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Abstract: The present study reports the pathological 
and molecular characterization of a rare dual bacterial 
co-infection caused by Klebsiella pneumoniae and 
Pseudomonas aeruginosa in juvenile European 
goldfinches (Carduelis carduelis). Affected birds 
presented with clinical signs of respiratory distress, 
lethargy, anorexia, and progressive weight loss. 
Necropsy revealed severe pneumonia, hepatomegaly, 
and splenomegaly, while histopathological analysis 
confirmed extensive inflammatory infiltration and 
tissue necrosis in the lungs and liver. Bacteriological 
culture yielded both K. pneumoniae and P. aeruginosa, 
which were further confirmed by molecular 
identification using species-specific PCR assays. 
Antimicrobial susceptibility testing demonstrated 
multidrug resistance, highlighting the therapeutic 
challenges posed by these opportunistic pathogens. The 
dual infection likely exacerbated disease severity, 
contributing to rapid mortality in the flock. This case 
underscores the significance of considering mixed 
bacterial infections in avian pathology and emphasizes 
the need for accurate molecular diagnostics and 
prudent antimicrobial stewardship in avian medicine. 
Furthermore, the findings provide insights into the 
pathogenic synergy between K. pneumoniae and P. 
aeruginosa in passerine birds, with implications for 
wildlife health surveillance and conservation. 
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Introduction: Passerine birds, which include the 
European goldfinch (Carduelis carduelis), represent a 
diverse order with significant ecological roles and a 
growing presence in the pet bird trade [1, 2, 4]. While 
captive passerines are often sought for their aesthetic 
appeal and vocalizations, they are susceptible to a 
wide range of infectious diseases, with bacterial 
pathogens being a major cause of morbidity and 
mortality [4, 15]. The diagnosis and management of 
these infections are critical for avian health and can 
have significant public health implications due to the 
zoonotic potential of many avian pathogens [3, 11]. 

Among the most challenging bacterial agents are 
opportunistic pathogens like Klebsiella pneumoniae 
and Pseudomonas aeruginosa. Both are Gram-
negative bacteria with a global distribution that are 
commonly associated with environmental 
contamination and can colonize various animal 
species, including poultry and pet birds [5, 24]. 
Klebsiella pneumoniae is a known cause of respiratory 
disease, yolk sac infections, and septicemia in several 
avian species [25, 26, 27], while Pseudomonas 
aeruginosa is notorious for causing necrotizing lesions, 
septicemia, and respiratory granulomas [28, 29]. The 
increasing prevalence of antimicrobial resistance in 
these pathogens is a serious concern, as it limits 
treatment options and facilitates the transfer of 
resistance genes between different bacterial 
populations, creating a significant "One Health" 
challenge [5, 6, 7]. 

The complexity of bacterial infections is further 
compounded by the phenomenon of co-infection, 
where two or more pathogenic agents simultaneously 
infect a host [33, 40]. The synergistic interactions 
between these pathogens can lead to more severe 
disease outcomes, enhanced virulence, and increased 
resistance to host defenses and antibiotic treatments 
[41, 42]. In co-infections, the presence of one 
pathogen can disrupt the host's normal gut microbiota, 
facilitating colonization by a second pathogen [16, 17, 
18, 19, 20]. Additionally, interspecies communication 
mechanisms, such as quorum sensing, can promote 
biofilm formation and enhance antibiotic tolerance, 
complicating therapeutic interventions [43, 44, 45]. To 
date, reports of dual infections by K. pneumoniae and 
P. aeruginosa in passerine birds are rare. 

This study aims to describe the pathological findings 
and molecular characteristics of a fatal dual co-

infection with K. pneumoniae and P. aeruginosa in a 
cohort of nestling European goldfinches. By providing a 
detailed account of this case, we hope to improve 
diagnostic awareness and contribute to a better 
understanding of the pathology and clinical significance 
of such co-infections in avian medicine. 

Methods 

Case Description and Sample Collection 

Three deceased nestling European goldfinches 
(approximately 10 days old) were submitted to a 
veterinary pathology laboratory with a history of 
progressive lethargy, respiratory distress, and 
emaciation. The nestlings were part of a clutch found in 
a domestic setting. A full necropsy was performed 
immediately upon arrival to assess gross pathological 
changes [8, 21]. 

Necropsy and Histopathology 

During post-mortem examination, a detailed record of 
all gross pathological findings was made. Tissue samples 
from major organs, including the liver, spleen, lungs, 
and kidneys, were collected, immediately fixed in 10% 
neutral-buffered formalin, and embedded in paraffin 
[8]. Sections were cut at 4 µm and stained with 
hematoxylin and eosin (H&E) for histopathological 
examination under a light microscope. Special stains 
were not used. 

Bacteriological Isolation and Identification 

Swabs were collected aseptically from the liver, lungs, 
and yolk sac of each nestling. The swabs were 
inoculated onto various bacteriological media, including 
blood agar, MacConkey agar, and specific selective 
media for Pseudomonas species. The plates were 
incubated aerobically at 37 ∘C for 24–48 hours. 
Morphologically distinct colonies were subcultured for 
pure isolation and subjected to standard biochemical 
tests for preliminary identification [15, 21]. 

Molecular Characterization 

To confirm the bacterial species and rule out co-
infection with common avian viruses, molecular analysis 
was performed. Bacterial DNA was extracted from the 
isolated pure cultures using a commercial DNA 
purification kit. Polymerase Chain Reaction (PCR) assays 
were conducted to amplify species-specific gene targets 
for both K. pneumoniae and P. aeruginosa [30, 31, 32]. 
For K. pneumoniae, the rpoB gene was targeted, and for 
P. aeruginosa, the ecfX gene was utilized [31, 32]. In 
addition, reverse transcription PCR (RT-PCR) and real-
time PCR assays were performed on tissue 
homogenates to test for common avian viral pathogens, 
including Avian avulavirus 1, Avian Bornavirus, Avian 
Polyomavirus, and Circovirus, to exclude a viral etiology 
[34, 35, 36, 37]. 
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Antimicrobial Susceptibility Testing 

Antimicrobial susceptibility testing was performed on 
the isolated bacterial strains using the standard Kirby-
Bauer disk diffusion method according to the Clinical 
and Laboratory Standards Institute (CLSI) guidelines. A 
panel of antibiotics commonly used in veterinary 
medicine was tested to determine the resistance 
profile of each isolate [5, 22]. 

Results 

Gross Pathological Findings 

Necropsy revealed severe, multifocal to coalescing 
fibrinous inflammation of the air sacs, consistent with 
airsacculitis. The lungs were congested and 
edematous, with areas of consolidation. The liver 
appeared swollen, with multiple discrete white-to-
yellow granulomatous foci visible on the surface and 
within the parenchyma. The spleen was moderately 
enlarged (splenomegaly), and the kidneys were pale 
with petechial hemorrhages. One of the nestlings also 
presented with an infected, unabsorbed yolk sac 
containing a caseous exudate. 

Histopathological Findings 

Microscopic examination of the lungs showed severe 
heterophilic pneumonia and marked airsacculitis, with 
infiltration of heterophils and macrophages. The 
alveolar septa were thickened, and numerous bacterial 
colonies were observed within the air spaces. The most 
striking finding in the liver was the presence of 
multiple, well-demarcated granulomas, characterized 
by a central core of necrotic debris and bacterial 
colonies, surrounded by a cuff of epithelioid 
macrophages and multinucleated giant cells. In some 
areas, these granulomas coalesced to form larger 
lesions. The spleen showed marked lymphoid 
depletion and diffuse histiocytic proliferation. 

Bacteriological and Molecular Findings 

Bacteriological cultures from the lungs, liver, and yolk 
sac consistently yielded both Klebsiella pneumoniae 
and Pseudomonas aeruginosa. The two species were 
identified based on colony morphology, biochemical 
tests, and confirmed by molecular methods. PCR 
assays targeting species-specific genes (rpoB and ecfX) 
confirmed the presence of both organisms in all tested 
samples [31, 32]. All tissue samples tested negative for 
Avian avulavirus, Avian Bornavirus, Polyomavirus, and 
Circovirus [34, 35, 36, 37]. 

Antimicrobial Susceptibility Profile 

The isolated strains of K. pneumoniae and P. 
aeruginosa demonstrated a multidrug-resistant 
profile. Both strains were resistant to several broad-
spectrum antibiotics, including ampicillin, tetracycline, 
and chloramphenicol, which are commonly used in 

avian medicine. The isolates showed some susceptibility 
to aminoglycosides (e.g., amikacin) and 
fluoroquinolones (e.g., enrofloxacin), although the 
resistance patterns varied slightly between the two 
bacterial species. 

Discussion 

This report documents a fatal case of co-infection by K. 
pneumoniae and P. aeruginosa in nestling European 
goldfinches, providing the first detailed pathological 
findings of this dual infection in this species. The severity 
of the lesions, including granulomatous hepatitis and 
fibrinous airsacculitis, highlights the significant 
synergistic pathogenicity of these two organisms [33, 
40]. The co-infection likely exacerbated the pathological 
outcome, as has been observed in other animal models 
and in-vitro studies [41, 42]. The presence of both 
organisms in multiple organs, including the yolk sac, 
suggests a systemic, septicemic process [27, 28]. 

The probable route of transmission in this case was 
environmental or parental [46, 47]. Nestlings are 
particularly vulnerable to infections from their 
immediate environment, which can be a reservoir for 
opportunistic bacteria [48]. Contamination of eggs or 
nests with fecal material from parents or other birds 
could have led to the initial infection [12, 13, 14, 47]. The 
avian gut microbiota plays a crucial role in preventing 
colonization by pathogens, but stress, poor sanitation, 
and the underdeveloped immune system of nestlings 
can disrupt this balance, allowing opportunistic 
pathogens to thrive [17, 18, 19]. The presence of the 
unabsorbed yolk sac provided an ideal growth medium 
for the bacteria, likely serving as a source of systemic 
infection. 

The histopathological findings were consistent with the 
known pathology of these agents. The granulomas in 
the liver are a hallmark of chronic inflammatory 
reactions to pathogens like Klebsiella and are a common 
finding in avian bacterial diseases [15, 27]. Conversely, 
the extensive necrotizing and purulent inflammation in 
the lungs and air sacs is characteristic of Pseudomonas 
infection [38, 39, 53]. This dual presentation suggests a 
complex pathological process where both bacteria 
contributed to the overall disease picture. The 
molecular identification of both species confirms their 
roles as co-infecting agents, and the negative results for 
viral pathogens emphasize the primary bacterial nature 
of this outbreak. 

The finding of multidrug resistance in both bacterial 
isolates is particularly concerning, underscoring the 
broader issue of antimicrobial resistance in wildlife and 
captive birds [5, 6, 7, 24]. Pet and wild birds can act as 
sentinels and reservoirs for resistant bacteria, which can 
be transmitted to humans [3, 11]. The use of molecular 
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techniques for rapid and accurate diagnosis is essential 
for guiding effective treatment and implementing 
biosecurity measures to prevent the spread of such 
resistant strains [49, 50, 51, 52]. This case highlights 
the need for continued surveillance of bacterial 
pathogens in passerine birds and a proactive "One 
Health" approach to managing antimicrobial resistance 
[11]. 

Conclusion 

In conclusion, this study documents the pathological 
and molecular findings of a fatal dual infection by 
Klebsiella pneumoniae and Pseudomonas aeruginosa 
in European goldfinch nestlings. The severity of the 
pathological lesions and the multidrug-resistant nature 
of the isolates underscore the significant threat posed 
by these opportunistic pathogens, especially in co-
infection scenarios. This report serves as a reminder of 
the importance of detailed diagnostic investigations in 
avian pathology and the need for a comprehensive 
understanding of co-infection dynamics to improve 
clinical outcomes in avian patients and protect public 
health. 

References 

1. Dorrestein, G.M. Passerines. In Handbook of 
Avian Medicine, 2nd ed.; Tully, T.N., Jr., Dorrestein, 
G.M., Jones, A.K., Eds.; Sauders: Seneca Falls, NY, USA, 
2009; pp. 169–208. ISBN 9780702028748. 

2. Zuccon, D.; Prys-Jones, R.; Rasmussen, P.C.; 
Ericson, P.G.P. The phylogenetic relationships and 
generic limits of finches (Fringillidae). Mol. Phylogenet 
Evol. 2012, 62, 581–596. 

3. Boseret, G.; Losson, B.; Mainil, J.G.; Thiry, E.; 
Saegerman, C. Zoonoses in pet birds: Review and 
perspectives. Vet. Res. 2013, 44, 36. 

4. Joseph, V. Infectious and parasitic diseases of 
captive passerines. Semin. Avian Exot. Pet. Med. 2003, 
12, 21–28. 

5. Marouf, S.; Li, X.; Salem, H.M.; Ahmed, Z.S.; 
Nader, S.M.; Shaalan, M.; Awad, F.H.; Zhou, H.; 
Cheang, T. Molecular detection of multidrug-resistant 
Pseudomonas aeruginosa of different avian sources 
with pathogenicity testing and in vitro evaluation of 
antibacterial efficacy of silver nanoparticles against 
multidrug-resistant P. aeruginosa. Poult. Sci. 2023, 
102, 102995. 

6. Shoaib, M.; Tang, M.; Aqib, A.I.; Zhang, X.; Wu, 
Z.; Wen, Y.; Hou, X.; Xu, J.; Hao, R.; Wang, S.; et al. Dairy 
farm waste: A potential reservoir of diverse antibiotic 
resistance and virulence genes in aminoglycoside—
And beta-lactam-resistant Escherichia coli in Gansu 
Province, China. Environ. Res. 2024, 263, 120190. 

7. Asokan, S.; Jacob, T.; Jacob, J.; AlSosowaa, 

A.A.; Cherian, T.; Peijnenburg, W.J.G.M.; Vijayan, S. 
Klebsiella pneumoniae: A growing threat in the era of 
antimicrobial resistance. Microbe 2025, 7, 100333. 

8. Schmidt, R.E.; Reavill, D.R.; Phalen, D.N. 
Pathology of Pet and Aviary Birds, 2nd ed.; Wiley 
Blackwell: Hoboken, NJ, USA, 2015; pp. 95–125. 

9. Nolan, L.K.; Vaillancourt, J.P.; Barbieri, N.L.; 
Louge, C.M. Colibacillosis. In Diseases of Poultry; 
Swayne, D.E., Ed.; Wiley Online Library: Ames, IA, USA, 
2020; pp. 770–830. 

10. Qui, Y.; Lv, C.; Chen, J.; Sun, Y.; Tang, T.; Zhang, 
Y.; Yang, Y.; Wang, G.; Xu, Q.; Zhang, X.; et al. The global 
distribution and diversity of wild-bird-associated 
pathogens: An integrated data analysis and modeling 
study. Med 2025, 6, 100553. 

11. Kobuszewska, A.; Wysok, B. Pathogenic Bacteria 
in Free-Living Birds, and Its Public Health Significance. 
Animals 2024, 14, 968. 

12. Gantois, I.; Ducatelle, R.; Pasmans, F.; 
Haesebrouck, F.; Gast, R.; Humphrey, T.J.; Van 
Immerseel, F. Mechanisms of egg contamination by 
Salmonella enteritidis. FEMS Microbiol. Rev. 2009, 33, 
718–738. 

13. Gast, R.K.; Porter, R.E., Jr. Salmonella Infections. 
In Diseases of Poultry, 14th ed.; Swayne, D.E., 
Boulianne, M., Logue, S.M., Eds.; Wiley: Hoboken, NJ, 
USA, 2020; pp. 719–753. 

14. Ottinger, M.A.; Mani, S.; Krüger, S.; Coverdale, 
B.; Willows-Munro, S.; Combrink, L. Microbiomes in 
Birds: A review of links to health and reproduction. 
Reprod. Fertil. 2024, 5, e230076. 

15. Gerlach, H. Bacteria. In Avian Medicine: 
Principles and Application; Ritchie, B.W., Harrison, G.J., 
Harrison, L.R., Eds.; Wingers Publishing, Inc.: Lake 
Worth, FL, USA, 1994; pp. 949–983. 

16. Zhou, Y.; Li, Y.; Zhang, L.; Wu, Z.; Huang, Y.; Yan, 
H.; Zhong, J.; Wang, L.J.; Abdullah, H.M.; Wang, H.H. 
Antibiotic administration routes and oral exposure to 
antibiotic resistant bacteria as key drivers for gut 
microbiota disruption and resistome in poultry. Front. 
Microbiol. 2020, 11, 1319. 

17. Sun, F.; Chen, J.; Liu, K.; Tang, M.; Yang, Y. The 
avian gut microbiota: Diversity, influencing factors, and 
future directions. Front. Microbiol. 2022, 13, 934272. 

18. Benskin, C.M.H.; Rhodes, G.; Pickup, R.W.; 
Wilson, K.; Hartley, I.R. Diversity and temporal stability 
of bacterial communities in a model passerine bird, the 
zebra finch. Mol. Ecol. 2010, 19, 5531–5544. 

19. Garcia-Mazcorro, J.F.; Castillo-Carranza, S.A.; 
Guard, B.; Gomez-Vazquez, J.P.; Dowd, S.E.; Brightsmith, 
D.J. Comprehensive molecular characterization of 



The American Journal of Veterinary Sciences and Wildlife Discovery 5 https://www.theamericanjournals.com/index.php/tajvswd 

The American Journal of Veterinary Sciences and Wildlife Discovery 
 

 

bacterial communities in feces of bet birds using 16S 
marker sequencing. Microb. Ecol. 2017, 73, 224–235. 

20. Matteucci, G.; Binanti, D. Presence and 
Significance of Gram-negative bacteria in the cloacal 
microbiota of Psittacine and Passerine. In Proceedings 
of the ICARE 2017—International Conference of Avian 
Herpetological and Exotic Mammal Medicine, Venice, 
Italy, 25–29 March 2017. 

21. Coles, B.H.; Krautwald-Junghanns, M.; Orosz, 
S.E.; Tully, T. Essentials of Avian Medicine and Surgery, 
3rd ed.; Wiley-Blackwell: Hoboken, NJ, USA, 2007. 

22. El Fertas-Aissani, R.; Messai, Y.; Alouache, S.; 
Bakour, R. Virulence profiles and antibiotic 
susceptibility patterns of Klebsiella pneumoniae 
strains isolated from different clinical specimens. 
Pathol. Biol. 2013, 61, 209–216. 

23. Davies, Y.M.; Cunha, M.P.V.; Oliveira, M.G.X.; 
Oliveira, M.C.V.; Philadelpho, N.; Romero, D.C.; 
Milanelo, L.; Guimarães, M.B.; Ferreira, A.J.P.; Moreno, 
A.M.; et al. Virulence and antimicrobial resistance of 
Klebsiella pneumoniae isolated from passerine and 
psittacine birds. Avian Pathol. 2016, 45, 194–201. 

24. Ahmed, H.A.; Awad, N.F.S.; Abd El-Hamid, M.I.; 
Shaker, A.; Mohamed, R.E.; Elsohaby, I. Pet birds as 
potential reservoir of virulent and antibiotic resistant 
zoonotic bacteria. Comp. Immunol. Microbiol. Infect. 
Dis. 2021, 75, 101606. 

25. Razmyar, J.; Zamani, A.H. An outbreak of yolk 
sac infection and dead-in-shell mortality in common 
canary (Serinus canaria) caused by Klebsiella 
pneumoniae. Iran. J. Vet. Res. 2016, 17, 141–143. 

26. Nakhaee, P.; Zarif Moghadam, H.; Shokrpoor, 
S.; Razmyar, J. Klebsiella pneumoniae infection in 
canaries (Serinus canaria domestica): A case report. 
Iran. J. Vet. Res. 2022, 23, 280–284. 

27. Kock, N.; Kock, R. Disease epidemic in lesser 
flamingos (Phoeniconauis minor) in Kenya. In 
Proceedings of the American Association of Zoo 
Veterinarians; American Association of Zoo 
Veterinarians: East Lansing, MI, USA, 1995; p. 115. 

28. Momotani, E.; Kiryu, M.; Ohshiro, M.; 
Murakami, Y.; Ashida, Y.; Watanabe, S.; Matsubara, Y. 
Granulomatous lesions caused by Pseudomonas 
aeruginosa in the Ostrich (Struthio camelus). J. Comp. 
Pathol. 1995, 112, 273–282. 

29. Bailey, T.A.; Silvanose, C.D.; Naldo, J.N.; 
Howlett, J.H. Pseudomonas aeruginosa infections in 
kori bustards (Ardeotis kori). Avian Pathol. 2000, 29, 
41–44. 

30. Diancourt, L.; Passet, V.; Verhoef, J.; Grimont, 
P.A.D.; Brisse, S. Multilocus sequence typing of 

Klebsiella pneumoniae nosocomial isolates. J. Clin. 
Microbiol. 2005, 43, 4178–4182. 

31. Lavenir, R.; Jocktane, D.; Laurent, F.; Nazaret, S.; 
Cournoyer, B. Improved reliability of Pseudomonas 
aeruginosa PCR detection by the use of the species-
specific ecfX gene target. J. Microbiol. Methods 2007, 
70, 20–29. 

32. He, Y.; Guo, X.; Xiang, S.; Li, J.; Li, X.; Xiang, H.; 
He, J.; Chen, D.; Chen, J. Comparative analyses of 
phenotypic methods and 16S rRNA, khe, rpoB genes 
sequencing for the identification of clinical isolates of 
Klebsiella pneumoniae. Antonie Van Leeuwenhoek 
2016, 109, 1029–1040. 

33. Palazzolo, S.; Gervasi, C.; Abbate, J.M.; 
Gjurčević, E.; Falleti, R.; Piro, M.G.; Lanteri, G.; Iaria, C.; 
Marino, F. Natural bacterial co-infection in farmed 
European sea bass intended for experimental research 
in Sicily, southern Italy: Pathological findings. Fishes 
2024, 9, 360. 

34. Sutton, D.A.; Allen, D.P.; Fuller, C.M.; Mayers, J.; 
Mollett, B.C.; Londt, B.Z.; Reid, S.M.; Mansfield, K.L.; 
Brown, I.H. Development of an avian avulavirus 1 (AAvV-
1) L-gene real-time RT-PCR assay using minor groove 
binding probes for application as a routine diagnostic 
tool. J. Virol. Methods 2019, 265, 9–14. 

35. Sigrist, B.; Geers, J.; Albini, S.; Rubbenstroth, D.; 
Wolfrum, N. A New Multiplex Real-Time RT-PCR for 
Simultaneous Detection and Differentiation of Avian 
Bornaviruses. Viruses 2021, 13, 1358. 

36. Johne, R.; Enderlein, D.; Nieper, H.; Müller, H. 
Novel polyomavirus detected in the feces of a 
chimpanzee by nested broad-spectrum PCR. J. Virol. 
2005, 79, 3883–3887. 

37. Todd, D.; Weston, J.; Ball, N.W.; Borghmans, 
B.J.; Smyth, J.A.; Gelmini, L.; Lavazza, A. Nucleotide 
sequence-based identification of a novel circovirus of 
canaries. Avian Pathol. 2001, 30, 321–325. 

38. Okada, F.; Ando, Y.; Honda, K.; Nakayama, T.; 
Ono, A.; Tanoue, S.; Maeda, T.; Mori, H. Acute Klebsiella 
pneumoniae pneumonia alone and with concurrent 
infection: Comparison of clinical and thin-section CT 
findings. Br. J. Radiol. 2010, 83, 854–860. 

39. Abd El-Ghany, W.A. Pseudomonas aeruginosa 
infection of avian origin: Zoonosis and one health 
implications. Vet. World 2021, 14, 2155–2159. 

40. Jones-Nelson, O.; Hilliard, J.J.; DiGiandomenico, 
A.; Warrener, P.; Alfaro, A.; Cheng, L.; Stover, C.K.; 
Cohen, T.S.; Sellman, B.R. The Neutrophilic response to 
Pseudomonas damages the airway barrier, promoting 
infection by Klebsiella pneumoniae. Am. J. Respir. Cell 
Mol. Biol. 2018, 59, 745–756. 



The American Journal of Veterinary Sciences and Wildlife Discovery 6 https://www.theamericanjournals.com/index.php/tajvswd 

The American Journal of Veterinary Sciences and Wildlife Discovery 
 

 

41. Marchaim, D.; Perez, F.; Lee, J.; Bheemreddy, 
S.; Hujer, A.M.; Rudin, S.; Hayakawa, K.; Lephart, P.R.; 
Blunden, C.; Shango, M.; et al. “Swimming in 
resistance”: Co-colonization with carbapenem-
resistant Enterobacteriaceae and Acinetobacter 
baumannii or Pseudomonas aeruginosa. Am. J. Infect. 
Control 2012, 40, 830–835. 

42. Muzaki, M.Z.B.M.; Subramoni, S.; Summers, S.; 
Kjelleberg, S.; Rice, S.A. Klebsiella pneumoniae AI-2 
transporters mediate interspecies interactions and 
composition in a three-species biofilm community. NPJ 
Biofilms Microbiomes 2024, 10, 91. 

43. Elias, S.; Banin, E. Multi-species biofilms: Living 
with friendly neighbors. FEMS Microbiol. Rev. 2012, 36, 
990–1004. 

44. Castillo-Juárez, I.; Maeda, T.; Mandujano-
Tinoco, E.A.; Tomás, M.; Pérez-Eretza, B.; García-
Contreras, S.J.; Wood, T.K.; García-Contreras, R. Role of 
quorum sensing in bacterial infections. World J. Clin. 
Cases 2015, 3, 575–598. 

45. Cui, S.; Kim, E. Quorum sensing and antibiotic 
resistance in polymicrobial infections. Commun. 
Integr. Biol. 2024, 17, 2415598. 

46. Martin-Vivaldi, M.; Soler, J.J.; Peralta-Sánchez, 
J.M.; Arco, L.; Martín-Platero, A.M.; Martínez-Bueno, 
M.; Ruiz-Rodríguez, M.; Valdivia, E. Special structures 
of hoopoe eggshells enhance the adhesion of 
symbiont-carrying uropygial secretion that increase 
hatching success. J. Anim. Ecol. 2014, 83, 1289–1301. 

47. Van Veelen, H.P.J.; Salles, J.F.; Tieleman, B.I. 
Microbiome assembly of avian eggshells and their 
potential as transgenerational carriers of maternal 
microbiota. ISME J. 2018, 12, 1375. 

48. Chen, C.Y.; Chen, C.K.; Chen, Y.Y.; Fang, A.; 
Shaw, G.T.W.; Hung, C.M.; Wang, D. Maternal gut 
microbes shape the early-life assembly of gut 
microbiota in passerine chicks via nests. Microbiome 
2020, 8, 129. 

49. Gibbs, P.S.; Kasa, R.; Newbrey, J.L.; Petermann, 
S.R.; Wooley, R.E.; Winson, H.M.; Reed, W. 
Identification, antimicrobial resistance profiles and 
virulence of members from the family 
Enterobacteriaceae from the feces of yellow-headed 
blackbirds (Xanthocephalus xanthocephalus) in North 
Dakota. Avian Dis. 2007, 51, 649–655. 

50. Horn, R.V.; Cardoso, E.M.; Lopes, E.S.; Teixeira, 
R.S.C.; Albuquerque, A.H.; Rocha-e-Silva, R.C.; 
Machado, D.N.; Bezerra, W.G.A. Identification and 
antimicrobial resistance of members from the 
Enterobacteriaceae family isolated from canaries 
(Serinus canaria). Pesq. Vet. Bras. 2015, 35, 552–556. 

51. Stenkat, J.; Krautwald-Junghanns, M.E.; 

Schmitz, O.A.; Eilers, A.; Schmidt, V. Aerobic cloacal and 
pharyngeal bacterial flora in six species of free-living 
birds. J. Appl. Microbiol. 2014, 117, 1564–1571. 

52. Raue, R.; Schmidt, V.; Freick, M.; Reinhardt, B.; 
Johne, R.; Kamphausen, L.; Kaleta, E.F.; Muller, H.; 
Krautwald-Junghanns, M.E. A disease complex 
associated with pigeon circovirus infection, young 
pigeon disease syndrome. Avian Pathol. 2005, 34, 418–
425. 

53. Jackson, N.K.; Philips, S.N. Necrotizing hepatitis 
in pet birds associated with Pseudomonas fluorescens. 
Avian Dis. 1996, 40, 473–476.  

  

 


