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Role of biofilms in antimicrobial 
resistance of the bacterial bovine 
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An increase in chronic, non-responsive bovine respiratory disease (BRD) 
infections in North American feedlot cattle is observed each fall, a time when 
cattle are administered multiple antimicrobial treatments for BRD. A number of 
factors are responsible for BRD antimicrobial treatment failure, with formation 
of biofilms possibly being one. It is widely accepted that biofilms play a role 
in chronic infections in humans and it has been hypothesized that they are 
the default lifestyle of most bacteria. However, research on bacterial biofilms 
associated with livestock is scarce and significant knowledge gaps exist in our 
understanding of their role in AMR of the bacterial BRD complex. The four main 
bacterial species of the BRD complex, Mannheimia haemolytica, Pasteurella 
multocida, Histophilus somni, and Mycoplasma bovis are able to form biofilms 
in vitro and there is evidence that at least H. somni retains this ability in vivo. 
However, there is a need to elucidate whether their biofilm-forming ability 
contributes to pathogenicity and antimicrobial treatment failure of BRD. Overall, 
a better understanding of the possible role of BRD bacterial biofilms in clinical 
disease and AMR could assist in the prevention and management of respiratory 
infections in feedlot cattle. We review and discuss the current knowledge of BRD 
bacteria biofilm biology, study methodologies, and their possible relationship to 
AMR.
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1 Introduction

Bacterial biofilms are highly organized communities that can adhere to biotic or abiotic 
surfaces or thrive as non-surface-attached aggregates (1). They are embedded in a self-
produced extracellular matrix (ECM) formed of polysaccharides, nucleic acids, and proteins 
also known as extracellular polymeric substances (EPS; Figure 1). Compared to free-living 
(planktonic) bacteria, biofilm communities are known to be more resistant to host immune 
responses, chemical disinfectants, and other environmental stressors such as antimicrobials 
(2). It was suggested that planktonic single cells may be a transitory state and that biofilms are 
the default lifestyle of bacteria (3), which can be 1,000 times more resistant to antimicrobials 
(4). It is well-established that human chronic infections caused by bacteria are often mediated 
by biofilms, as it is estimated they are involved in ⁓ 80% of human infections like those caused 
by Pseudomonas aeruginosa, Staphylococcus epidermidis, Staphylococcus aureus, or Escherichia 
coli (5, 6). Research on biofilms associated with livestock species is scarce. In Veterinary 
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Medicine, biofilms can play an important role in otitis externa and 
endometritis in dogs (by Staphylococcus intermedius and 
P. aeruginosa), mastitis in dairy cattle (mainly caused by Staphylococcus 
aureus), and pneumonia in swine (Mycoplasma hyopneumoniae) (2). 
Aside from causing chronic infections, biofilms promote the survival 
of bacteria within the host until conditions are such that clinical 
disease ensues (7).

As the name implies, bovine respiratory disease (BRD) refers to 
any respiratory disease of cattle, which frequently occurs in young 
beef and dairy calves. However, BRD is most commonly associated 
with pneumonia in beef cattle after feedlot arrival, giving rise to it 
being described as “shipping fever” as clinical symptoms are seen in 
calves following shipping from ranches and auctions to feedlots (8). 
Shipping fever is a multifactorial disease with a constellation of risk 
factors such as inclement weather, management practices, and 
microbial pathogens contributing to pathogenesis. Aside from viruses 
(bovine herpes virus 1, bovine virus diarrhea virus type 1 or type 2, 
bovine respiratory syncytial virus, and parainfluenza virus 3), the 
bacteria most commonly associated with BRD include the 
Pasteurellaceae spp. (Mannheimia haemolytica, Pasteurella multocida, 
Histophilus somni) and Mycoplasma bovis (8). Two additional bacterial 
species, Bibersteinia trehalosi and Trueperella pyogenes, are less 
frequently associated with BRD in North America (9). BRD accounts 
for 70–80% of feedlot morbidities and 40–50% of total feedlot 
mortalities, costing the North American feedlot cattle industry over 3 
billion $ per year (10). Despite the advent of new antimicrobials and 
vaccines, and the existence of pre-conditioning programs, the burden 
BRD poses on the North American feedlot industry has remained 

largely unchanged over the last 45 years (11). The epidemiology of 
BRD is well-known, and hence metaphylaxis is frequently 
administered to calves upon feedlot arrival with the aim of mitigating 
the incidence and severity of BRD. Pasteurellaceae infections usually 
respond favorably if antimicrobials are administered during the early 
stages of BRD (12, 13). But during BRD peak season (the fall in 
Canada and the US), there is an increase in chronic respiratory 
infections, which strains feedlot resources (i.e., chronic pen capacity, 
personnel availability and morale) and presents an animal welfare 
concern and an economic burden (13). One of the challenges of BRD 
is its polymicrobial nature since different BRD bacteria and/ or viruses 
can coexist within the same calf (14, 15). Chronically infected cattle 
frequently have a history of receiving multiple antimicrobials, a 
practice that can select for antimicrobial-resistant (AMR) bacteria, 
which in turn could lead to a reduced therapeutic efficacy (16). Aside 
from AMR, there are additional factors that may contribute to BRD 
antimicrobial treatment failure such as viral infection, advanced state 
of the disease, insufficient antimicrobial concentration reached at the 
site of infection, antimicrobial handling/ storage under sub-optimal 
conditions, and possibly biofilms (Figure 2) (4, 13). To date, only 
H. somni biofilms have been confirmed to occur in vivo in cattle with 
clinical disease (17), whereas further research is required to determine 
if M. haemolytica and P. multocida form biofilms within the respiratory 
tract (18, 19). Mycoplasma bovis causes severe chronic damage to the 
lungs of calves and is responsible for chronic pneumonia and 
polyarthritis syndrome (CPPS) in feedlot cattle (20). M. bovis is 
capable of forming prolific in vitro biofilms (21) that readily form on 
inert surfaces and dead tissue (22). Therefore, biofilm formation, 

FIGURE 1

Biofilm life cycle. New proposed model of a biofilm life cycle modified from (1). Inside the light blue circle represents non-surface-attached biofilm 
aggregates, whereas outside the circle represents the surfaced-attached biofilm. (A) Bacterial cells aggregate or attach to a biotic or abiotic surface, 
(B) bacterial cell colonies increase in size by cell division (growth) and capturing surrounding cells (accumulation), (C) bacterial cells are sloughed from 
the biofilm as single cells or aggregates. Created in BioRender.
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combined with antimicrobial resistance, could be a major player in the 
chronic nature of M. bovis infections. Regarding B. trehalosi and 
T. pyogenes biofilms, to date, no peer-reviewed literature is available 
related to the feedlot cattle respiratory tract.

To what extent biofilms may play a role in BRD is largely unknown 
(2, 17–19). A better understanding of the possible role of BRD 

bacterial biofilms in clinical disease could assist in the prevention and 
management of respiratory infections in feedlot cattle. Considering 
that the North American cattle industry is moving toward precision 
metaphylactic use of antimicrobials (AMU) in calves1, an 
understanding of the role biofilms in AMR and BRD infections 
is imperative.

FIGURE 2

Different mechanisms that confer antibiotic resistance and/ or tolerance to bacteria within a biofilm. Modified from (4). (A) the components of the 
extracellular matrix form a physical barrier to diffusion of antimicrobials; (B) the presence of antibiotic-modifying enzymes secreted by some bacteria 
within the biofilm provides protection to both antimicrobial resistant and susceptible cells; (C) biofilms generate concentration gradients of nutrients or 
oxygen that promote the emergence of dormant cells and/or persister cells within the deeper biofilm layers; (D) through quorum sensing, bacterial 
cells from different species communicate so as to trigger physiological responses that decrease susceptibility to antimicrobials; (E) antimicrobials that 
target DNA trigger the SOS response upon DNA damage that ultimately confers AMR through other mechanisms such as mutation; (F) some efflux 
pumps are capable of transporting antimicrobials outside of the bacterial cell, thus preventing their deleterious effects; (G) quorum sensing bacterial 
cell–cell communication systems are involved in the synthesis and structure of biofilms and in cellular responses that can confer AMR; AMR, 
antimicrobial resistance; eDNA, extracellular DNA; ROS, reactive oxygen species. Created in BioRender.

https://doi.org/10.3389/fvets.2024.1353551
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Andrés-Lasheras et al. 10.3389/fvets.2024.1353551

Frontiers in Veterinary Science 04 frontiersin.org

2 Search strategy

In July 2023, a search building strategy was followed through the 
medical subject headings (MeSH) at the PubMed website (accessed on 
July 3rd, 2023),1 to systematically identify peer-reviewed articles about 
BRD bacteria biofilms. The following searches were carried out: 
(“Biofilms”[Mesh]) AND “Bovine Respiratory Disease 
Complex”[Majr]; (“Biofilms”[Mesh]) AND “Pasteurella 
multocida”[Mesh]; (“Biofilms”[Mesh]) AND “Mannheimia 
haemolytica”[Mesh]; (“Biofilms”[Mesh]) AND “Haemophilus 
somnus”[Majr] (Histophilus somni); (“Biofilms”[Mesh]) AND 
“Mycoplasma bovis”[Majr]; (“Biofilms”[Mesh]) AND “Trueperella 
pyogenes”[Mesh]; (“Biofilms”[Mesh]) AND “Arcanobacterium 
pyogenes”[Mesh] (“Biofilms”[Mesh]) AND “Actinomyces 
pyogenes”[Mesh] (“Biofilms”[Mesh]) AND “Corynebacterium 
pyogenes”[Mesh] (“Biofilms”[Mesh]) AND “Bibersteinia 
trehalosi”[Mesh].

Additionally, the following keyword terms were searched in (non-
MESH) PubMed and Scopus (accessed on July 3rd 2023;2 only articles 
published in English were considered): Bovine respiratory disease 
biofilm; Pasteurella multocida biofilm; Mannheimia haemolytica 
biofilm; Histophilus somni biofilm; Mycoplasma bovis biofilm; 
Trueperella pyogenes biofilm; Arcanobacterium pyogenes biofilm; 
Actinomyces pyogenes biofilm; Corynebacterium pyogenes biofilm, and 
Bibersteinia trehalosi biofilm. Any peer-reviewed manuscripts cited in 
the literature identified by the aforementioned searches that addressed 
the biology of BRD bacterial biofilms were also included.

As a systematic review, all the articles identified by the described 
methodology were included. Those articles addressing BRD-related 
bacterial biofilms in non-bovine hosts were included as well, e.g., 
P. multocida associated with fowl cholera or respiratory infections in 
swine. In total, 46 BRD biofilm studies were included.

3 Biofilm biology in BRD bacteria

3.1 Mannheimia haemolytica

Morck et al. observed glycocalyx-encased microcolonies of Gram-
negative bacteria with morphology compatible with M. haemolytica 
(Pasteurella haemolytica at the time) in lung tissue from calves with 
fibrinous pneumonia (16). M. haemolytica was isolated from the 
diseased lung tissue, but the bacterial species contained in 
microcolonies were not confirmed. Subsequently, Olson et al. (23) 
documented higher AMR in M. haemolytica biofilms compared to 
planktonic cells, an observation supported by a later study (24). The 
first scanning electron microscopy images of M. haemolytica biofilms 
were published in 2011 (25) and in 2015, Boukahil and Czuprynski 
demonstrated that M. haemolytica formed protein-rich biofilms on 
plastic surfaces (24). Among the proteins identified, OmpA, OmpP2 
(an amyloid-like protein) and OmpH (a porin protein) were 
particularly prevalent (26, 27).

1 https://pubmed.ncbi.nlm.nih.gov/

2 https://www.scopus.com/

Boukahil et al. showed that M. haemolytica formed biofilms on 
fixed primary bovine epithelial cells and that mucin inhibited biofilm 
formation (28). The formation of biofilms in vitro was also greater for 
M. haemolytica isolates from the deep lung of pneumonic cattle as 
compared to those obtained from the nasopharynx of healthy cattle 
(29). However, M. haemolytica isolates used in this study were not 
serotyped to confirm if they were either A2 or A1, which are more 
likely to be associated with healthy versus diseased calves, respectively. 
The same study demonstrated that stress-induced molecules in cattle 
(norepinephrine, epinephrine, and substance P, a small peptide 
belonging to neurokinins) promoted biofilm dispersion. It is widely 
accepted that stress caused by the transportation of calves to feedlots 
can promote the proliferation of M. haemolytica serotype A1 in the 
upper respiratory tract, increasing the risk of it flowing to the lower 
respiratory tract where it can cause disease (29). Therefore, it was 
hypothesized that these 3 stress-related elements could promote the 
disruption of M. haemolytica biofilms and the movement of this 
pathogen into the lower respiratory tract.

3.2 Histophilus somni

Histophilus somni causes fibrino-suppurative bronchopneumonia 
and septicemia as well as polyarthritis, myocarditis, pericarditis, 
pleuritis, and laryngitis in feedlot cattle (17). It is capable of forming 
biofilms both in vitro and in vivo (17, 30–33). It is speculated that 
commensal and pathogenic H. somni strains form biofilms that differ 
in architecture and shape. Previous studies reported that a commensal 
strain formed a thin, heterogeneous, and filamentous biofilm whereas 
a pathogenic strain formed thick, homogenous, mound-shaped 
microcolonies encased in an amorphous extracellular matrix with 
prominent water channels (30). The EPS of H. somni biofilms is a 
branched mannose polymer with occasional terminal galactose 
residues whose synthesis is enhanced in the presence of increased 
concentrations of salt or with anaerobiosis (34). In vivo H. somni 
biofilms were detected in the cardiopulmonary tissue of cattle after 
experimental challenge, supporting their role in pathogenesis (17). 
Others have described H. somni biofilms on bovine myocardial and 
brain microvascular endothelium, suggesting they play a role in the 
pathogenesis of H. somni mediated heart and brain infections (32).

Different molecular processes that have an impact on H. somni 
biofilm formation have been described in the literature. Universal 
stress proteins (Usp) are ubiquitously related to stress responses and 
adaptation in bacteria. The UspE protein is thought to be a global 
regulator in H. somni and is associated with biofilm formation, EPS 
production, and lipooligosaccharide (LOS) truncation (35). A 
H. somni mutant strain 2,336::TnuspE failed to produce biofilms in 
vitro and was EPS deficient when grown on glass coverslips in well 
plates (35). Comparative transcriptomics of mutant and wildtype 
strains grown under planktonic and biofilm states revealed that 181 
genes were differentially expressed between the two cell forms. 
Quorum sensing (QS) plays an important regulatory role in biofilm 
formation in many bacteria. The luxS gene encodes an enzyme 
involved in the biosynthesis of AI-2, a QS small molecule thought to 
be  a universal signaling component in bacteria. However, luxS 
H. somni mutants showed no impaired biofilm formation compared 
to a wildtype H. somni strain (35), suggesting that luxS may not play 
a role the formation of biofilms by H. somni. Small RNAs (sRNAs) 
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primarily have post-transcriptional gene regulatory functions in 
bacteria; sRNAs HS9 and HS97 were shown to interact with the 
transcription factor sigma 54, which may influence biofilm formation 
and other functions in H. somni (23).

3.3 Pasteurella multocida

There are 5 serogroups of P. multocida based on their capsular type 
or capsular polysaccharide (CPS): A, B, D, E and F. Like M. haemolytica, 
P. multocida biofilm formation has been demonstrated in vitro but only 
indirectly in vivo in cattle (19, 36–40). The exopolysaccharide (ExPS; 
biofilm matrix) of P. multocida type A mainly consists of glycogen and 
proteins, but the protein fraction in P. multocida biofilms maybe less 
prominent than in other bacterial species (7, 40). The amount of 
capsule synthesis in P. multocida appears to be inversely related to its 
biofilm formation capabilities, a trait that does not seem to be limited 
to any specific serogroup and can be reversed through mutagenesis or 
in vitro passage (7). Capsular inhibition of biofilm formation is 
presumably a consequence of the blockage of proteins essential for 
adhesion to surfaces (7). Petruzzi et  al. proposed a P. multocida 
transmission model for fowl cholera in which biofilms result in chronic 
infections, whereas planktonic P. multocida was associated with acute, 
symptomatic infections (7, 19). However, it is unknown if this model 
is applicable to P. multocida infections in cattle.

Several studies have identified specific genes in P. multocida that 
are inovled in cell adhesion and biofilm formation. A complete cluster 
of seven tad genes (tadABCDEFG; tad locus) related to nonspecific 
adherence in Actinobacillus actinomycetemcomitans were found to 
be highly conserved in a P. multocida isolate (41). In P. multocida 
strain HB03 (GenBank accession no. CP00332), the tad locus 
contained the 14 intact genes that this locus typically harbors, i.e., 
flp1-flp2-tadV-rcpCAB-tadZABCDEFG (42). However, the specific 
involvement of tad genes in biofilm formation in P. multocida requires 
further evaluation as they are not conserved across all strains (38, 39, 
42–45). The csrA gene is involved in glycogen synthesis and as a result, 
it plays a role in biofilm formation (7). Other P. multocida genes with 
possible direct or indirect biofilm regulation roles include xylB, sgbU, 
hexD, aspA, comE, qseC, and pmorf0222 (7, 43, 46–48). Of special 
interest is the qseC gene and its role in QS modulating the transcription 
of thousands of genes. This highlights that biofilm formation in 
P. multocida may be  a complex biological process, that is likely 
influenced by major stress-responding molecular mechanisms (47).

3.4 Mycoplasma bovis

Mycoplasma bovis is considered one of the most pathogenic 
Mycoplasma species of cattle, causing a broad spectrum of diseases 
that includes arthritis, genital disorders, mastitis, pneumonia, 
keratoconjunctivitis, and otitis media (49). Due to genome erosion, 
mycoplasmas have lost a substantial number of genes including some 
essential for cell survival and those related to cell wall synthesis 
(degenerative evolution). Therefore, they have a limited ability to 
synthesize macromolecules needed for cell growth (50). As a 
consequence, most mycoplasmas have adopted a parasitic, facultative 
intracellular symbiotic life style where they depend on their host to 
provide fatty acids, nucleic acid precursors, lipid precursors, amino 
acids, and vitamins (51, 52). However, some studies have reported that 

M. bovis can survive in environmental samples for up to 8 months or 
after surface washing and disinfection (53–56), which suggest that it 
may form biofilms in these environments.

Eighty-one different isolates from 11 different mycoplasma species 
of veterinary interest were tested for their ability to form biofilms (21). 
These included M. bovis, M. mycoides subsp. mycoides, and 
Mycoplasma spp. bovine group 7. Differences in biofilm formation 
were observed, both across and within species. Some M. bovis isolates 
formed prolific biofilms, while others were less abundant. These 
findings support the hypothesis that M. bovis did not lose its ability to 
form biofilms as a result of degenerative evolution, which may speak 
to the importance of its role in bacterial survival. A correlation 
between the expression of specific variable surface proteins (Vsp; 
related to adherence) and biofilm capabilities have been described in 
M. bovis (21). Moreover, M. bovis biofilms showed more resistance to 
heat and desiccation, but not to antimicrobials like oxytetracycline, 
danofloxacin, and enrofloxacin (21). However, heat and desiccation 
were tested using 48-h old biofilms whereas resistance to 
antimicrobials was assessed using 24-h old biofilms, raising the 
possibility that biofilm maturity may have influenced responses.

Chen et  al. used the whole-cell protein fraction in an 
immunoproteomics study to characterize the host response to M. bovis 
infections and identify new vaccine and diagnostic targets. Convalescent 
sera samples were obtained from calves experimentally infected with 
M. bovis. Six immunoreactive proteins specific to biofilms, but not to 
planktonic cells were detected, with most being of cytoplasmatic origin 
(57). The detection of biofilm antigens in convalescent sera provided 
indirect evidence of the involvement of biofilms in M. bovis infections.

3.5 Trueperella pyogenes and Bibersteinia 
trehalosi

In North America, the identification of these two bacterial species 
in BRD studies is limited (9), presumably due to their infrequent 
involvement in clinical BRD. The search strategies defined in the 
M&M section identified no publications related to B. trehalosi 
biofilms. Regarding T. pyogenes, several biofilm peer-reviewed studies 
were identified; however, none of them included T. pyogenes isolates 
originating from the respiratory tract of feedlot cattle.

Trueperella pyogenes chronic infections have been associated with 
biofilms in mastitic and metritic dairy cows and are thought to contribute 
to unresponsiveness of these conditions to antimicrobial therapy (58, 
59). Even though T. pyogenes isolated from infections in dairy cows and 
forest musk deer has been shown to form biofilms in vitro (58, 60–62), 
in vivo biofilm formation has yet to be formally demonstrated. Only one 
study reported the in vivo formation of T. pyogenes biofilms in mice (60). 
However, biofilms were detected on hydro-gel contact lenses (i.e., 
surgically introduced in the murine reproductive system before 
T. pyogenes challenge) rather than on the uterine tissue. It has been 
reported that P. aeruginosa and E. coli may inhibit T. pyogenes in vitro 
biofilm production through the production of QS signal molecules, 
which may explain the progression toward dominance of these bacterial 
species in the abscesses of musk deer (63). Studies related to the 
molecular regulation of T. pyogenes biofilms found that the expression of 
the virulence factors hemolytic exotoxin pyolisin (PLO) and TatD 
DNases are linked to biofilm formation (58, 64). The ploS/ploR genes 
from the two-component regulatory system, and the luxS gene may also 
play a role in the formation of biofilms by T. pyogenes (65).

https://doi.org/10.3389/fvets.2024.1353551
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Andrés-Lasheras et al. 10.3389/fvets.2024.1353551

Frontiers in Veterinary Science 06 frontiersin.org

4 Polymicrobial BRD biofilms

Not many studies have addressed the polymicrobial nature of BRD 
infections in biofilm experiments. Mannheimia haemolytica and 
P. multocida inhibited biofilm formation by contact-dependent 
inhibition, a type of inhibition that is mediated by cell adhesion of one 
species to another (66). In contrast, in vivo H. somni biofilm studies 
revealed the presence of Pasteurella multocida in the respiratory tract of 
calves, suggesting the existence of polymicrobial BRD bacteria biofilms 
(17). Later, a possible synergistic relationship between H. somni and 
P. multocida in biofilm formation was described (40). In this study, it was 
observed that when both species were grown together in vitro, the 
average biomass and biofilm thickness, and the total carbohydrate and 
protein content of the biofilm were greater than in single-species 
biofilms. It was suggested that H. somni cells interact with P. multocida 
cells to enhance aggregation and the formation of polymicrobial 
biofilms. Furthermore, gene expression in P. multocida was altered in a 
manner that increased its persistence and ability to contribute to the 
formation of multi-species biofilms with H. somni. When two 18-month 
old calves were challenged with H. somni and sera was collected, Petruzzi 
et al. detected a more robust (bovine) host immune response (ELISA) 
to biofilms compared to planktonic cells of H. somni or P. multocida. 
These experiments highlighted the possible role of polymicrobial 
biofilms in BRD infections (39). The detection of P. multocida while 
studying H. somni biofilms was a serendipitous but feasible finding, as 
the three Pasteurellaceae species have common nutritional requirements 
(17, 40, 66). The lack of detection of M. bovis in these multi-species 
biofilms could be a reflection of its unique nutritional requirements. 
Different culture conditions may be required to determine if the 4 main 
BRD bacterial species can all reside within multi-species biofilms.

Studies on the responses of polymicrobial BRD biofilms to 
antimicrobials are lacking. Polymicrobial biofilms can show higher 
recalcitrance to antimicrobials through a number of mechanisms 
including enzymatic inactivation, changes in the expression of 
antimicrobial resistance genes (ARG), exchange of ARGs among 
members within the biofilm, inhibition of electron transport or 
altered membrane fluidity (67). In the case of the Pasteurellaceae, 
horizontal gene transfer is of particular interest due to the presence 
of integrative and conjugative elements (ICE) and other mobile 
genetic elements that readily promote the exchange of ARGs among 
members possibly within a biofilm community. Pasteurellaceae ICE 
can contain up to 12 different ARGs that can be transferred from 
one bacterial cell to another in a single event (68). A polymicrobial 
BRD biofilm could represent a scenario where Pasteurellaceae 
species coexist as a community in close proximity, thereby 
dramatically increasing the opportunity for exchange of ARGs.

5 How biofilms affect BRD 
antimicrobial treatment

The Calgary Biofilm Device (CBD) (69) was used to evaluate the 
susceptibility of H. somni, M. haemolytica, P. multocida, and 
T. pyogenes (Arcanobacterium pyogenes at the time) biofilms to several 
antimicrobials in vitro (36). The isolates tested originated from field 
cases of cattle with BRD. Interestingly, free-living and sessile 
P. multocida and H. somni cells showed similar sensitivities, whereas 
M. haemolytica and T. pyogenes biofilms were less sensitive than 
planktonic cells to 4/7 and 7/7 antimicrobials, respectively. Boukahil 

and Czuprynski also reported that M. haemolytica (a single isolate 
from a pneumonic bovine lung) biofilms exhibited increased resistance 
to 5 different antimicrobials (chlortetracycline, erythromycin, 
gentamycin, tulathromycin, and florfenicol) as compared to planktonic 
cells (28). The authors also noted that it required higher concentrations 
of antimicrobials to eradicate biofilms (MBEC) formed on epithelial 
cells as compared to polystyrene. It is possible that differences in 
methodology may account for the variability in antimicrobial 
sensitivity, as the medium used to grow bacteria can interfere with the 
architectural formation and density of biofilms (4, 29).

Another study investigated the possible relationship between the 
tilmicosin (TIL) MIC of M. haemolytica and P. multocida with BRD 
outcome after TIL treatment (70). The bacterial isolates were obtained 
from the upper respiratory tract and only those samples that provided 
either M. haemolytica or P. multocida were included. Among calves 
that had M. haemolytica or P. multocida with a susceptible TIL-MIC, 
only 61.0 and 63.6% responded to TIL treatment, respectively. Whether 
biofilms played a role in TIL treatment failure was not investigated.

When a bacterial biofilm is involved in a clinical infection, 
antimicrobial treatment typically kills planktonic cells, but fails to kill 
all cells that reside within the biofilm matrix. This may generate a 
transient relief of symptoms followed by the recurrence of clinical 
symptoms as new bacterial cells detach from the biofilm and reinitiate 
infection (22). Most standard antimicrobial susceptibility testing of 
bacteria is carried out using planktonic cells (71). Some have proposed 
that pneumonic pasteurellosis responds favorably to antimicrobials 
when treated at the onset of the disease, whereas pneumonia caused 
by H. somni or M. bovis does not (72). Others have reported an overall 
BRD antimicrobial treatment success rate of 70% (73, 74). Although 
biofilms may contribute to treatment failure, other factors such as 
interactions between the antimicrobials administrated, the method of 
administration, host, and the environment all likely play a role in the 
success or failure of antimicrobial therapy (73).

Non-attached aggregate biofilms (also known as microcolonies) 
have been observed in human open wounds, the lungs of cystic 
fibrosis patients, otitis media infections, and in soft tissue fillers. These 
aggregates have also been observed in vitro in liquid media used to 
grow P. aeruginosa (75). Interestingly, biofilm aggregates can exhibit 
similar phenotypic characteristics to that of surface-attached biofilms 
such as higher AMR (75). Susceptibility testing standards recommend 
to incubate planktonic cultures of M. haemolytica, P. multocida, 
H. somni, and T. pyogenes in microdilution for 18–24 h (71, 76). For 
M. bovis and B. trehalosi, there is no current antimicrobial 
susceptibility test (AST) standards (76), and different incubation times 
ranging from 48 to 96 h have been reported in the literature for 
M. bovis. Whether BRD bacteria form biofilm aggregates in broth 
during the aforementioned incubation times for AST is unknown.

6 Methodologies employed to study 
bacteria biofilms

Different growth media can influence biofilm architecture and its 
response to antimicrobials (4). For instance, Boukahil et al. reported 
higher MBECs for biofilms grown in the presence of primary bovine 
bronchial epithelial cells (BBEC) compared to those grown in 24-well 
polystyrene plates (28). Incubation time can impact maturity and growth 
of the biofilm, with differences occurring across bacterial species. 
Currently, there are numerous protocols that have been employed to 
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assess the ability of BRD bacteria to form biofilms 
(Supplementary Table 1). This makes it challenging to compare results 
across studies. However, some common methodology features have been 
employed (Supplementary Table 1). With M. haemolytica, incubation 
times of at least 36 h are needed to form robust biofilms (24). With a few 
exceptions, at least 48 h of incubation are needed to form P. multocida 
biofilms. Likewise, H. somni biofilms require at least 48 h to form and 
shaking during incubation should be avoided to minimize aeration (30, 
40). Regarding T. pyogenes, there seems to be good agreement about the 
media to use to grow biofilms (BHI supplemented with fetal bovine 
serum) for at least 24 h. Most of the in vitro biofilm studies with BRD 
bacteria conducted to date have investigated the formation of biofilms 
on abiotic surfaces like polystyrene plates, glass coverslips or tubes as 
opposed to eukaryotic cells (Figure 3).

Other less common approaches to studying BRD bacteria biofilms 
were found in the literature. The Calgary Biofilm Device (CBD) 
consists of pegs attached to a lid that fits inside a 96-well microplate 
containing growth medium that can be  inoculated with bacteria, 
enabling high throughput antimicrobial susceptibility testing (AST; 
Supplementary Table 1; Figure 3). In another study, BBECs were fixed 
in tissue culture wells to prevent their detachment as result of the 
accumulation of bacterial end products after 12 h of incubation (28). 
This method had minimal effect on epithelial cells or tertiary protein 
structure, making it suitable for biofilm studies. The authors also fixed 
BBECs in joined wells (66) to investigate the impact that competitive 
inhibition may have on the formation of biofilms by M. haemolytica 
and P. multocida (66). Lastly, polymicrobial biofilms have been used 
to study M. haemolytica – P. multocida and H. somni – P. multocida 
interactions (40, 66), but surprisingly few of these studies have been 
undertaken even though BRD is clearly a polymicrobial disease.

Aside from the medium and incubation time used to grow 
biofilms, the presence of mammalian cells to mimic the natural host 
environment also influences biofilm characteristics. With regard to 
BRD bacteria, most biofilm studies have grown bacteria in a variety of 
broth media, and only in a couple of instances have they been formed 
using a submerged tissue system (STC) (28, 66). However, STCs have 
limitations in the study of host-pathogen interactions because they 
lack the diversity of cell types present in host tissues (77).

Air-liquid interface (ALI) systems are an alternative to STCs, but 
presently they have only be  used to elucidate host-pathogen 
interactions for M. haemolytica, not to specifically investigate the 
impact of biofilms on AMR (66, 77). ALIs allow for cell differentiation 
and the formation of tight junctions, which are more representative of 
host tissues, but still have some limitations. For example, they do not 
fully represent the eukaryotic tissue architecture and the differentiation 
of eukaryotic cells requires prolonged incubation periods (14–42 d) 
(77). Ideally, the assembly of 3D cell culture systems or airway 
organoids, combined with multi-bacterial species approaches could 
provide new insight into the possible impact of BRD bacteria biofilms 
on antimicrobial susceptibility. The development of 3D bovine airway 
organoid models would provide a more accurate representation of the 
architecture, composition, and environment of host tissues (77).

In vivo detection, direct or indirectly, of BRD bacterial biofilms 
has been reported in the literature (17, 18, 32, 40). Additionally, there 
is direct evidence supporting the existence of in vivo P. multocida 
biofilms in pulmonary tissue from chickens suffering from induced-
chronic avian cholera (19). Different techniques have been employed 
with different tissues to verify biofilm formation including; 
histopathology, crystal violet (CV) staining, fluorescein isothiocyanate 
(FITC)-conjugated Griffonia simplicifolia lectin (GS-II), fluorescent in 

FIGURE 3

Different platforms used for the study of bacterial biofilms associated with bovine respiratory disease. (A) Eight-chamber cover glass slides, 
(B) coverslip in a tube or just the tube with growth medium, (C) Calgary Biofilm Device, (D) petri dish containing liquid medium, (E) plates with 6, 24, 
48, or 96 wells, from left to right: just liquid medium, liquid medium + coverslip, medium + fixed eukaryotic cells (2D culture), and medium + fixed 
eukaryotic cells + transwell (2D culture). Created in BioRender.
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situ hybridization (FISH), and transmission (TEM) and scanning 
electron microscopy (SEM: Supplementary Table 1).

7 Treatments targeting BRD bacterial 
biofilms

As new technologies are developed and improved, so are novel 
approaches to fight biofilm recalcitrant infections. An example is 
the use of CRISPR-Cas to prevent the formation of E. coli biofilms 
in urinary catheters (78). In this work, genes related to bacterial cell 
adhesion, QS, and biofilm formation were targeted by CRISPR-Cas9, 
resulting in a reduction in biofilm formation. Likewise, the use of 
regulatory micro RNAs (miRNA) has the potential to enhance the 
ability of antimicrobials to control biofilms. Human airway 
epithelial cells (AEC) secret miRNA in extracellular vesicles (EV) 
that have been shown to decrease P. aeruginosa biofilm formation 
and reduce resistance to beta-lactam antibiotics (79). A 
comprehensive review of the current strategies that are being 
explored to combat biofilms is beyond the scope of this article, but 
Uruen et al. provides an excellent overview. Within the context of 
AMR, studies addressing anti-biofilm forming strategies for the 
bacteria involved in BRD are limited, with only three peer-reviewed 
articles being identified (80–82).

Aside from causing suppurative bronchopneumonia in cattle, 
P. multocida is the causative agent of atrophic rhinitis in swine. Both 
mycophenolate mofetil and indocyanine green inhibited biofilm 
formation by P. multocida serotypes A and D in swine, but were 
ineffective against preformed biofilms (80). In this scenario, these 
molecules could possibly be  used to prevent the formation of 
biofilms (80). However, the authors did not elaborate on the 
possibility of these compounds adversely effecting animal health or 
their likelihood of meeting the requirement for regulatory approval. 
Another study evaluated the biofilm-killing properties of several 
essential oils on bacteria related to porcine respiratory infections 
(81). However, P. multocida was not included in the experiment 
based on the authors assumption it was not capable of forming 
strong biofilms. However, as outlined above, P. multocida has been 
shown to form biofilms in vitro. Considering that thyme and winter 
savory oils disrupted stablished Streptococcus suis and Actinobacillus 
pleuropneumoniae biofilms, such additives may have value in 
P. multocida biofilms, but are likely to be more relevant altering 
intestinal as opposed to respiratory microbiomes. A third study 
described the biofilm inhibitory properties of two different ethanol 
extracts which were shown to be effective against P. multocida with 
minimal negative effects on host tissues (82).

Regarding T. pyogenes, the Phage vB_EcoM-UFV13 (UFV13 in 
short) was effective in reducing T. pyogenes (isolated from dairy cattle) 
cell adhesion and decreasing biofilm formation (58). Nanomaterials 
are emerging as potential antimicrobial agents. In a different study, 
silver nanoparticles (AgNP) targeting multidrug resistant T. pyogenes 
(dairy cattle clinical endometritis) decreased bacterial cell viability 
and biofilm formation by increasing oxidative stress (83). More 
recently, luteolin, a natural flavonoid found in plants, inhibited 
T. pyogenes biofilm-formation in vitro and was able to disperse 
pre-formed biofilms by decreasing TatD DNases binding to 
extracellular DNA (84). Additionally, luteolin significantly reduced 
clinical symptoms in a rat endometritis model caused by T. pyogenes 
(60). However, the in vivo presence of T. pyogenes biofilms was 

demonstrated on contact lenses pre-introduced in the rat uterus rather 
than on the uterus tissue itself.

8 Conclusion and future directions

The field of BRD bacteria biofilms has significant knowledge gaps. 
Further research would be  of interest for the livestock industry 
considering their potential to increase AMR in BRD bacteria (9) and 
to enhance the exchange of ARGs (14, 15). The in vivo study of BRD 
bacterial biofilms in clinically healthy and ill calves would help define 
their role in pathogenesis (whether during chronic infection, 
opportunistic state in healthy calves, or both) and possibly shed 
insight into improved approaches for antimicrobial therapy.

Bacterial aggregate biofilms are either free-floating or embedded 
in the host tissues and present the traditional (surfaced-attached) 
biofilm mode of growth (1). Considering that bacteria involved in 
chronic infections in humans tend to aggregate but not necessarily 
attach to a surface (75), the possible presence of biofilm aggregates of 
BRD bacteria in host tissues should be further explored. Particularly 
when one considers that these could promote the mass movement of 
BRD bacteria into the lower lung. Filtering and cloning is a common 
technique used in the isolation and purification of mycoplasmas from 
biological samples as it is assumed that their cells naturally aggregate 
and exist as clumps of mixed strains (85, 86). The small cellular 
diameter and lack of a cell wall of mycoplasmas enables individual, 
pleomorphic cells to pass through a 0.22 μm filter, whereas cell 
aggregates are trapped on the filter membrane. Moreover, the presence 
of mycoplasma cell clumps was demonstrated in vitro as a larger 
bacterial cell count was recovered after liquid growth/ aggregates were 
subjected to freeze/ thaw cycles or sonication (87). Therefore, the 
evaluation of whether mycoplasma cell clumps represent non-adherent 
biofilm aggregates should also be further explored.

Lastly, the existence of BRD bacteria biofilm aggregates in in vitro 
susceptibility testing systems, like broth microdilution should 
be investigated to determine if they have an impact on ASTs. Higher 
MBEC were observed when M. haemolytica biofilms were grown on 
epithelial cells as compared to polystyrene (28). This highlights the 
importance of developing standard AST protocols for BRD bacteria 
biofilms in order to further assess their possible role in antimicrobial 
failure and enable comparison of studies across laboratories. For this, 
a consensus on the definition of a robust and mature biofilm for each 
BRD bacterial species should be reached to avoid testing antimicrobials 
on biofilms at different stages of development (75). Aside from viruses, 
different BRD bacterial species can coexist within healthy or diseased, 
cattle (14, 15). Following a polymicrobial approach in the study of 
biofilms (40, 88) would shed light into possible synergisms within the 
BRD bacterial complex. Coupling 3D tissue systems with multi-omics 
approaches (i.e., genomics, transcriptomics, metabolomics) would 
generate insight into the bacterial genes / virulence factors associated 
with biofilms and the challenge they pose to antimicrobial therapy.
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