

activity and tight junction function, which are physiologically similar to the pig airway 

epithelium in vivo. This model recapitulates key histological and functional aspects 

of the in vivo tissue, suggesting that it is an excellent proxy of the porcine nasal 
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epithelium and can be used to model respiratory diseases. As a proof-of-concept, we 

used the PNOs to study host-bacterial interactions using nasal colonizers of pigs.  

The culture conditions used to generate and maintain the PNOs preserved the 

self-renewal of nasal-resident stem cells and the stability of the organoids during the 

proliferation phase. This allowed us to indefinitely expand the organoid culture while 

recapitulating the cell diversity of the native tissue. For the differentiation stage, the 

composition of the medium promoted the specialisation of cells as we confirmed by 

PCR and IFA. Expression of FOXJ1 and MUC5AC indicated the cilia formation and 

mucus production, both involved in bacterial clearance. These markers, together 

with ZO-1 (zonula occludens-1, a tight junction protein implicated in the maintenance 

of cell barrier integrity) were relevant for the analysis of the host response to both 

colonization by nasal commensal bacteria and the infection by the respiratory 

pathogen. In relation to this, the presence of mucus (Muc5A gene, secreted by goblet 

cells) and the tight junctions (ZO-1 gene) were more evident after 2 h of infection 

than after o/n incubation with the strains. This suggested that PNOs’ cells were more 

reactive to the bacteria during the first hours and reached an equilibrium after an 

o/n incubation.  For non-differentiated PNOs this effect was not observed, suggesting 

that the lack of differentiation is related to less specialization. Overall, we conclude 

that colonizers did not affect the integrity of PNO monolayers, whereas virulent G. 

parasuis did disrupt the tight junctions and affected the production of mucus, 

damaging goblet cells and probably other cellular types, which is in agreement with 

other studies (data not shown) (313,314).  

Interactions between pathogens and members of the nasal microbiota could be 

essential to limit pathogen entry and their capacity to disseminate systemically (88). 

For instance, in humans, several studies revealed that interactions between 

members of the nasal microbiota, such as Corynebacterium spp. or Dolosigranulum 

pigrum, interfered with Staphylococcus aureus colonization (155,156,211,315). 

Nevertheless, the mechanisms involved in these host-microbiome interactions are 

difficult to study in a systematic way and could profit from a simplified and 
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convenient model like nasal organoids. Our approach with PNOs to study bacterial 

colonization aligns with other works that describe the in vivo situation.  For instance, 

Rothia is prevalent but not abundant in pig nasal swab samples, while other species 

as M. pluranimalium and G. parasuis showed high prevalence and abundance in this 

type of samples (126,152). These findings were in apparent contradiction with the 

capacity of those bacterial species to grow in laboratory conditions, i. e., R. 

nasimurium grows abundantly in common bacterial media, while M. pluranimalium 

and G. parasuis are fastidious microorganisms that grow poorly. In our study, the 

initial inoculated amount was similar for all the strains, but we found that our PNO 

model may be mimicking the in vivo conditions of the microbial network and the 

nasal mucosa, where a high abundance of Moraxella and Glaesserella is typically 

detected in the nasal microbiota of pigs, together with a low abundance of Rothia.  

Differentiated PNOs seemed to be less reactive to bacterial stimuli than the non-

differentiated ones as they secreted less interleukins, especially IL-8, IL-12 and IL-6, 

the latter being only detected in non-differentiated PNOs. We hypothesized that this 

effect could be produced because differentiated PNOs have more specific cells 

associated to protection, as ciliated cells, and goblet cells, whose movement and 

secretion of mucus, respectively, could avoid intimate bacterial contact. Moreover, 

our results, confirm previous observations showing that Gram-negative bacteria 

induce pro-inflammatory cytokines IL-8, IL-12, IL-6 and TNFα, while Gram-positive 

tend to induce IL-12, TNFα and IFNγ (316), supporting the value of the PNO model. 

IFNγ can inhibit IL-8, TNFα and IL-6 production (317–319). In fact, IFNγ has an anti-

inflammatory role when the host is infected with bacterial pathogens (316,320), in 

agreement with our results and results with Rothia mucilaginosa. R. mucilaginosa 

was negatively correlated with pro-inflammatory markers as IL-8, IL-6 and IL-1β and 

demonstrated an immunomodulatory activity in a three-dimensional cell culture 

model of the respiratory tract in the presence of pathogens as Pseudomonas 

aeruginosa (293,321,322). Similarly, R. nasimurium had an anti-inflammatory role in 

the PNOs by eliciting IFNγ production and interfered with the stimulation produced 

by the other members of the nasal microbiota, although the numbers of R. 
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nasimurium were lower than those of the other bacteria. Overall, our results suggest 

that R. nasimurium might be important for the maintenance of the homeostasis with 

potential properties as a probiotic.  

We present a novel model that recreates the typical aspects of the in vivo nasal 

epithelium based on 3D PNOs (that can be indefinitely passaged and frozen for long-

term expansion) and a monolayer culture derived from them, which can be 

convenient for microbial network and host-microbe interaction studies. It is also 

important to remark the breakthrough in the generation of the pig nasal organoids 

using a non-invasive technique (cytological brushes) as an alternative to necropsy-

derived organoids, supporting the 3Rs principle of animal experimentation. 

Additionally, we improve our understanding of the nasal microbiota colonization and 

the interactions between the different members, as well as the host cellular response 

to both bacterial colonization and infection. All the experiments presented in this 

study have been performed in monolayers using 96-well plates as a “proof-of-

concept”. Despite monolayers recapitulated the in vivo structure, future 

improvements would include ALI cultures to simulate apical-basal 

compartmentalization and thus increase differentiation. Moreover, additional 

studies including more members of the nasal microbiota, as for example, a 

consortium, should be performed to fully understand the interaction network of the 

microbiota. 

In conclusion, PNOs demonstrated to be a promising tool to expand the 

knowledge on the bacteria-bacteria and bacteria-host interactions occurring in 

piglets’ noses, as well as useful to study pathogen exclusion to find new alternatives 

to antimicrobials and reduce the use of these drugs. Besides, PNOs can be taken into 

consideration for studies to predict future transmissions and pandemics, as pigs are 

natural reservoirs for a wide variety of zoonotic pathogens.  
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Materials and methods  

Animal experimentation and ethics approval 

For the obtention of nasal turbinates, 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 

procedure did not require specific approval by an Ethical Committee (Chapter I, 

Article 3. 1 of 2010/63/EU). 

Establishment of porcine nasal organoids (PNOs) from nasal turbinates and nasal 

brushes 

Porcine nasal organoids were isolated from two 4-week-old male healthy piglets 

(Sus scrofa domesticus) coming from Spanish conventional farms. Piglets were 

transported to IRTA-CReSA facilities where they were humanly euthanized by means 

of an overdose of sodium pentobarbital (Dolethal).  Immediately after, the complete 

nasal turbinates were dissected, cut longitudinally and collected in a container with 

Dulbecco’s modified Eagle’s medium (DMEM/F12) complemented with HEPES, 

GlutaMax, Penicillin-streptomycin (P/S) and Amphotericin B (AmphB) (complete 

DMEM/F12). Samples were stored on ice until processing on the lab or kept at 4ºC 

o/n for further processing of epithelial isolation on next day.  After some washes with 

cold PBS 1x supplemented with P/S and AmphB, nasal turbinates were transferred 

onto a sterile plate using sterile tweezers and scalpel. The nasal mucosa tissue was 

peeled off and cut into small segments. Tissue samples were washed with cold PBS 

1x supplemented with P/S and AmphB in a 50-ml centrifuge tube until the 

supernatant was clear, allowing mucosal segments to settle down to the bottom by 

gravity. Then, the pieces were incubated in collagenase IV (1 mg/mL) resuspended in 

10 ml of OGM (Complete PneumaCult-Ex Plus Basal Medium [StemCell Technologies 

Cat #05040]) containing 1% of both AmphB and P/S) at 37°C for 1 h on a rocker (200 

rpm). After digestion, collagenase IV was removed, and the airway debris was 

dissociated with 0.25% EDTA-Trypsin at 37°C for 30 min. Then, the debris was 
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harvested by centrifugation at 300 x g at 4°C for 4 min, resuspended in complete 

DMEM/F12 with 10% Fetal Bovine Serum (FBS), and strained through a 100-µm 

strainer.  Once spun at 400 x g for 5 min at 4°C, airway cell pellet was washed with 10 

ml of complete DMEM/F12 and 10 ml of OGM. Finally, the medium was removed, 

and the cell pellet was resuspended in Matrigel (Corning 356231), seeded into a 24-

well plate, and incubated for 15-30 min at 37°C with 5% CO2. After solidification, 

Matrigel droplets were cultured with 500 µl of OGM supplemented with P/S and 

AmphB and placed back into 37°C incubator with 5% CO2. The culture medium was 

exchanged every other day, and the nasal organoids were passaged every 7-10 days 

at a 1:2 or 1:3 ratio for expansion. After 2 or 3 passages, P/S and AmphB were 

removed from the OGM. Additionally, PNOs were tested for Mycoplasma by qPCR.   

PNOs were also stablished from nasal brushes using cytological brushes 

(Covaca). The protocol followed was the same as from nasal turbinates with some 

modifications. Briefly, cytological brush was inserted into the nasal cavity, softly spun 

and then placed into a 15-ml tube containing 10 ml of cold complete DMEM/F12. 

Cellular material was removed using a cut-ended pipette tip and transferred to 

another 15-ml tube. Both tubes were centrifuged at 300 x g for 4 min at 4ºC and the 

pellet was washed twice with cold PBS 1x supplemented with P/S and AmphB. TrypLE 

(Gibco) was added to this pellet, incubated for 10 min at 37ºC and inactivated with 5 

ml of complete DMEM/F12. After that, the cellular material was passed through a 

70-µm filter to obtain the epithelial cells, spun at 300 x g for 4 min at 4ºC and 

resuspended in Matrigel. 

2D airway organoid monolayer cultures  

Airway organoid monolayer cultures were prepared from 3D airway organoids 

as previously described (310). First, after culturing for 7 days, 3D airway organoids 

were washed by using ice-cold DMEM/F12 and dissociated with 0.05% trypsin-EDTA 

(Gibco) in a 37º water bath for 4 min. After incubation, trypsin was inactivated by 

adding DMEM/F12 containing 10% of FBS and the organoids were vigorously 

repeated pipetted up and down to dissociate into single cells. Then, the cell 
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suspension was filtered through a 40-μm cell strainer (352340; Corning), centrifuged 

and resuspended in OGM with 10 µM rock inhibitor (Y-27632). Finally, cells were 

seeded at 3x105 airway organoid cells in each well of a 96-well plate precoated with 

Matrigel. After culturing for 7 days and replacing OGM every other day, the 2D airway 

organoid monolayers (non-differentiated PNOs) were ready for the microbiota 

experiments. Differentiated PNOS were prepared following the same protocol but 

switching the OGM to ODM; Complete PneumaCult Airway Organoid Basal Medium 

[StemCell Technologies Cat #05061]) at day 7 after seeding, or when monolayer is 

100% confluent, replacing media every other day for one week more (11-14 days in 

total). 

Observation of cilia oscillations 

The nasal mucosa organoids, both 3D and 2D models, were observed at 

different cultured times for cilia movement under an optical microscope (x20 and 

x40) and recorded by video (Annex 3.1).   

Fixation, paraffin-embedding, and sectioning of 3D porcine nasal organoids (PNOs) 

The protocol followed is based on a previous publication (Wiley 2017). Briefly, 

3D organoids were rinsed with PBS and fixed with PFA 4% for 1h at 4ºC. After several 

washes with PBS, organoids were centrifuged for 5 min at 1500 rpm and then were 

embedded in agarose 2%, cut in small, rounded pieces and introduced into the 

cassettes followed by dehydration in ethanol series (80%, 95% and 100%, 15 min 

each at RT). The 3D organoids were then subjected to paraffin embedding and 

sectioning. Standard haematoxylin and eosin (H&E) staining were performed to 

evaluate the airway structure. 

Immunohistochemistry (IHC) 

Paraffin-embedded nasal turbinates from piglets were used to localize and 

compare the expression of the different cell types. Samples were sectioned at 2’5-

µm thickness, deparaffinized and rehydrated. After dH2O washes, the endogenous 

peroxidase was blocked with methanol and 3% H2O2 for 30 min at RT. Antigen 

retrieval was performed at pH 6 using a sodium citrate buffer for 20 min at 98ºC. 
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Then, sections were washed and blocked for 1h in PBS-Tween 20-2% BSA (Bovine 

Serum Albumin) at RT. Primary antibodies ZO-1 dilution 1/300 (Invitrogen ZO1-1A12), 

acetylated α-tubulin dilution 1/10.000 (Proteintech 66200-1-Ig), Ki67 dilution 1/2000 

(BD 550609) and 5 µg/ml FOXJ1 (Invitrogen 14-9965-80) were incubated o/n at 4ºC. 

After three washes with PBS, Envision+System-HRP labelled Polymer anti-mouse 

(Dako) was added at RT for 45 min. The reaction was developed by adding the DAB 

substrate and sections were mounted with DPX. 

Immunofluorescence assays (IFA) 

PNO monolayer cultures in 96-well plates were incubated for 7 days with OGM 

(non-differentiated PNO monolayers) or 7 days with OGM + 7 days with ODM 

(differentiated PNO monolayers). Then medium was removed, monolayers washed 

twice with PBS 1x and fixed with PFA 4% for 1h at RT. After fixation, cells were washed 

twice with PBS 1x, permeabilized with 0.5% Triton-X100 for 1h at RT and blocked with 

BSA 3% for another hour. After that, primary antibodies were added and incubated 

o/n at 4ºC. Next day, cells were washed 3 times with PBS and incubated with the 

secondary antibodies (α-mouse IgG1 antibody conjugated with ALEXA 568 or ALEXA 

488 at 1/1000 dilution, mixed with phalloidin and Hoescht, for 4h at RT. After 4 h of 

incubation in darkness, monolayers were washed 3 times with PBS and 150 µl of PBS 

were finally added. The same protocol was followed for the 3D PNOs cultured 7 days 

with OGM (non-differentiated) or 7 days with OGM + 3 days of ODM (differentiated) 

but 3 washes were performed between steps for 5 min in agitation. Low-binding 

eppendorfs were used for the incubations. Approximately, 20 µl of 3D HIEs 

suspension were mounted on slides and mixed with VECTASHIELD Plus antifade 

mounting medium (Sigma-Aldrich). 96-well plates (monolayers) and slides (3D PNO) 

were observed using a fluorescence (MOTIC AE31E) and confocal microscope (Leica 

Stellaris 8), respectively. 

RNA extraction and RT-PCRs 

PNOs were disaggregated and resuspended in DNA/RNA Shield (Zymo Research 

R1100-50) to preserve the RNA and frozen at -20ºC until its extraction. Total RNA was 
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extracted using the RNeasy Mini Kit (Qiagen 74104) following the manufacturer’s 

instructions. DNase digestion step was performed using the RNase-Free DNase Set 

(Qiagen 79254) as described and recommended by the manufacturer.  

Concentrations were measured using absorbance at 260nm (A260) with BioDrop 

DUO (BioDrop Ltdre). RNA was retrotranscribed to cDNA using a minimum 

concentration of 80 ng/ml of RNA using the PrimeScript™ RT Master Mix (Perfect 

Real Time) (Takara Bio #RR036B) kit following manufacturer’s protocol. Finally, a 

conventional PCR to detect club cells (Scgb1A1), goblet cells (Muc5AC), basal cells 

(TP63), ciliated cells (FoxJ1) and tight junctions (ZO-1) was used. A housekeeping 

gene (gapdh) was included as a positive control of the extraction. 

Incubation of bacteria, individually and in co-culture, with non-differentiated and 

differentiated 2D PNOs 

Previously characterized porcine nasal isolates R. nassimurium UK1-9, M. 

pluranimalium LG6-2 and non-virulent G. parasuis F9 were used in this study 

(86,126). In addition, we included in the study a virulent G. parasuis strain that can 

disseminate systemically and produce Glässer’s disease, a systemic inflammatory 

disease characterized by polyserositis (79). For the assays, the strains were grown 

o/n on chocolate agar at 37ºC with 5% CO2. Next, bacterial suspensions were 

prepared in order to have approximately 103-105 CFU/ml of each strain. Inoculums 

were centrifuged at 16000 x g for 10 min and the bacterial pellet was resuspended 

in OGM or ODM for non-differentiated or differentiated PNO, respectively. Serial 

dilutions of the final inoculum were performed and plated on chocolate agar to 

confirm the inoculum concentration.  

PNOs were prepared in 96-well plates and were inoculated with 100 µl of each 

individual bacterial suspension.  In the case of co-cultures, 50 µl of R. nasimurium 

inoculum were mixed with 50 µl of each of the other strains in pairwise combinations 

(R. nasimurium + M. pluranimalium, R. nasimurium + non-virulent G. parasuis F9, and 

R. nasimurium + virulent G. parasuis Nagasaki) to evaluate the possible interaction 

between the different strains. The 96-well plates with the inoculated 2D PNOs 
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monolayers were incubated o/n at 37ºC with 5% CO2 to study the colonization 

capacity of the strains, including stimulation capacity. Afterwards, supernatants of 

each well were taken for bacterial count by serial dilutions and determination of 

cytokine secretion by PNOs (see below). Next, 2D PNOs monolayers were washed 2 

times with 150 µl of PBS and were lysed with 1 % Saponin from Quillaja Bark (Sigma 

S7900-25G) to assess the associated bacteria. Serial dilutions of the lysate were 

performed and cultured on chocolate agar. All the chocolate agar plates were 

incubated at 37ºC with 5% CO2 for 48 hours. Additionally, same inoculations of the 

bacteria to the 2D PNOs were performed but reducing the time of incubation to 2 h 

to study adhesion capacity. After incubation, supernatants and PNOs monolayers 

were processed as indicated above.  

One of the infected 96-well plates was used to RNA extraction and RT-PCR 

analysis for the muc5ac and zo-1 gene expression, presence of goblet cells and tight 

junction respectively, as described before.  

As growth controls, bacterial inocula, individually and in co-culture, were 

incubated o/n with fresh OGM and ODM. Bacterial growth after incubation was 

assessed by serial dilution of the cultures and plating on chocolate agar for colony 

counts. 

Cytokine detection in the non-differentiated and differentiated 2D PNOs 

To detect cytokines, chemokines and interleukins, supernatants were taken 

from the 96-well plate seeded with 2D PNOs infected with the bacteria after o/n 

infection. Supernatants were centrifuged at 16000 x g 10 minutes to eliminate the 

bacterial cells and frozen at –80ºC until its use. Negative controls from non-

inoculated PNOs were also included.  

Cytokine & Chemokine 9-Plex Porcine ProcartaPlex™ Panel 1 assay 

(ThermoFisher Scientific #EPX090-60829-901) was used following manufacturer’s 

protocol to detect FNα, IFNγ, IL-1β, IL-10, IL-12, IL-4, IL-6, IL-8 (CXCL8) and TNFα. 

Standards were prepared with the growth media of the PNOs. 
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In parallel, IL-8 secretion was assessed with an Enzyme-Linked Immunosorbent 

Assay (ELISA) following the manufacturer’s protocol ((R&D system #DY535). The coat 

was made with 1:180 dilution of 360 μg/ml IL-8 capture antibody in PBS 1x. 300 μl of 

block buffer (1% Bovine Serum Albumin, BSA in PBS 1x) were added and incubated 1 

h 50 rpm at RT. Samples were added using a 1:50 dilution in the reagent diluent 

(0,1%BSA, 0,05% Tween20 in PBS 1x). A 1:180 dilution in the reagent diluent of 

5,4ug/ml detection antibody was used.  

IFNγ secretion was also assessed with an ELISA following manufacturer’s 

protocol (Swine IFN gamma Polyclonal Antibody, PB0157S-100; Swine IFN gamma 

Polyclonal Antibody Biotinylated, PBB0269S-050; Swine IFN gamma [Yeast-derived 

Recombinant Protein], RP0126S-005; Kingfisher Biotech, Inc).  Samples were added 

1:5 diluted in the same media used for the PNOs growthIL-10 and IL-17A ELISAs were 

tested as described for IFNγ. 

Statistical analysis 

Graphpad 8.3 (538) Prism software (Dotmatics, San Diego CA) was used to 

analyse the all the data.  

Kruskal-Wallis multiple comparison with Benjamini, Krieger and Yekutieli post-

hoc test was used to compare the concentrations of individual strains, as well as to 

assess the concentration of R. nasimurium co-cultured with the other strains.  This 

test was also used to compare the differences in the levels of cytokines secreted by 

the PNOs in the presence or absence of the different bacteria.  Welch’s and Mann-

Whitney t tests were used to compare the concentrations of M. pluranimalium, non-

virulent and virulent G. parasuis strains after single or co-culture with R. nasimurium. 

A significance level of P < 0.05 was considered statistically significant. 
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Annexes  

Annex 3.1. Cilia movement in 3D Porcine Nasal Organoids (PNOs). 

Available at Zenodo repository in this link/QR code:  

https://zenodo.org/records/15019822 
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 The nasal microbiota, together with the nasal mucosa, constitute the first 

line of defence against environmental pollutants, particles and respiratory 

pathogens. Recent human studies have shown that interactions between the 

commensals of the nasal microbiota are crucial to avoid pathogen colonization (323–

325). Understanding the underlying mechanisms could lead to the development of 

new strategies to control infectious diseases. In pigs, recent research has also 

demonstrated the importance of such microbial interactions in pathogen infections 

(116,326). In the present thesis, new tools were developed to further unravel the 

functionality of the piglet nasal microbiota, as well as to systematically study the 

interactions within this community and with respiratory pathogens in the host 

context.  

Different animal models have been used to study the microbiota of pigs. Germ-

free BALB/c mice have been employed to investigate the pig gut microbiota as well 

as bacterial and viral infections. Although they are not the natural host, these animals 

offer the advantage of being much easier to handle (205,327,328). Conventional mice 

treated with a broad-spectrum antibiotic cocktail have been also useful to study 

human diseases, such as cardiovascular complications and colitis, as well as the effect 

of microbiota in the gut-brain axis communication, among other functions (329–

331). In order to use the native host, Modrackova et al. (2024) obtained germ-free 

piglets by hysterectomy of pregnant miniature sows and studied the colonization of 

a combination of nine bacterial strains from the pig gut microbiota and the effect on 

a subsequent infection with Salmonella Thyphimurium LT2. They showed that the 

inoculated commensals colonized the gnotobiotic pigs, but this colonization did not 

confer a significant protection against the inoculated pathogen (332,333). Similarly, 

colostrum-deprived, caesarean derived (CDCD) piglets were proven to be useful for 

studying infections produced by Glaesserella parasuis, Streptococcus suis, Bordetella 

bronchiseptica and Mycoplasma hyorhinis (91,334–336), as well as to assess gut 

microbiota colonization (337,338). However, the main limitation of these models is 

that animal survival is compromised by the absence of maternal immunity, and 
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thereby, the immunodeficient state of the piglets makes their manipulation more 

challenging (339).  

In the present thesis, to avoid the complex housing conditions of gnotobiotic 

animals, and following the studies done in mice, we administered an intensive 

antibiotic treatment with ceftiofur and tulathromycin to sows, as it is known that the 

sow is the main microbiota source for their piglets (52). Although the antibiotic 

treatment did not completely prevent the nasal microbiota transfer from the sows to 

the piglets, it significantly reduced it. We evaluated this model by intranasally 

inoculating a mixture of three common nasal commensals (Moraxella pluranimalium, 

Rothia nasimurium and Streptococcus pluranimalium) on the first day of life of the 

piglets (data not shown). However, none of the inoculated strains successfully 

colonized the animals. We hypothesize that the failure in colonizing these piglets by 

the three professional colonizers could be explained because they may require the 

interaction with other commensals to establish a stable nasal community, or 

alternatively, the presence of environmental bacteria could interfere in their 

establishment. A previous study from our group showed that inoculating the same 

colonizers but including Vagococcus lutrae and a non-virulent G. parasuis strain 

resulted in a successful colonization by M. pluranimalium, R. nasimurium, G. parasuis 

and S. pluranimalium. In addition, this colonization showed an amelioration of the 

nasal microbiota alterations produced by antibiotic treatments (126). Next steps may 

include the inoculation of different doses of the mentioned strains and/or the 

inoculation of different combinations of the members of the synthetic community 

defined in the present thesis, the Porcine Nasal Consortium (PNC8), to elucidate 

which are the minimum essential members of the pig nasal microbiota needed to 

establish the community. The subsequent inoculation with respiratory 

pathogens/pathobionts, such as G. parasuis, M. hyorhinis or S. suis would enable the 

understanding of the nasal microbiota role in pathogen exclusion. Finally, other 

commensals besides the ones constituting the PNC8 should be considered, such as 

Coryneobacterium, which was recently isolated from healthy piglets in our 

laboratory.  
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In accordance with the 3Rs principle, we next aimed to develop in vitro 

approaches to recapitulate the host environment and represent the nasal 

microbiota, such as the PNC8 consortium and the Porcine Nasal Organoids (PNOs) 

presented in this thesis.  

In relation to the PNC8 consortium, we showed that the 8 selected species had 

different nutritional requirements across various in vitro conditions, representing the 

complexity of the nasal microbiota and supporting the existence of interactions. For 

instance, we identified a positive interaction between G. parasuis (non-virulent and 

virulent strains) and either R. nasimurium or Staphylococcus aureus in a nutrient-

limiting medium. These results align with recent evidence confirming that 

cooperative events among microorganisms are more likely to occur when they face 

environmental pressures, such as antibiotics or nutrient deficiencies (Shuang Wang 

et al., 2024 microbial collaborations). Regarding this, Machado et al. (2021) 

highlighted that cooperative communities harbour complementary auxotrophies, 

such as for amino acid biosynthesis, while competitive communities have diverse 

metabolic capacities to exploit the available nutrients, which indirectly antagonize 

bacteria and reduce the dependence on the other species (340). More interaction 

experiments using different PNC8 member combinations and/or respiratory 

pathogens must be performed to elucidate the type of interactions present in the pig 

nose. This should include culture media with different richness and mimicking the 

scarce-nutrient environment of the nose (269). Other approaches such as the culture 

of the PNC8 strains in each other’s spent media, or metabolomic analysis could be 

useful to determine the metabolic role in these interactions (150,152,153,341).  

To study the nasal commensals in a more in vivo-like system, we used the PNO 

model and corroborated that PNC8 members R. nasimurium, M. pluranimalium and 

G. parasuis F9 strain and the virulent Nagasaki G. parasuis strain were able to 

colonize this model. None of the tested commensals affected the PNO monolayer 

integrity. In contrast, consistent with previous studies (313,314), the virulent 

Nagasaki strain disrupted the tight junctions and altered mucus production (data not 
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shown). However, here monolayer integrity was only examined through observation 

and RT-PCR of cell markers. Additional techniques would allow to confirm our 

observations, such as transmission electron microscopy or time-lapse observation of 

the organoids using a confocal microscope.  

On the other hand, we demonstrated the existence of interactions between R. 

nasimurium and the other selected bacteria in PNOs. When M. pluranimalium and 

G. parasuis strains were individually incubated, PNOs responded secreting 

proinflammatory cytokines. In contrast, when co-cultured with R. nasimurium, 

proinflammatory cytokine levels decreased. This result evidenced the anti-

inflammatory role of R. nasimurium in the PNO model, probably by the interference 

in cell signalling through INFγ production, showing its capacity to modulate host 

cytokine release and mitigating the pathogens’ effect. In agreement, Goeteyn et al. 

(2023) showed that Rothia can synergistically interact with other commensal bacteria 

(Actinomyces naeslundii) to reduce the activation of the NF-κβ pathway of A549 cells, 

which is related with inflammation (293). In the present thesis, host inflammatory 

responses were only assessed by quantification of selected cytokines. Other 

strategies such as transcriptomic analysis of the PNOs would allow the 

comprehension of host gene expression after bacterial colonization, including the 

understanding of the role of R. nasimurium in the modulation of the host 

inflammatory responses (194,197,342–344).Our results are also in agreement with 

recent research that have highlighted the potential probiotic effect of Rothia in 

humans due to its capacity to avoid the colonization of some respiratory pathogens 

(e. g. Pasteurella multocida and Moraxella catarrhalis) and its anti-inflammatory role 

in the LRT, improving chronic respiratory disorders (153,293,312,322). Hence, we 

propose that R. nasimurium is a potential probiotic candidate for swine microbiota 

interventions. Additional PNO colonization experiments should be conducted with R. 

nasimurium, including testing different bacterial concentrations to determine 

whether its effect is dose dependent, or using other isolates to assess the reliability 

of its effect across different strains. Furthermore, inoculation with dead Rothia or its 
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derived components, could also be interesting to evaluate if it could act as a 

postbiotic, as done in a recent study (345).  

Further colonization experiments should be carried out, as in the present thesis 

only few PNC8 members and a single pathobiont were tested in the PNO model. 

Individual incubation of all PNC8 strains and other respiratory pathogens in PNOs 

should be conducted to confirm their capacity to colonize this model. Additionally, 

the interactions between other PNC8 members and different respiratory pathogens 

should be tested. In relation with this, a recent study showed that some taxa of the 

pig nasal microbiota, including Moraxella, Lactobacillus and Rothia, negatively 

correlated with pathogens such as M. hyorhinis, G. parasuis, P. multocida, 

Mannheimia varigena and S. suis (326). The PNOs presented here, can be a useful 

model for the experimental confirmation of these and other correlations observed in 

silico. All these additional experiments would verify the robustness of the PNO 

approach and would evidence the capacity to reproduce in vivo 

colonization/infection. Finally, live monitoring of the bacteria during the 

colonization/infection could provide crucial information to understand the 

microbiota network and its role in pathogen exclusion. To achieve that, fluorescent-

labelled strains would be useful (346,347). For example, Rapún-Araiz et al. (2023) 

transformed Haemophilus influenzae with plasmids containing genes coding for 

fluorescent proteins and tracked the bacteria over-time in human alveolar basal 

epithelial cells (346). Labelling the PNC8 strains and the relevant respiratory 

pathogens with different fluorescent genes would allow the simultaneous imaging of 

the spatial distribution and the abundance of nasal species in the PNOs or in in vivo 

experiments. 

Future directions to study the pig nasal microbiota must be explored, such as 

using organoids in ALI conditions, which have demonstrated to better recapitulate 

the nasal tissue characteristics. ALI conditions would allow the exposure of cells to 

the air by the apical side, while only the basolateral side remains in contact with the 

medium, mimicking the respiratory tissue and therefore, promoting a more 
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advanced state of differentiation (157,202,348). Boyd et al. (2024) cultured human 

nasal organoids in ALI conditions and confirmed the capacity of some pathogenic and 

commensal nasal species to individually colonize these cultures for 48 h. They also 

showed how these strains modulated the secretion of relevant cytokines, such as the 

increase in CXCL11 when the organoids were colonized with Streptococcus 

pneumoniae, or the decrease in CXCL10 when colonized with S. aureus or 

Dolosigranulum pigrum (197). Following research could also consider the co-culture 

of organoids and immune cells, such as macrophages, adding another layer of 

complexity to the model (349,350). However, factors such as the absence of airflow 

dynamics may still limit their ability to fully mimic natural colonization conditions. For 

that, new tools such as the organ-on-a-chip (OoC) devices are being employed to 

physiologically recapitulate many human tissues. Specifically, OoC can recreate the 

mucosal interface to study the host-microbiota interplay, as it includes microfluidic-

based flow dynamics, shear stress, the possibility of mechanical deformation and 

oxygen control (351,352). Recent studies have employed the OoC technology to 

elucidate human microbiota interactions as well as to study the pathogenicity of viral 

and bacterial infections in a more in vivo-like environment compared to other 

approaches, such as static primary cell cultures or non-human animal models (353–

356). Lee et al. (2024) evidenced that gut OoC had a more suitable environment for 

microbial colonization due to the 3D structure that simulates the human intestinal 

structure (356). Similarly, Izadifar et al. (2024) highlighted that vaginal OoC produced 

a more realistic cervical mucus than other in vitro approaches due to the dynamic 

flow of this technology (354). Furthermore, the combination of organoids and OoC 

technologies (OrgOC) have been applied to multiple human tissues (357–360). These 

OrgOC models can be used to explore the human microbiota, as done by Tovaglieri 

et al. (2019). In this study, an OrgOC model co-culturing human colon organoids and 

human intestinal microvascular endothelial cells (HIMEC) was established and 

successfully infected with an enterohemorrhagic Escherichia coli strain, combined 

with human gut microbiota metabolites (361). They found that some of these 

metabolites could mediate the epithelial injury produced by this pathogenic E. coli. 
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In pigs, a recent study developed a porcine jejunum OrgOC model and used it to 

assess intestine drug metabolism (362). However, to the best of our knowledge, no 

studies have explored pig microbiota using the OrgOC technology. Hence, we believe 

that stablishing a pig nasal OrgOC model would be a valuable tool to elucidate the 

microbe-microbe and pathogen-microbe interplay using the defined PNC8 

consortium in an environment that better recapitulates the in vivo tissue 

characteristics.  

Overall, in the present thesis we developed a comprehensive framework for 

studying the nasal microbiota combining complementary approaches. This work may 

allow the discovery of alternatives to antibiotics through microbiota interventions 

directed to exclude respiratory pathogens affecting pigs, without contributing to the 

rise of AMR. 
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1. An intensive antibiotic treatment consisting of crystalline ceftiofur and 

tulathromycin applied to sows, significantly reduced the nasal microbiota 

transfer to the piglets. Additional interventions to avoid microbiota 

transference may be needed to obtain an appropriate pig model for 

microbiota studies.  

2. The Porcine Nasal Consortium (PNC8) was defined based on the eight most 

prevalent and/or abundant genera found in the piglet nasal microbiota. 

PNC8 represents an in-vitro convenient tool to explore the interaction 

network within the piglet nasal community, as well as to elucidate pathogen 

exclusion strategies.  

3. Porcine Nasal Organoids (PNOs) were established for the first time as a 

model that properly recapitulates the characteristics of the in vivo piglet 

nasal mucosa. This model can be used to study microbial interactions in the 

context of the host.  

4. PNOs were colonized by selected strains from the PNC8 consortium and 

responded to the colonization by secreting relevant cytokines. Rothia 

nasimurium showed an anti-inflammatory role in the PNOs, interfering in the 

pro-inflammatory stimulation produced by the other bacteria.  

5.  PNOs support the reduction of the number of animals used in experimental 

studies, being in line with the 3Rs principles. This approach, in combination 

with the PNC8 consortium, constitute a good alternative for in-vivo 

approaches to study the piglet nasal microbiota, providing insights into 

microbial behaviour and host responses. 
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