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Abstract


Enterococcus spp. are common bacteria present in the intestinal tracts of animals and are used as fecal indicators in aquatic environments. On the other hand, enterococci are also known as opportunistic pathogens. Elucidating their composition in the intestinal tracts of domestic animals can assist in estimating the sources of fecal contamination in aquatic environments. However, information on the species and composition of enterococci in animal hosts (except humans) is still lacking. In this study, enterococci were isolated from the feces of cattle, pigs, birds, and humans using selective media. Enterococcal species were identified using mass spectrometry technology, and each host was characterized by diversity and cluster analysis. The most dominant species were E. hirae in cattle, E. faecium in birds, and E. faecalis in pigs and humans. Cattle had the highest alpha diversity, with high interindividual and livestock farm diversity. The dominant enterococcal species in pigs and humans were identical, and cluster analysis showed that the majority of the two hosts’ species clustered together.
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1. Introduction


Enterococci are Gram-positive lactic acid bacteria commonly found in the intestinal tracts of all animals, from insects to humans. They are resistant to a variety of environmental factors, such as alkalis, pH fluctuations, temperature increase, and high sodium chloride concentration, and have a longer half-life in the environment compared to other intestinal bacteria [1,2]. Because enterococci are present in large amounts in the feces of warm-blooded animals and do not multiply easily in nature, they are used as fecal indicators in aquatic environments, such as rivers, lakes, and marshes [3,4]. Due to contamination inputs, these bacteria are commonly detected in rivers worldwide and are, therefore, ubiquitous in the human living environment [5,6,7,8,9,10].



Although enterococci are not highly pathogenic, they are known to cause opportunistic infections in immunocompromised individuals, such as infants, hospitalized patients, and the elderly [11]. In recent years, these bacteria have become an increasingly common cause of serious nosocomial infections in the United States and Europe [12]. This is because they are naturally resistant to various antibiotics and, with the increase in the number of antibacterial drugs, multidrug-resistant enterococci have emerged, making their treatment more difficult [13,14]. Among these new forms, vancomycin-resistant enterococci (VRE), which are resistant to vancomycin, an antibiotic that was originally considered particularly effective against enterococcal infections, have been cited as one of the most important groups of antibiotic-resistant intestinal bacteria [15,16,17]. Although their isolation has been less reported in clinical settings in Japan than in Western countries, the diffusion of nosocomial infections caused by VRE is a concern [18,19]. Enterococci can cause infections not only in humans but also in companion animals, such as dogs and cats, and livestock animals, such as cattle, pigs, and birds [20].



On the other hand, the global demand for meat is on the rise, and the livestock industry is expected to continue to develop [21]. However, such development raises concerns related to groundwater and surface waters being potentially contaminated by livestock wastewater [22]. The main species of enterococci differ depending on the host animals. For example, E. faecalis and E. faecium are the most abundant species in the human intestinal tract, along with other species, such as E. durans, E. avium, and E. gallinarum [23]. Therefore, identifying the enterococcal species present in each host and elucidating their characteristics may assist in research efforts aiming, for example, at the identification of the sources of fecal contamination and infectious diseases in aquatic environments.



Enterococci have conventionally been identified by sequencing the 16S rRNA gene, but this method is complex, labor-intensive, and costly in terms of specimen processing and testing [6,24,25]. In addition, it is sometimes difficult to accurately identify species by sequencing only the V3–V4 region [25,26]. For these reasons, only a few surveys of host and enterococcal species have been conducted, and even today there is little information on these bacterial species, especially in animals (except for humans). Studies comparing enterococcal species carried by different individuals belonging to the same animal host are even more scarce. Therefore, it is important to accumulate information on enterococci from different host sources. Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) is a method used to identify bacterial proteins by ionizing them and matching their mass spectral patterns with a database. Databases collecting information on bacteria have also been created, and MALDI-TOF MS has become a mainstream method for the identification of bacterial species. It is a useful and cost-effective technology because of its simplicity and rapid operation protocol, from sample preparation to identification [27,28]. In this study, we investigated the presence of enterococci in fecal samples obtained from cattle, pigs, birds, and humans using MALDI-TOF MS and characterized each host by diversity and cluster analysis to understand the enterococcal composition in each host.




2. Materials and Methods


2.1. Collection of Fecal Material from Each Host


The fecal samples used in this study were collected from livestock farms in the Southern Kyushu region, Japan, which has the most active livestock industry in the country and is a production center for cattle, pigs, and birds (broilers). Fecal samples from domestic animals were collected directly from the excrement of individual animals in sterile tubes immediately after excretion. Table 1 shows the number of isolates collected from each host: cattle feces were collected from 8 individuals at Farm A, 1 individual at Farm B, and 1 individual at Farm C; pig feces were collected from 11 individuals at farm D; and bird feces were collected from 10 individuals (6 weeks old) at poultry farm E. For human feces, 10 samples were collected in sterile tubes by wiping the feces from the edge of a Japanese-style toilet bowl (the part not in contact with water) with a sterile cotton swab. The probability that the fecal samples collected in this study were contaminated with feces from other individuals or animals is extremely low. Human feces were collected from male public toilets used by an unspecified number of people in a public facility.




2.2. Isolation of Enterococci


The fecal material collected from each host was suspended in PBS buffer (NIPPON GENE, Tokyo, Japan) and filtered through a mixed cellulose ester membrane (47 mm in diameter, 0.45 µm in pore size, Advantec, Tokyo, Japan). Filters were applied to membrane-Enterococcus Indoxyl-β-d-Glucoside agar (mEI medium, Becton, Dickinson and Company, Bergen, NJ, USA), a selective medium for enterococci, and incubated at 41 °C for 24 h [29]. Blue colonies that grew on the filter after incubation were isolated as enterococcal isolates. The isolates were placed in Todd–Hewitt agar medium (agar 1.5%, Becton, Dickinson and Company) to obtain pure colonies, incubated at 37 °C ± 0.5 °C for 24 h, and stored. Overall, 50 enterococcal isolates were obtained from three individuals belonging to the sampled cattle, pigs, and birds, and 10 were obtained from each of the remaining individuals. Human-derived enterococci were less abundant than those observed in the other hosts; thus, all growing colonies were isolated (Table 1).




2.3. Identification of Bacterial Species via MALDI-TOF MS


The obtained isolates were analyzed using MALDI-TOF MS (microflexLT/SH, Bruker Daltronics, Billerica, MA, USA) [30]. In brief, the isolates were cultured in Brain Heart Infusion (Becton, Dickinson and Company) liquid medium at 37 °C for 24 h. After incubation, each isolate was centrifuged at 13,000 rcf for 5 min, and the supernatant was removed. A total of 300 µL of Milli-Q water and 700 µL of ethanol (Wako Pure Chemical Industries, Osaka, Japan) were added, and the solution was vortexed. Each sample was left standing for at least 10 min and was then centrifuged at 13,000 rcf for 5 min at room temperature. After removing the supernatant, 50 µL of 70% formic acid and acetonitrile (Wako Pure Chemical Industries) were added to each pellet and mixed. After centrifugation at 8000 rcf for 3 min, 1 µL of the supernatant was spread thinly on a target plate, which was left to air-dry for 10 min. Then, 1.0 µL of α-Cyano-4-hydroxycinnamic acid matrix solution (Bruker Daltonics, Billerica, MA, USA) was overlaid on the target plate. The Bruker FlexContorol 3.0 was used for the measurements with a linear positive 3–20 kDa. The acquisition range of the mass-to-charge ratio, number of integrations, detector gain, and laser power were set to 2000–20,000 Da, 5000–10,000, 1900 V, and 65%, respectively. A Bruker bacterial test standard (part no. 8255343, Bruker Daltronics) was used for instrument calibration [30]. After calibration, the mass spectra obtained by ionizing molecules contained in bacteria by laser irradiation were checked against a database of spectral information on a large number of known bacteria by Biotyper 3.1.6 (Bluker Daltonics) [31,32]. The spectral data of unknown microorganisms obtained from the measurement were calculated as a peak list and compared to the database’s peak list. The comparison with the database generates a log(score) on a 3-point scale, where a higher score means a higher similarity between the unknown microorganisms and the reference library’s peak list. Enterococcal species with a high match rate with a score of 1.8 or higher were selected.




2.4. Statistical Analysis


Statistical analyses were performed in R (4.3.0). The alpha diversity of each sample was determined using the diversity function of the vegan R package and the Shannon index. Beta diversity and clustering among samples were determined based on the Bray–Curtis distance, and the former was visualized using a principal coordinate analysis plot.





3. Results and Discussion


3.1. Analysis Based on the Bacterial Composition of Each Host


Figure 1 shows the results of the alpha diversity analysis of each host based on the Shannon index. Birds’ feces, where E. faecium was dominant overall, had the lowest alpha diversity, while cattle’s feces, where the dominant species differed from individual to individual, had the highest alpha diversity.



Beta diversity analysis based on the Bray–Curtis distance was performed to assess the similarity of the enterococcal bacterial composition among hosts (Figure 2). While the cattle and bird samples were clustered together in single groups, the pig samples were grouped in two distinct clusters separated from each other, reflecting the polarization of dominant species within this host. The human samples also clustered in a single group.



In the plot, an overlap was detected between pig and human samples, which indicated a high similarity in the composition of enterococci in these two hosts.



Therefore, cluster analysis was used to further evaluate the similarity among bacterial compositions (Figure 3). Cluster-A consists of only one human sample. Cluster-B is composed of isolates from all the hosts, showing that some enterococcal species were shared. Cluster-C is a distinct cattle cluster with six out of seven individuals being cattle. Similarly, cluster-D consists mainly of birds. Cluster-E is constituted by isolates from the human and pig hosts, highlighting the similarity in the enterococcal compositions between the two hosts. It has already been reported that the intestinal bacteria of humans and pigs are similar [33,34], and our results also support this finding with respect to enterococci. Overall, based on the similarity of their enterococcal composition, the four hosts examined in this study can be broadly classified into three categories: humans and pigs, cattle, and birds.




3.2. Identification of Enterococcal Species in Each Host


Figure 4a shows the relative abundance of enterococcal species detected in cattle feces. A total of 220 isolates isolated from the feces of 10 individuals were identified by MALDI-TOF MS, with E. hirae (154 isolates) being the most abundant, accounting for 70%, followed by E. casseliflavus (30 isolates, 13.6%) and E. saccharolyticus (16 isolates, 7.27%). E. mundtii (seven isolates) and E. gallinarum (four isolates) were also detected. E. saccharolyticus and E. mundtii were specific to cattle among the hosts examined in this study. However, the detection rates of E. faecium (eight isolates) and E. faecalis (one isolate), which are known as major enterococcal species inhabiting cattle intestinal tracts, were low. A total of seven enterococcal species were identified from each cattle individual, the highest number detected among all hosts. Cattle in Farm A shared the following dominant species: E. hirae (three), E. saccharolyticus (two), E. casseliflavus (one), E. faecium (one), and E. hirae and E. saccharolyticus (one). E. casseliflavus was dominant in both Farm B and Farm C. Even within the same livestock farms, the dominant species differed among individuals. These results indicated that cattle harbored a wide variety of enterococci and that the dominant species greatly varied depending on the sampling location. This may be attributed to differences in diet, geographical factors, and farming practices. Therefore, it is necessary to know the enterococcal species of livestock on nearby farms when estimating the source of fecal contamination in the aquatic environment. E. casseliflavus was detected in the largest number of individuals (seven), regardless of the livestock farms or time of collection. This species was detected in other hosts, but the highest detection rate was in cattle, suggesting that it is a major species for cattle. Although E. durans has also been reported as one of the common enterococcal species found in cattle [35], it was not detected in this study. This may be due to the fact the 16S rDNA gene of E. durans shows a high similarity of more than 98.8% with E. hirae, making it difficult to distinguish between the two species via genetic analysis [36]. As E. hirae was detected in large numbers in this study, it is possible that some of the E. durans strains identified from cattle via genetic analysis in previous studies may be actually identified as E. hirae when analyzed using MALDI-TOF MS. E. hirae has an extremely high detection rate in cattle but low detection rates in humans or in aquatic environments. [37]. In this study, they were detected in all hosts, but the results may be difficult to use in tracing sources of contamination in aquatic environments, as their viability in the aquatic environment is expected to be low. Unlike E. faecalis and E. faecium, E. hirae has a low detection rate of virulence genes and is rarely a causative agent of infectious diseases in humans [37]. Enterococci do not multiply easily in nature; the dominance of E. hirae in public waters near farms is most likely due to contamination by cattle or other animals. Identifying the source of contamination by environmental DNA analysis using genetic markers of animals is difficult because these genes can be detected even in properly treated water. In tracking the source of contamination, it is important to identify the major bacterial species of the host and conduct a culture-based analysis.



Figure 4b shows the relative abundance of enterococcal species in pig feces. A total of 230 isolates were identified from 11 pigs using MALDI-TOF MS, with E. faecalis (140 isolates) exhibiting the highest abundance (60.9%), followed by E. hirae (73 isolates, 31.7%). E. villorum was detected only in pigs among the four hosts examined. While it has indeed been reported only in pigs [38], this species was detected in only one of the eleven individuals examined, indicating that its prevalence was low. The comparison of bacterial composition among individuals showed that the most dominant species were E. faecalis in six pigs, E. hirae in four pigs, and both E. faecium and E. villorum in one pig. In previous studies, E. faecium was detected at extremely high frequencies, while E. faecalis was detected most frequently in the present study [39,40]. However, results were consistent with E. faecalis, E. faecium, and E. hirae being identified as the top three species. The dominant species differed among the pigs examined in this study, even though they were reared on the same farm, but bacterial compositions were expected to be dominated by the three aforementioned enterococcal species.



Figure 4c shows the relative abundance of enterococcal species in bird feces. A total of 219 isolates were identified from 10 birds using MALDI-TOF MS, with E. faecium (173 strains) exhibiting the highest abundance (79.0%), followed by E. faecalis (35 isolates, 16.0%), E. hirae (10 isolates), and E. casseliflavus (1 isolate). These four bacterial species were commonly detected in all the hosts examined in this study. The comparison of bacterial compositions among individuals revealed that E. faecium was the most dominant species in the majority of individuals (eight birds), while E. faecalis and E. hirae were both dominant in only one individual. E. faecalis and E. faecium have been previously reported as the most common enterococci isolated from broilers [41], which is in line with the results of the present study. However, here, the isolation frequency of E. faecalis was much lower than that of E. faecium. Studies have shown that broilers are dominated by E. faecalis at a young age and, as they grow older, E. faecium becomes the dominant species [42,43]. Since all broilers in this study were 6 weeks old, which is an advanced age for broilers, E. faecium was expected to be the most dominant species. In a previous study determining enterococcal species in broiler feces from nine farms by differences in enzyme activity, E. faecium was the most dominant, and there were no significant differences in the distribution of enterococcal species among the farms [44]. It was suggested that the dominant enterococci in broilers raised on the same farm were similar.



Figure 4d shows the relative abundance of enterococci species in human feces. A total of 142 isolates were identified from 10 samples using MALDI-TOF MS, with E. faecalis (71 isolates) exhibiting the highest abundance (50.0%), followed by E. casseliflavus (26 isolates, 18.3%) and E. hirae (19 isolates, 13.4%). E. durans and E. avium were detected only in humans among the four hosts examined in this study. Seven bacterial species identified in human feces were equally common in cattle feces. The comparison of bacterial compositions among samples revealed that E. faecalis was the most dominant species in 6 out of 10 samples, accounting for more than 90% of the total enterococci in 5 of them. The most dominant species in the remaining four samples were E. hirae (86.4%), E. casseliflavus (70%), E. gallinarum (66.7%), and E. durans (100%). Humans have an extremely diverse diet compared to other domestic animals, suggesting that the gut microbiome differs greatly among hosts [45,46].



In previous studies, E. faecalis and E. faecium have been reported as the most abundant enterococci isolated from human feces, with a trend of interindividual variation in other enterococci species [18,19,47]. However, in this study, while E. faecalis was detected in a large number of samples, E. faecium was present in only three samples and at a low frequency (4.5–9.1%). This trend was not observed in previous studies and was particular to this study. The fact that feces were collected from toilet bowls rather than rectal swabs may have weeded out enterococci with low viability. E. hirae and E. durans have been reported to occur at low rates in the human intestinal tract, and in a particular case, they have been isolated from 9% and 18% of healthy individuals, respectively [48]. In the present study, they were detected as the dominant species, which is consistent with previous findings.



The enterococcal species in human feces varied widely from weekly to monthly intervals [44]. During 180-day monitoring of enterococcal species in human feces, E. faecalis was the dominant species, accounting for 91% of all enterococcal strains, while E. faecium was not detected. However, the occupancy rate of E. faecalis decreased week by week, and after 30 days, it was 50%. After 180 days, E. faecalis was undetectable, with E. faecium becoming the dominant species. In the human intestine, the species of E. faecalis and E. faecium are the main enterococcal species and continue to change along with other species due to daily dietary habits. In rivers into which treated wastewater or domestic wastewater flows, the proportion of E. faecalis and E. faecium is approximately 30%, and the most dominant species tend to be replaced by E. faecalis and E. faecium [49]. The results of fixed-point monitoring in one river showed that the occupancy rate of E. faecium was higher than that of E. faecalis [49]. Another report of enterococci in urban rivers indicates that the major species are E. faecalis and E. faecium and that E. casseliflavus is a frequently detected species [2]. In addition, E. gallinarum was detected, although it is a minor species. In rivers, E. faecalis and E. faecium are the major species, and other enterococcal species are thought to form the flora. Characterization of the major species by host will enable more in-depth analysis of fecal contamination surveys. The river was considered to have an anthropogenic load due to the inflow of wastewater from households without sewerage systems. In this study, E. casseliflavus was detected in human and cattle feces. There are no cattle farms around the watershed of this river, suggesting contamination of the river by human feces. Thus, when estimating hosts by enterococcal species in rivers, it is necessary to consider the characteristics of the riverine environment. However, since this study only included four enterococcal species, the more important species may have been missed. More accurate estimation requires species identification using TOF-MS analysis.



There are several limitations to this study. First, the number of farms and sampling sites is limited. All fecal collection points were in Japan and, excluding cattle, were collected from a single farm, which may have introduced bias. The results of this study also indicate that it is difficult to identify host animals based on bacterial species information alone. However, it is possible to understand the fate of enterococci by understanding land use, e.g., sewage treatment plants, drainage canals, and the type of livestock farms located in the area. Furthermore, by considering previous studies together, the characteristics of each host could be ascertained.





4. Conclusions


In this study, enterococci species were identified from feces of cattle, pigs, birds, and humans to characterize the enterococcal composition of each host. Although the enterococcal diversity found in cattle feces was high, the dominant species was E. hirae. E. saccharolyticus and E. mundtii were detected only in cattle, suggesting that these are cattle-specific enterococci, being potentially useful in identifying sources of pollution in river water. Overall, E. faecalis was the dominant species in the pig hosts, despite the interindividual diversity found even though the samples were collected from the same livestock farms. The dominant species in birds was E. faecium and showed the lowest alpha diversity. E. faecalis and E. faecium are usually found in humans, so even if a river is contaminated by them, it cannot be determined whether the source of contamination is pigs or birds.



Furthermore, diversity and cluster analyses revealed the similarity of enterococcal species between pig and human hosts.



The results of this study provide information on the enterococci present in a variety of animal hosts, which may assist in the identification of potential sources of fecal contamination in aquatic environments and infectious disease outbreaks. These are important One Health approaches to prevent the spread of zoonotic diseases and antibiotic-resistant bacteria.







Author Contributions


Data curation, formal analysis, validation, visualization, writing—original draft, S.T.; conceptualization, funding acquisition, investigation, methodology, project administration, supervision, writing—review and editing, Y.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


This study does not violate the Declaration of Helsinki because the feces were collected immediately after the animals defecated without causing pain to the animals.




Informed Consent Statement


In this study, fecal samples were collected from toilet bowls in public restrooms used by an unspecified number of people. Therefore, individuals will not be identified. In addition, we declare that the purpose of the study is to compare bacterial species in stools and not to use samples for any other purpose, and that the study is not intended to collect human genome data.




Data Availability Statement


Data will be made available on request.




Acknowledgments


We thank Masuo Sueyoshi and Ryoko Uemura of the Department of Veterinary Sciences, Faculty of Agriculture, University of Miyazaki, for providing fecal samples from domestic animals for this study. We also thank Yuki Mizota, a graduate of the Faculty of Engineering at the University of Miyazaki, for his help with the experiments in this study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Lleò, M.M.; Bonato, B.; Benedetti, D.; Canepari, P. Survival of enterococcal species in aquatic environments. FEMS Microbiol. Ecol. 2005, 54, 189–196. [Google Scholar] [CrossRef] [Scilit]

	



Nishiyama, M.; Ogura, Y.; Hayashi, T.; Suzuki, Y. Antibiotic resistance profiling and genotyping of vancomycin-resistant enterococci collected from an urban river basin in the provincial city of Miyazaki, Japan. Water 2017, 9, 79. [Google Scholar] [CrossRef] [Scilit]

	



WHO. Guidelines for Drinking-Water Quality, 4th ed.; World Health Organization: Geneva, Switzerland, 2022. [Google Scholar]

	



Bergeron, P.; Oujati, H.; Catalán Cuenca, V.; Huguet Mestre, J.M.; Courtois, S. Rapid monitoring of Escherichia coli and Enterococcus spp. in bathing water using reverse transcription-quantitative PCR. Int. J. Hyg. Environ. Health 2011, 214, 478–484. [Google Scholar] [CrossRef] [Scilit]

	



Derx, J.; Kılıç, H.S.; Linke, R.; Cervero-Aragó, S.; Frick, C.; Schijven, J.; Kirschner, A.K.T.; Lindner, G.; Walochnik, J.; Stalder, G.; et al. Probabilistic fecal pollution source profiling and microbial source tracking for an urban river catchment. Sci. Total Environ. 2023, 857, 159533. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Tiwari, A.; Hokajärvi, A.M.; Santo Domingo, J.W.; Kauppinen, A.; Elk, M.; Ryu, H.; Jayaprakash, B.; Pitkänen, T. Categorical performance characteristics of method ISO 7899-2 and indicator value of intestinal enterococci for bathing water quality monitoring. J. Water Health 2018, 16, 711–723. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Tiwari, A.; Oliver, D.M.; Bivins, A.; Sherchan, S.P.; Pitkänen, T. Bathing Water Quality Monitoring Practices in Europe and the United States. Int. J. Environ. Res. Public Health 2021, 18, 5513. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Tiwari, A.; Kauppinen, A.; Pitkänen, T. Decay of Enterococcus faecalis, Vibrio cholerae and MS2 Coliphage in a Laboratory Mesocosm Under Brackish Beach Conditions. Front. Public Health 2019, 7, 269. [Google Scholar] [CrossRef] [Scilit]

	



Sadowsky, M.J.; Whitman, R.L. The Fecal Bacteria; ASM Press: Washington, DC, USA, 2011. [Google Scholar]

	



United States Environmental Protection Agency. Environmental Indicators of Water Quality in the United States; United States Environmental Protection Agency: Washington, DC, USA, 1996. Available online: https://nepis.epa.gov/Exe/ZyPDF.cgi/2000CZIX.PDF?Dockey=2000CZIX.PDF (accessed on 17 November 2023).

	



Giridhara Upadhyaya, P.M.; Ravikumar, K.L.; Umapathy, B.L. Review of virulence factors of enterococcus: An emerging nosocomial pathogen. Indian J. Med. Microbiol. 2009, 27, 301–305. [Google Scholar] [CrossRef] [Scilit]

	



Werner, G.; Neumann, B.; Weber, R.E.; Kresken, M.; Wendt, C.; Bender, J.K.; VRE Study Group. Thirty years of VRE in Germany—“Expect the unexpected”: The view from the National Reference Centre for Staphylococci and Enterococci. Drug Resist. Updat. 2020, 53, 100732. [Google Scholar] [CrossRef] [Scilit]

	



Udo, E.E.; Al-Sweih, N.; Phillips, O.A.; Chugh, T.D. Species prevalence and antibacterial resistance of enterococci isolated in Kuwait hospitals. J. Med. Microbiol. 2003, 52, 163–168. [Google Scholar] [CrossRef] [Scilit]

	



Huycke, M.M.; Sahm, D.F.; Gilmore, M.S. Multiple-drug resistant enterococci: The nature of the problem and an agenda for the future. Emerg. Infect. Dis. 1998, 4, 239–249. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Moscoso, M.; Domenech, M.; García, E. Vancomycin tolerance in Gram-positive cocci. Environ. Microbiol. Rep. 2011, 3, 640–650. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Cetinkaya, Y.; Falk, P.; Mayhall, C.G. Vancomycin-resistant enterococci. Clin. Microbiol. Rev. 2000, 13, 686–707. [Google Scholar] [CrossRef]

	



Tacconelli, E.; Carrara, E.; Savoldi, A.; Harbarth, S.; Mendelson, M.; Monnet, D.L.; Pulcini, C.; Kahlmeter, G.; Kluytmans, J.; Carmeli, Y.; et al. Discovery, research, and development of new antibiotics: The WHO priority list of antibiotic-resistant bacteria and tuberculosis. Lancet Infect. Dis. 2018, 18, 318–327. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Matsushima, A.; Takakura, S.; Yamamoto, M.; Matsumura, Y.; Shirano, M.; Nagao, M.; Ito, Y.; Iinuma, Y.; Shimizu, T.; Fujita, N.; et al. Regional spread and control of vancomycin-resistant Enterococcus faecium and Enterococcus faecalis in Kyoto, Japan. Eur. J. Clin. Microbiol. Infect. Dis. 2012, 31, 1095–1100. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Oana, K.; Kawakami, Y.; Ohnishi, M.; Ishikawa, M.; Hirota, M.; Tozuka, M.; Atarashi, K.; Baba, K.; Fujiki, K.; Okazaki, M.; et al. Molecular and epidemiological study of the first outbreak of vanB type vancomycin-resistant Enterococcus faecalis in Japan. Jpn. J. Infect. Dis. 2001, 54, 17–22. [Google Scholar]

	



Stępień-Pyśniak, D.; Marek, A.; Banach, T.; Adaszek, Ł.; Pyzik, E.; Wilczyński, J.; Winiarczyk, S. Prevalence and antibiotic resistance of Enterococcus strains isolated from poultry. Acta Vet. Hung. 2016, 64, 148–163. [Google Scholar] [CrossRef] [Scilit]

	



OECD. FAO Agricultural Outlook 2015–2024; OECD: Paris, France, 2015. [Google Scholar]

	



Xu, Y.; Ma, T.; Yuan, Z.; Tian, J.; Zhao, N. Spatial patterns in pollution discharges from livestock and poultry farm and the linkage between manure nutrients load and the carrying capacity of croplands in China. Sci. Total Environ. 2023, 901, 166006. [Google Scholar] [CrossRef] [Scilit]

	



Lebreton, F.; Willems, R.J.L.; Gilmore, M.S.; Clewell, D.B.; Ike, Y.; Shankar, N. Enterococci: From Commensals to Leading Causes of Drug Resistant Infection; Massachusetts Eye and Ear Infirmary: Boston, MA, USA, 2014; pp. 5–63. [Google Scholar]

	



Moore, D.F.; Zhowandai, M.H.; Ferguson, D.M.; McGee, C.; Mott, J.B.; Stewart, J.C. Comparison of 16S rRNA sequencing with conventional and commercial phenotypic techniques for identification of enterococci from the marine environment. J. Appl. Microbiol. 2006, 100, 1272–1281. [Google Scholar] [CrossRef] [Scilit]

	



Dec, M.; Puchalski, A.; Urban-Chmiel, R.; Wernicki, A. 16S-ARDRA and MALDI-TOF mass spectrometry as tools for identification of Lactobacillus bacteria isolated from poultry. BMC Microbiol. 2016, 16, 105. [Google Scholar] [CrossRef] [Scilit]

	



Shin, H.B.; Yoon, J.; Lee, Y.; Kim, M.S.; Lee, K. Comparison of MALDI-TOF MS, housekeeping gene sequencing, and 16S rRNA gene sequencing for identification of Aeromonas clinical isolates. Yonsei Med. J. 2015, 56, 550–555. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Patel, R. MALDI-TOF MS for the diagnosis of infectious diseases. Clin. Chem. 2015, 61, 100–111. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Bizzini, A.; Greub, G. Matrix-assisted laser desorption ionization time-of-flight mass spectrometry, a revolution in clinical microbial identification. Clin. Microbiol. Infect. 2010, 16, 1614–1619. [Google Scholar] [CrossRef] [Scilit]

	



US Environmental Protection Agency. Method 1600: Enterococci in Water by Membrane Filtration Using Membrane Enterococcus Indoxyl-β-d-Glucoside Agar (mEI); US Environmental Protection Agency: Washington, DC, USA, 2009.

	



Bruker Daltonics. MBT Compass HT User Manual; Bruker Daltonics: Billerica, MA, USA, 2022. [Google Scholar]

	



Suzuki, Y.; Niina, K.; Matsuwaki, T.; Nukazawa, K.; Iguchi, A. Bacterial flora analysis of coliforms in sewage, river water, and ground water using MALDI-TOF mass spectrometry. J. Environ. Sci. Health A Tox Hazard. Subst. Environ. Eng. 2018, 53, 160–173. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Dickinson, D.N.; La Duc, M.T.; Satomi, M.; Winefordner, J.D.; Powell, D.H.; Venkateswaran, K. MALDI-TOFMS compared with other polyphasic taxonomy approaches for the identification and classification of Bacillus pumilus spores. J. Microbiol. Methods 2004, 58, 1–12. [Google Scholar] [CrossRef] [Scilit]

	



Heinritz, S.N.; Mosenthin, R.; Weiss, E. Use of pigs as a potential model for research into dietary modulation of the human gut microbiota. Nutr. Res. Rev. 2013, 26, 191–209. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Xiao, L.; Estellé, J.; Kiilerich, P.; Ramayo-Caldas, Y.; Xia, Z.; Feng, Q.; Liang, S.; Pedersen, A.Ø.; Kjeldsen, N.J.; Liu, C.; et al. A reference gene catalogue of the pig gut microbiome. Nat. Microbiol. 2016, 1, 16161. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Wheeler, A.L.; Hartel, P.G.; Godfrey, D.G.; Hill, J.L.; Segars, W.I. Potential of Enterococcus faecalis as a human fecal indicator for microbial source tracking. J. Environ. Qual. 2002, 31, 1286–1293. [Google Scholar] [CrossRef] [Scilit]

	



Devriese, L.A.; Vancanneyt, M.; Descheemaeker, P.; Baele, M.; Van Landuyt, H.W.; Gordts, B.; Butaye, P.; Swings, J.; Haesebrouck, F. Differentiation and identification of Enterococcus durans, E. hirae and E. villorum. J. Appl. Microbiol. 2002, 92, 821–827. [Google Scholar] [CrossRef] [Scilit]

	



Zaidi, S.E.; Zaheer, R.; Barbieri, R.; Cook, S.R.; Hannon, S.J.; Booker, C.W.; Church, D.; Van Domselaar, G.; Zovoilis, A.; McAllister, T.A. Genomic Characterization of Enterococcus hirae From Beef Cattle Feedlots and Associated Environmental Continuum. Front. Microbiol. 2022, 13, 859990. [Google Scholar] [CrossRef] [Scilit]

	



Vancanneyt, M.; Snauwaert, C.; Cleenwerck, I.; Baele, M.; Descheemaeker, P.; Goossens, H.; Pot, B.; Vandamme, P.; Swings, J.; Haesebrouck, F.; et al. Enterococcus villorum sp. nov., an enteroadherent bacterium associated with diarrhoea in piglets. Int. J. Syst. Evol. Microbiol. 2001, 51, 393–400. [Google Scholar] [CrossRef] [Scilit]

	



Xuan, H.; Yao, X.; Pan, R.; Gao, Y.; Wei, J.; Shao, D.; Liu, K.; Li, Z.; Qiu, Y.; Ma, Z.; et al. Antimicrobial resistance in Enterococcus faecium and Enterococcus faecalis isolates of swine origin from eighteen provinces in China. J. Vet. Med. Sci. 2021, 83, 1952–1958. [Google Scholar] [CrossRef] [Scilit]

	



Novais, C.; Freitas, A.R.; Silveira, E.; Antunes, P.; Silva, R.; Coque, T.M.; Peixe, L. Spread of multidrug-resistant Enterococcus to animals and humans: An underestimated role for the pig farm environment. J. Antimicrob. Chemother. 2013, 68, 2746–2754. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Furtula, V.; Jackson, C.R.; Farrell, E.G.; Barrett, J.B.; Hiott, L.M.; Chambers, P.A. Antimicrobial resistance in Enterococcus spp. isolated from environmental samples in an area of intensive poultry production. Int. J. Environ. Res. Public Health 2013, 10, 1020–1036. [Google Scholar] [CrossRef] [Scilit]

	



Fertner, M.E.; Olsen, R.H.; Bisgaard, M.; Christensen, H. Transmission and genetic diversity of Enterococcus faecalis among layer chickens during hatch. Acta Vet. Scand. 2011, 53, 56. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Kaukas, A.; Hinton, M.; Linton, A.H. The effect of ampicillin and Tylosin on the faecal enterococci of healthy young chickens. J. Appl. Bacteriol. 1987, 62, 441–447. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Diarra, M.S.; Rempel, H.; Champagne, J.; Masson, L.; Pritchard, J.; Topp, E. Distribution of antimicrobial resistance and virulence genes in Enterococcus spp. and characterization of isolates from broiler chickens. Appl. Environ. Microbiol. 2010, 76, 8033–8043. [Google Scholar] [CrossRef] [Scilit]

	



Nishiyama, M.; Shimauchi, H.; Suzuki, Y. Temporal variabilities in genetic patterns and antibiotic resistance profiles of enterococci isolated from human feces. Microbes Environ. 2016, 31, 182–185. [Google Scholar] [CrossRef] [Scilit]

	



Nishijima, S.; Suda, W.; Oshima, K.; Kim, S.W.; Hirose, Y.; Morita, H.; Hattori, M. The gut microbiome of healthy Japanese and its microbial and functional uniqueness. DNA Res. 2016, 23, 125–133. [Google Scholar] [CrossRef] [Scilit]

	



Madoshi, B.P.; Mtambo, M.M.A.; Muhairwa, A.P.; Lupindu, A.M.; Olsen, J.E. Isolation of vancomycin-resistant Enterococcus from apparently healthy human animal attendants, cattle and cattle wastes in Tanzania. J. Appl. Microbiol. 2018, 124, 1303–1310. [Google Scholar] [CrossRef] [Scilit]

	



Blaimont, B.; Charlier, J.; Wauters, G. Comparative distribution of Enterococcus species in faeces and clinical samples. Microb. Ecol. Health Dis. 1995, 8, 87–92. [Google Scholar] [CrossRef] [Scilit]

	



Suzuki, Y.; Kanda, N.; Furukawa, T. Abundance of Enterococcus species, Enterococcus faecalis and Enterococcus faecium, essential indicators of fecal pollution, in river water. J. Environ. Sci. Health A Tox Hazard. Subst. Environ. Eng. 2012, 47, 1500–1505. [Google Scholar] [CrossRef] [Scilit] [PubMed]








[image: Microorganisms 11 02981 g001] 





Figure 1. Alpha diversity analysis of each host based on the Shannon index. 
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Figure 2. Beta diversity analysis of each host based on the Bray–Curtis distance. 
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Figure 3. Cluster analysis based on the Bray–Curtis distance. 
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Figure 4. MALDI-TOF MS results showing the relative abundance of enterococcal species in the feces of each host: (a) cattle, (b) pigs, (c) birds, and (d) humans. The x axis indicates the individual number and farm. Farm A, A; Farm B, B; Farm C, C; Farm D, D; Farm E, E. 
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Table 1. Number of samples collected from each host. The number of samples analyzed is the number of individuals. Alphabets in parentheses indicate farms from which feces were sampled. Farm A, A; Farm B, B; Farm C, C; Farm D, D; Farm E, E.
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Number of Isolates Collected




	
Individual Number

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10

	
11






	
Cattle

	
50 (A)

	
50 (A)

	
50 (A)

	
10 (A)

	
10 (A)

	
10 (A)

	
10 (A)

	
10 (A)

	
10 (B)

	
10 (C)

	
-




	
Pig

	
50 (D)

	
50 (D)

	
50 (D)

	
10 (D)

	
10 (D)

	
10 (D)

	
10 (D)

	
10 (D)

	
10 (D)

	
10 (D)

	
10 (D)




	
Bird

	
50 (E)

	
50 (E)

	
50 (E)

	
10 (E)

	
10 (E)

	
10 (E)

	
10 (E)

	
10 (E)

	
10 (E)

	
9 (E)

	
-




	
Human

	
30

	
22

	
22

	
12

	
12

	
10

	
10

	
10

	
10

	
4

	
-
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