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Streptococcus bovis/Streptococcus equinus complex (SBSEC) comprises eight (sub)
species, with several opportunistic pathogenic members. These SBSEC species are 
associated with metabolic disorders in ruminants, resulting in economic losses to 
the global livestock industry. Moreover, the emergence of antimicrobial resistance 
(AMR) in SBSEC strains, particularly against commonly used antibiotics, poses serious 
concerns to the livestock industry. Therefore, alternative approaches to control 
SBSEC infections have garnered increased attention, and several applications of 
bacteriophages (phages) have exhibited promising results. Research on SBSEC 
and their phages has been limited, particularly in livestock production. However, 
advancements in molecular techniques and a growing interest in alternative strategies 
to combat AMR have brought SBSEC and their phages into the spotlight. Molecular 
techniques, such as whole-genome sequencing, have revolutionized the accurate 
identification and classification of SBSEC, resulting in the elucidation of their ecological 
and pathogenic roles. SBSEC-infecting phages exhibit remarkable diversity and 
potential as biocontrol agents, with phage-derived endolysins offering targeted 
regulation of the SBSEC populations in the rumen. Despite recent achievements, 
knowledge gaps exist in understanding phage–host interactions and evaluating 
the efficacy of phage in biologically relevant models, warranting the integration 
of ex vivo, in vivo, and in silico approaches. Here, we comprehensively review the 
current knowledge regarding the taxonomy, AMR characteristics, and diversity of 
SBSEC, and the potential of SBSEC-specific phages, focusing on recent advances 
in basic research and biotechnological applications in ruminants. Harnessing the 
potential of SBSEC-specific phages and their derivatives as innovative solutions 
should help promote overall animal health and the production of antibiotic-free 
livestock.
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1 Introduction

Streptococcus (S.), a gram-positive lactic acid bacterial genus, is a commensal in the 
gastrointestinal microbiota of humans and animals and comprises many pathogenic species 
that cause a variety of infections such as bacteremia (1). In the 1930s, based on their cell wall 
carbohydrate antigens, the Lancefield classification system divided streptococci into several 
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groups, including Group A (with S. pyogenes), Group C (with 
S. agalactiae), and Group D (with S. bovis) (2, 3). However, 
streptococci with variable serotypes remains unclassified using this 
system, exhibiting heterogeneity (e.g., the viridians group). This group 
was divided into six subgroups: Mitis, Sanguinis, Mutans, Salivarius, 
Oralis, and Bovis (4). The taxonomy of the S. bovis/equinus complex 
(SBSEC), a group of non-beta-hemolytic and non-enterococcal 
Lancefield group D bacteria, has been revised over the years. Based on 
the traditional phenotypic and genotypic classification, this complex 
currently comprises eight species and subspecies: S. equinus 
(previously S. bovis), S. infantarius subsp. infantarius, S. lutetiensis 
(previously S. infantarius subsp. coli), S. gallolyticus subsp. gallolyticus, 
S. gallolyticus subsp. pasteurianus, S. gallolyticus subsp. macedonicus, 
S. alactolyticus, and S. ruminicola (3). Originating from domesticated 
animals, including horses and cattle, as well as dairy products, some 
species of this complex, especially S. equinus, S. lutetiensis, 
S. infantarius subsp. infanatrius, and S. ruminicola, have been 
associated with metabolic diseases, such as ruminal acidosis, bloat, 
and mastitis, in ruminants (5–7). S. gallolyticus causes severe 
infections in humans, including infective endocarditis, the prevalence 
of which is increasing among the elderly (8, 9). The emergence of 
pathogenicity in SBSEC isolates, as zoonotic pathogens, has been 
demonstrated by their resistance to a range of antibiotics, such as 
macrolides and tetracyclines, which are commonly used to treat 
livestock and veterinary pathogens (10–12). This increasing antibiotic 
resistance poses significant challenges in the treatment of SBSEC 
infections, potentially leading to increased public health risks (13), for 
instance, resistance to erythromycin and tetracyclines has been 
reported in S. gallolyticus isolates derived from endocarditis patients, 
complicating treatment outcomes (8, 9). Additionally, the virulence of 
SBSEC is characterized by its ability to invade host tissues, evade 
immune responses, and produce toxic substances (7, 12, 13). 
Nevertheless, the mechanisms behind the transition from the 
commensal to pathogenic form remain unclear for these SBSEC 
strains. Hence, alternative approaches are required to prevent and 
control SBSEC.

Highly specific bacteriophages (phages) can effectively target and 
infect pathogenic bacteria without harming beneficial microbiota in 
clinical environments and are potential biocontrol agents (14). Their 
potential has increased interest in exploring the roles and applications 
of phages in various microbial ecosystems beyond clinical settings, 
such as the rumen, which offers a complex anaerobic environment in 
the digestive system of ruminants. Although rumen harbors a diverse 
microbial community, including numerous phages, studies on the 
biological characteristics of ruminal phages are scarce due to the 
difficulties in culture-based isolation, which is complicated by the 
anaerobic rumen environment (15, 16). Thus, maintaining strict 
anaerobic conditions throughout isolation procedures is crucial owing 
to the oxygen sensitivity of diverse ruminal bacteria that serve as hosts 
for phage propagation, the complex nutritional requirements of 
ruminal microorganisms, and the difficulty in preserving phage 
viability during processing of rumen samples (16, 17). Furthermore, 
the polymicrobial nature of the rumen environment complicates the 
isolation of phages targeting specific bacterial species, as phage-host 
interactions can be affected by the presence of other microorganisms 
and metabolites (18).

Recent advances in sequencing technologies, such as 
metagenomics, have facilitated the detection of ruminal phages, 

unveiling previously undetected individual isolates (15, 19). In 
particular, phages originating from ruminants and dairy products 
have predominantly been identified within the Aliceevansviridae, 
Rountreeviridae, and Salasmaviridae families (formerly Siphoviridae 
and Podoviridae), according to the International Committee on 
Taxonomy of Viruses (ICTV), with those targeting SBSEC being 
among the most thoroughly investigated (20, 21). Moreover, the 
potential of SBSEC phages and their functional proteins, such as 
endolysin, has been demonstrated for therapeutic applications and for 
advancing phage research that provides new perspectives and insights 
into the ruminal microbiome (22, 23). Therefore, this review aims to 
provide an overview of recent advances in SBSEC and their phages 
with a focus on the following points: (i) classification of SBSEC and 
prevalence of pathogenic SBSEC strains that exhibit antimicrobial 
resistance (AMR) and virulence, and (ii) investigation of SBSEC-
specific phages as alternatives for controlling potential pathogenic 
strains and as biotechnological tools within the rumen microbiome to 
improve knowledge and practical applications in livestock production.

2 Methodology for literature search

2.1 Search strategy

A comprehensive literature search was conducted to review the 
SBSEC diversity and their phage characterization in ruminants. The 
following electronic databases were used: PubMed, Scopus, Wiley 
online library, Clarivate, medRxiv, bioRxiv, Web of Science, and 
Google Scholar. These databases were selected for their extensive 
coverage of peer-reviewed scientific literature in the fields of animal 
science, microbiology, veterinary science, and biotechnology. The 
search included publications from 1963 to 2024 and only in English 
were considered. The search terms were refined through trial searches 
based on key terms identified in the publications. The keywords were 
used alone or in combination to address diverse aspects of SBSEC 
research, including SBSEC and related species (“Streptococcus 
bovis/equinus complex,” “S. bovis,” “S. equinus,” “S. ruminicola,” 
“S. lutetiensis,” “S. infantarius,” “S. lutetiensis,” “S. gallolyticus”), 
antimicrobial resistance and pathogenicity (“antimicrobial resistance,” 
“virulence factors,” “zoonotic pathogens”), bacteriophage applications 
(“bacteriophage,” “phage therapy,” “lytic phage,” “temperate phage,” 
“prophage,” “phage-derived endolysins”), host environment and 
microbial communities (“rumen,” “ruminal microbiome,” “gut 
microbiota,” “subacute ruminal acidosis,”), and bioinformatic 
approaches (“genome sequencing,” “metagenomics,” “phylogenetics,” 
“taxonomy”).

2.2 Inclusion/exclusion criteria

Studies were selected for inclusion criteria in this literature search 
based on predefined keywords. However, exclusion criteria were 
applied to publications focusing on non-SBSEC species or unrelated 
microbial groups. Studying general microbial communities without 
specific reference to SBSEC or phages were excluded. In addition, 
non-peer-reviewed articles, editorials, letters, conference abstracts, 
and freely available online materials such as PhD dissertations and 
preprints, were not considered for inclusion. Furthermore, the review 

https://doi.org/10.3389/fvets.2025.1466437
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Park et al. 10.3389/fvets.2025.1466437

Frontiers in Veterinary Science 03 frontiersin.org

process focused on peer-reviewed and published studies. The study 
selection process was conducted in two stages to identify relevant 
publications. Initially, titles and abstracts were screened to identify 
potentially eligible studies based on the inclusion criteria. 
Subsequently, the publications were assessed to confirm eligibility 
based on the predetermined inclusion and exclusion criteria.

3 Ruminal acidosis

Ruminal lactic acidosis, a critical metabolic disorder among 
ruminants reared in intensive farming systems worldwide, can cause 
serious problems for animal health and productivity, resulting in 
considerable economic losses (24). In the USA, it has been estimated 
that the total costs associated with ruminal acidosis in feedlot cattle 
can range from $10 to $13 per animal, primarily due to reduced feed 
efficiency and management expenses (24). This disorder occurs when 
the diet is abruptly changed to include high levels of fermentable 
carbohydrates and low levels of fibers, causing an influx of non-fibrous 
carbohydrates in the rumen (Figure 1) (25–27). The dietary alterations 
lead to the accumulation of volatile fatty acids (VFAs) and lactate, with 
a reduction in ruminal pH, causing ruminal lactic acidosis (27). This 
acidification disrupts the delicate microbial balance of the rumen 
environment in several ways: it inhibits the growth of fiber-degrading 
bacteria, reduces protozoa populations, impairs rumen motility, and 
damages the ruminal epithelium (28, 29). Based on the degree of pH 
reduction, ruminal acidosis is classified as acute and subacute ruminal 
acidosis (SARA), resulting in a significant shift in the ruminal 
bacterial composition (26). SARA is characterized by a moderate 
decrease in ruminal pH to 5.0 and 5.5 that leads to a rapid increase in 
the population of L-lactic acid-producing gram-positive bacteria, such 
as SBSEC, which rapidly ferment carbohydrates to lactic acid in the 
rumen (6, 30). In addition, the shift in several bacterial populations 

during SARA represents a gradual decline in the abundance of 
fibrinolytic bacteria, such as Ruminococcus albus and Fibrobacter 
succinogenes, which are less tolerant of the lower pH (31). 
Concurrently, a slow increase in the abundance of lactate-consuming 
bacteria, including Megasphaera elsdenii and Selenomonas 
ruminantium, is observed, which cannot fully compensate for the 
increased lactate production (32, 33). In contrast, acute ruminal 
acidosis involves a more drastic pH reduction (<5.0) in the rumen, 
causing a significant increase in D-lactic acid-producing bacteria, such 
as Lactobacillus spp., and simultaneously, the growth of SBSEC is 
gradually decreased (34). In ruminal lactic acidosis, the end products 
fermented by predominant bacteria in the rumen shift significantly 
because of changes in the microbial population and their metabolic 
activities, leading to an increase in lactate levels and a potential 
decrease in the levels of VFAs, especially acetate, propionate, and 
butyrate (34–36). Thus, the severity and speed of these shifts can 
immediately and significantly impact the rumen ecosystem and the 
overall health of the animal, potentially resulting in clinical symptoms, 
including reduced food intake and fiber digestion, diarrhea, ruminitis, 
liver abscesses, and even death (24, 37, 38). These symptoms can 
directly lead to decreased productivity, such as milk yield in dairy 
cows and lower weight gain in beef cattle, causing significant economic 
losses in the livestock industry (37, 38). However, the impact of 
ruminal lactic acidosis differs markedly in the rumen ecosystem, for 
example, on ruminal pH levels, associated predominant ruminal 
bacteria, and clinical symptoms. This underscores the importance of 
considering these differences when (i) managing dietary transitions, 
(ii) monitoring ruminal health to address shifts in predominant 
ruminal bacteria, and (iii) preventing the risks associated with each 
condition of ruminal acidosis. For instance, the use of rumen pH 
monitoring devices, such as wireless indwelling sensors or rumen 
boluses, can provide real-time data on rumen pH fluctuations, 
enabling early detection of acidosis and facilitating timely 

FIGURE 1

Diagram showing the cascade of ruminal lactic acidosis events.
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interventions (39). Additionally, dietary adjustments, such as the 
inclusion of buffering agents (e.g., sodium bicarbonate) or the use of 
strategic feeding practices (e.g., total mixed ration), can help stabilize 
rumen pH and prevent potential acidosis (40, 41).

4 Streptococcus bovis/Streptococcus 
equinus complex (SBSEC)

4.1 Historical and current taxonomy

Historically, the Lancefield serological system categorized 
streptococci into several groups based on the carbohydrate 
composition of their cell walls. This system employed antibodies to 
detect specific antigens and identified the Lancefield group D antigen 
as a marker for a subset of Enterococcus spp. and certain Streptococcus 
spp., including SBSEC (2, 3). Enterococci were later distinguished 
from streptococci by their ability to grow in the presence of bile and 
under high salt concentrations (42, 43). In 1919, S. bovis (SB), initially 
identified as a non-enterococcal Lancefield group D antigen, was 
isolated from the bovine intestine, where it is implicated in ruminal 
disorders, including SARA (3, 44). S. equinus (SE), originating from 
equine sources and classified within serologic group D, was later 
identified as a heterotypic synonym of SB. This identification led to a 
reclassification within the several species (or subspecies) of SBSEC 
(11, 45).

Although SBSEC species were primarily found in animals and 
their products, several species originating from human infectious 
diseases were also discovered with some clinical isolates exhibiting 
AMR (7, 11). Thus, the necessity for accurate identification at the 
(sub) species level within SBSEC was emphasized to devise advanced 
diagnostic approaches that effectively manage infections caused by 
pathogenic SBSEC isolates (46, 47). The taxonomy of SBSEC has been 
undergoing revision for the past 20 years, prompting reclassification 
and identification of new species and subspecies (3). In the 1980s, 
SBSEC strains were divided into two biotypes based on their ability to 
ferment mannitol and other carbohydrates, namely biotype I, which 
could ferment mannitol (S. gallolyticus subsp. gallolyticus) and biotype 
II, which could not ferment mannitol; based on the ability to degrade 
bile-esculin and use it in subsequent biochemical reactions, biotype II 
was further divided into two subtypes, namely biotype II/1, which 
could degrade bile-esculin (S. infantarius subsp. infantarius and 
S. lutetiensis) and biotype II/2, which could not degrade bile-esculin 
(S. gallolyticus subsp. pasteurianus and S. gallolyticus subsp. 

macedonicus) (Figure 2) (48–50). Despite this phenotypic classification 
of SBSEC, the complexity of this group necessitates further exploration 
of phenotypic and genotypic identification methods to accurately 
distinguish between species and subspecies and to potentially uncover 
new members within the SBSEC.

4.2 Phenotypic and proteomic 
identification

The main method for identifying SBSEC strains relies on 
phenotypic characteristics, particularly their hemolytic patterns on 
blood agar and tolerance to high salt concentrations (51, 52). SBSEC 
strains typically exhibit the absence of beta-hemolysis (alpha- or no 
hemolysis) and cannot grow in the presence of 6.5% NaCl, which 
traditionally differentiates them from closely related genera, such as 
Enterococcus (11). For better discrimination between SBSEC strains, 
more detailed phenotypic approaches have been developed, 
incorporating various enzymatic reactions and biochemical tests. 
These methods include the fermentation of various carbohydrates, 
such as mannitol, trehalose, inulin, and esculin, which can help 
differentiate between SBSEC species and subspecies (11, 53). For 
instance, S. gallolyticus subsp. gallolyticus (SGSG) is typically 
mannitol-positive (54), whereas S. infantarius (SI) (5) and 
S. gallolyticus subsp. pasteurianus (SGSP) (50) are typically mannitol-
negative. Furthermore, the activity of specific enzymes, such as beta-
glucuronidase, alpha- and beta-galactosidase, and beta-mannosidase, 
has been utilized to differentiate between SBSEC species (5, 55, 56). 
SGSP is generally beta-glucuronidase-positive, whereas SGSG is 
negative. Similarly, SI and SGSP are often positive for alpha- and beta-
galactosidase activities, whereas SGSG is negative. The ability to 
degrade carbohydrates, such as starch and glycogen, has also been 
used to distinguish among the SBSEC species (5, 50, 51). SI is typically 
positive for starch degradation, whereas SGSG is negative, and SGSP 
shows variable results. Glycogen degradation is observed in SGSG and 
SI, but not in SGSP.

Accurately classifying SBSEC at the species level remains 
challenging for the traditional identification method. Therefore, 
commercial identification systems, such as API and matrix-assisted 
laser desorption/ionization time-of-flight mass spectrometry 
(MALDI-TOF MS), have been introduced (57, 58). These systems 
offer improved discrimination and are the most commonly used 
methodologies for identifying species and subspecies in clinical 
microbiology laboratories. These methods are essential for the rapid 

FIGURE 2

Current and previous nomenclature for SBSEC. The taxonomic overview was adapted from Hinse et al. (60) and the gray boxes depict the classification 
within the biotypes proposed by Parker and Ball (161).
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and accurate diagnosis of SBSEC. Representative biochemical testing 
for SBSEC identification evaluates multiple metabolic characteristics 
according to each reference database. The API 20 Strep and Rapid ID 
32 Strep systems can differentiate between SB biotypes I and II and SE 
but cannot identify other species and subspecies within the SBSEC (7). 
The Vitek 2 GPID correctly identified 87% of SBSEC strains at the 
species level and 67% at the subspecies level (46). However, these 
biochemical methods may be limited by the variability in biochemical 
profiles within species and by the potential for atypical reactions.

MALDI-TOF systems provide more rapid and dependable 
identification of SBSEC species compared to biochemical methods 
(59). The Bruker Biotyper system correctly identified all SBSEC 
isolates at the species level but had a lower accuracy rate of 82% at the 
subspecies level (11). The Vitek MS system could identify SBSEC with 
87% accuracy at the species level and 67% accuracy at the subspecies 
level, except for S. gallolyticus subsp. macedonicus, which was not 
included in its database (59).

In summary, at the species level, both biochemical and 
MALDI-TOF MS methods can reasonably distinguish SBSEC from 
other streptococci in clinical microbiology laboratories. However, in 
case of ambiguous results from these two representative methods, 
molecular methods, such as single gene or genome sequencing, 
remain the most reliable for definitively identifying SBSEC subspecies, 
according to the latest SBSEC classification.

4.3 Genotypic identification

Single gene-based sequencing is widely used for the accurate 
identification and differentiation of SBSEC species and subspecies (7, 
60). While 16S rRNA gene sequencing exhibits high discriminatory 
power for most bacterial species, the 16S rRNA gene sequences of 
closely related SBSEC species, especially within the S. gallolyticus (SG) 
subspecies found in ruminants, show high similarity (>99%), which 
limits their differentiation at the subspecies level (7, 46). This 
limitation is particularly relevant when studying originated 
ruminants-SBSEC strains, where accurate subspecies identification is 
crucial for understanding their biological roles and pathogenic 
potential. Alternative housekeeping genes offer better resolution for 
SBSEC subspecies identification in ruminants compared to the 16S 
rRNA gene (11). The sodA gene, which encodes the manganese-
dependent superoxide dismutase, has proven to be a reliable target for 
identifying SBSEC (60, 61). Comparative studies focusing on SBSEC 
isolates from ruminants have shown that sodA sequencing provides 
better discriminatory power for SBSEC species and subspecies 
compared to 16S rRNA gene sequencing. Based on the comparison of 
identity and coverage values for SBSEC strains available in GenBank, 
sodA exhibits a wide range of identity values (84–99.3%) and high 
coverage (93.1–100%), indicating its potential for enhanced SBSEC 
classification (46). Additionally, groEL, which encodes a heat-shock 
protein, has been used for SBSEC identification, providing effective 
discrimination at the subspecies level (62). The groEL gene exhibits a 
narrower range of identity values (91.9–99.2%) but with consistent 
100% coverage, indicating its effectiveness in SBSEC identification 
(46). Other potential targets, including gyrB and rpoB, have been 
proposed for enhanced SBSEC classification (11). Notably, gyrB, 
which encodes the beta subunit of DNA gyrase, shows a wide range 
of identity values (84–99.3%) and high coverage (93.1–100%), similar 

to sodA, suggesting its potential for differentiating SBSEC species and 
subspecies (46). The rpoB gene, encoding the beta-subunit of RNA 
polymerase, also exhibits a relatively wide range of identity values 
(94.5–99.8%) but lower coverage (70.4–98.2%) compared to the other 
genes (46).

Although single-gene-based methods, particularly sodA and 
groEL sequencing, offer improved identification of SBSEC species and 
subspecies from ruminants compared to phenotypic and proteomic 
approaches, whole-genome sequencing (WGS) represents the most 
comprehensive approach for SBSEC classification (11, 46). With 
increasing technological advances and affordability, WGS is expected 
to play an increasingly pivotal role in the accurate identification of 
SBSEC strains in ruminants, enabling the discovery of novel species 
or subspecies within the SBSEC. The genomes of SBSEC strains 
available in the GenBank exhibit diverse isolation sources and a wide 
range of genome sizes. They also show varying features of intrinsic 
AMR genes and prophages integrated within the bacterial genomes. 
The genomic features related to these aspects are presented in 
Supplementary Tables 1–8.

The genome of 435 SBSEC strains currently available in the 
GenBank comprises 48 SE, 133 SI, 76 S. lutetiensis (SL), 62 SG, 46 
S. macedonicus (SM), 52 S. pasteurianus (SP), 14 S. alactolyticus (SA), 
and 4 S. ruminicola (SR) strains. These strains exhibit genome sizes 
ranging from 1.0 to 2.7 Mbp. The largest genome size is 2,689,636 bp 
for SP strain An908 (accession no. JAFBIP01), isolated from a pig, 
whereas the smallest genome size is 1,033,238 bp in a metagenome-
derived SG strain S32M_St_metabat_5 (accession no. JAUNNL01) 
originating from tapir feces. The SBSEC strains have been isolated 
from diverse sources, including the gut, feces, and several body sites 
of humans (51, 63, 64) and a wide range of animals, such as cattle, 
goats, sheep, deer, horses, dogs, cats, camels, koalas, pigs, chickens, 
and birds (10, 65–69). These strains have also been isolated from food 
products, including dairy products, such as milk and cheese, and corn, 
soil, wastewater, and draining-matting conveyors (64, 70–73). The 
diversity of isolation sources highlights the adaptability of SBSEC to 
different niches and its potential for zoonotic transmission. The 
majority of the SBSEC strains were isolated from the gastrointestinal 
tract of ruminants, as these bacteria are known to cause SARA in 
the rumen.

Interestingly, the genomes of some SBSEC strains harbor 12 kinds 
of plasmids: two in SE (p1_CNU_G6, CP046630.1; plas1, 
CP075173.1), one in SI (pSICJ18-1, CP003296.1), one in SG (pSGG1, 
FR824044.1), three in SM (pSMA198, CP119173.1; pSMA198, 
HE613570.1; p37_1, CP113441.1), one in SP (unnamed, CP136944.1), 
two in SA (unnamed1, CP114884.1; unnamed2, CP114885.1), and 
two in SR (p_CNU_G2, CP046920.1; p1_CNU_G3, CP046625.1) 
(Supplementary Tables 1–8). The presence of these plasmids suggests 
the potential for horizontal gene transfer (HGT) and acquisition of 
novel genetic elements, including AMR genes, among SBSEC strains 
(Supplementary Tables 9, 10) (7, 74).

To investigate the genomic features of SBSEC species, we analyzed 
the complete genome assemblies of representative strains to identify 
prophage regions using the PHAge Search Tool Enhanced Release 
(PHASTER) web server (Supplementary Table  11). Prophages 
contribute to the acquisition of pathogenic traits in bacteria through 
mechanisms, such as phage-mediated HGT, AMR genes, and 
virulence factors (74). The prophage regions varied in length from 
11,580 to 67,793 bp and encoded between 11 and 71 proteins. Further 
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investigation of the specific genes and functions associated with these 
prophage regions could provide valuable insights into the mechanisms 
underlying the pathogenic potential of SBSEC.

Although single gene-based sequencing, particularly targeting 
sodA and groEL, is a robust method for accurate identification and 
differentiation of SBSEC species and subspecies, WGS has emerged as 
the most effective approach for SBSEC classification, enabling the 
discovery of novel taxa within the complex. An extensive collection of 
SBSEC genomes available in the GenBank has revealed a wide 
spectrum of isolation sources and genome sizes, along with diverse 
intrinsic AMR genes and prophage elements integrated within their 
genomes. Further investigation using advanced sequencing-based 
technologies, such as metagenomics, particularly gut microbiome 
analysis, holds immense potential for unraveling the diversity of 
SBSEC. This approach facilitates the identification of novel species and 
can lead to the development of effective strategies for their 
management and control.

5 Antimicrobial resistance

5.1 Use of antimicrobials and their 
resistance in livestock: implications for 
SBSEC

The discovery of antibiotics in the 20th century revolutionized the 
treatment of bacterial infections (75). However, their extensive use in 
humans and animals has led to the emergence and rapid spread of 
antibiotic-resistant bacteria, which now pose a severe threat to global 
public health (75). This broad pattern of antimicrobial use and 
resistance is particularly relevant to understanding the emergence of 
resistant SBSEC strains in ruminants. Within the complex microbial 
communities of ruminants, SBSEC faces selective pressures from 
commonly used veterinary antibiotics, leading to the acquisition of 
resistance. Antibiotics exert a strong selective pressure on bacterial 
populations, including SBSEC in the rumen, favoring the survival and 
proliferation of resistant strains. These bacteria can serve as reservoirs 
of AMR genes, potentially facilitating the acquisition and spread of 
resistance determinants through HGT or mutations in bacterial 
genomes that confer reduced susceptibility to antibiotics (76, 77). In 
the context of SBSEC in the ruminal microbial communities, this 
provides opportunities for resistance transfer between different 
Streptococcus species and other members of the microbial community.

The use of antibiotics in domestic animals, especially for growth 
promotion and disease prevention, has come under increasing 
scrutiny owing to its contribution to the global issue of AMR (78, 79). 
Considering the growing threat of AMR, several countries have 
restricted the antibiotics in livestock (80). For instance, the European 
Union prohibited the use of antibiotics as growth promoters in animal 
feed in 2006 (81), and South Korea followed suit in 2011 (82). 
Similarly, in 2017, the United States Food and Drug Administration 
introduced the Veterinary Feed Directive, which mandates veterinary 
oversight for the administration of medically important antibiotics in 
animal feed (83). Despite these efforts, antibiotics, such as 
tetracyclines, penicillin, macrolides, and cephalosporins, are widely 
used for disease prevention and treatment in livestock (84, 85). These 
antibiotics have shown significant levels of resistance in SBSEC 
isolates (10).

Among these antibiotics, tetracyclines and macrolides exhibit the 
highest rate of resistance and are commonly used to treat bacterial 
infections, such as respiratory infections and mastitis in cattle (86), 
which are often caused by gram-positive bacteria, such as Streptococcus 
(87, 88) and Enterococcus species (89, 90). Frequent exposure of 
ruminal microbial communities to these antibiotics imposes specific 
selection pressures that contribute to the AMR patterns observed in 
SBSEC, as detailed in Section 5.2.

The increasing prevalence of AMR is not limited to pathogenic 
bacterial species; it also encompasses commensal bacteria residing 
within the gastrointestinal tract of animals (86). These commensal 
bacteria can act as reservoirs of AMR genes, harboring a diverse array 
of resistance determinants. Among the most frequently encountered 
AMR genes in these bacteria, including SBSEC, are those conferring 
resistance to tetracyclines, such as tet(M), tet(O), tet(A), and tet(B), 
which encode either ribosomal protection proteins or efflux pumps 
(10, 91–93). Additionally, erm genes, particularly erm(B) and erm(C), 
mediate resistance to macrolides, lacosamide, and streptogramin B 
antibiotics through ribosomal methylation (93, 94). These resistance 
genes are commonly detected in SBSEC isolates from ruminants, as 
discussed in Section 5.2.

AMR genes can be transferred from commensal to pathogenic 
bacteria or vice versa through HGT mechanisms, such as conjugation, 
transformation, and transduction, indicating an exchange of genetic 
material between these two groups within the gut microbiome (95, 
96). This is particularly relevant for SBSEC strains, which can 
transition from commensal to pathogenic roles under certain 
conditions, potentially transferring resistance genes between different 
microbial populations in the rumen. The collection of both known 
and unknown AMR genes within the gut microbiome, often referred 
to as the “resistome,” contributes to the emergence of multidrug-
resistant pathogens that are increasingly difficult to treat (97).

5.2 Antimicrobial resistance in the SBSEC

The emergence of AMR in the SBSEC is a growing concern for 
both human and animal health, as these bacteria are implicated in 
various diseases. In humans, SGG is associated with endocarditis and 
colorectal cancer (98), whereas SGP is linked to biliary tract infections 
and liver abscesses (99). In ruminants, the overgrowth of SE (or SB) 
in the rumen can lead to SARA and bloat, causing significant 
economic losses in the livestock industry (7). In this respect, both 
commensal and pathogenic SBSEC strains exhibit high rates of 
resistance to antibiotics commonly used in veterinary medicine, 
including tetracycline, erythromycin, and clindamycin (85, 86). 
Moreover, SBSEC isolates are reservoirs of AMR genes and potentially 
pose the risk of transferring these genes to other bacteria, including 
pathogenic species, within the gut microbiome (10, 12, 100, 101). To 
highlight the latest trends and the potential risks associated with AMR 
in SBSEC, this review provides recent profiles of AMR and the 
presence of AMR genes in SBSEC isolates, with a particular focus on 
those originating from ruminants and dairy products (Table 1).

5.2.1 Tetracycline resistance
Tetracycline resistance is widely distributed among SBSEC 

isolated from cattle and dairy products, possibly due to the extensive 
use of tetracyclines in livestock. The prevalence of tetracycline varies 
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considerably across countries and sample origins. In Korea, studies 
have reported tetracycline resistance rates of 15.7% (8/51) in SBSEC 
isolates from domestic ruminants (10), which is relatively lower than 
isolates of clinical origin. However, a higher resistance rate of 42.9% 
(3/7) was observed in SL isolated from bovine mastitis milk samples 
in Korea (102, 103). In Taiwan, tetracycline resistance was dominant 
among streptococci from mastitis milk, with 86% of isolates showing 
resistance; specifically, four of SB and on of SE isolates were resistance 
to tetracycline (104). Similarly, in Japan, tetracycline resistance was 
prevalent in SG isolates from human patients (15/20), diseased 
animals (11/15), and healthy broiler chickens (11/16), while 
significantly lower (1/15) in isolates from healthy mammals (100). 
Notably, certain SG isolates carried tet genes encoding ribosomal 
protection proteins (tet(M) and tet(O)) or efflux pumps (tet(L)). In 
Korea, a significant proportion of SE isolates from the rumen fluid of 
ruminants exhibited tetracycline resistance (15.7%), with 23.5% 
carrying tet(M). This gene is often associated with mobile genetic 
elements, such as Tn916 transposons, which can easily transfer 
resistance determinants between streptococcal species. Thus, tet(M) 
can contribute to spreading resistance within microbial communities, 
especially those in the gut microbiomes of ruminants. 

Tetracycline-resistant SBSEC strains have been isolated from cheeses 
in various countries (12, 105). In Turkey, SL and SG isolates from 
cheese were found to be tetracycline-resistant, whereas in Italy, SE 
isolates from cheese harbored a mosaic tet(S/M) gene (106). The 
presence of these resistant strains in dairy products raises concerns 
regarding potential food safety risks and the spread of AMR from 
animals to humans through the food chain.

5.2.2 Macrolide-incosamide-streptogramin B 
(MLSb) resistance

The MLSb class, which includes macrolides, lincosamides, and 
streptogramin B, is commonly used in veterinary medicine for the 
treatment of bacterial infections in ruminants, such as mastitis, calf 
diarrhea, and respiratory infections (107, 108). Following 
tetracycline resistance, the macrolide (e.g., erythromycin) and 
lincosamide (e.g., lincomycin and clindamycin) classes exhibited the 
highest levels of resistance among SBSEC isolates from ruminants 
and dairy products (109). Macrolide resistance, particularly 
erythromycin resistance, has been frequently reported in SBSEC 
isolates from ruminants and dairy products (10, 102). Erythromycin-
resistant SG isolates harboring erm(B) have been identified in 

TABLE 1 Current insights into the antibiotic resistance of SBSEC originating from ruminants and its related products.

Antibiotic class Antibiotics SBSEC (sub)
species

Origin Country AMR genes References

Tetracycline Tetracycline S. equinus Mastitis milk Korea, Taiwan (104)

Cattle Korea tet(M) (10)

Cheese Italy tet(S/M) (106)

S. gallolyticus Mastitis milk Japan
tet(M), tet(O), 

tet(L)
(100)

Cheese Turkey (12)

S. lutetiensis Mastitis milk Korea (103)

Cheese Turkey (12)

MLSb Erythromycin S. gallolyticus Mastitis milk Japan erm(B) (100)

Cattle Belgium erm(B) (101)

Cheese Turkey (12)

S. lutetiensis Cheese Turkey (12)

Lincomycin S. equinus Mastitis milk Korea, Taiwan (102–104)

Cattle Korea lnu(C) (10)

S. gallolyticus Mastitis milk Japan (100)

Clindamycin S. gallolyticus Cattle Belgium (101)

Aminoglycoside Gentamycin S. equinus Mastitis milk Korea, Taiwan (102–104)

Streptomycin S. gallolyticus Cattle Belgium (101)

Gentamycin, 

Streptomycin, 

Kanamycin

S. gallolyticus Cheese Turkey (12)

S. lutetiensis Cheese Turkey (12)

S. infantarius Cheese Turkey (12)

Beta-lactam Penicillin S. equinus Mastitis milk Korea, Taiwan (102–104)

Cephalosporin
Cefazolin, Cefuroxime, 

Ceftiofur
S. equinus Mastitis milk Korea, Taiwan (102–104)

Glycopeptide Vancomycin S. gallolyticus Cattle Belgium vanA-Tn1546 (101)
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mastitis milk samples from Belgium (101) and Japan (100). The erm 
(B) gene, which confers cross-resistance to MLSb antibiotics through 
ribosomal methylation, leads to the development of multidrug-
resistant strains and limits the treatment of infections caused by 
SBSEC. In Turkey, the presence of erythromycin-resistant SG and SL 
isolates in cheeses has emphasized the need to control the spread of 
MLSb resistance in SBSEC from dairy products to safeguard both 
animal and human health (12). Furthermore, resistance to 
lincosamide antibiotics, such as lincomycin and clindamycin, has 
been reported in SE and SG isolates from ruminants in several Asian 
countries (10, 100, 102, 104). In Korea, lnu(C), which encodes 
lincosamide nucleotidyltransferase, was detected in lincomycin-
resistant SE isolated from the rumen fluid (10). The presence of 
lnu(C) in SBSEC isolates from ruminants highlights the potential for 
the HGT of lincosamide resistance determinants to other bacteria 
within the gut microbiome.

5.2.3 Resistance to other classes of antimicrobials
Although resistance to tetracycline and MLSb antibiotics is more 

prevalent among SBSEC isolates from ruminants and dairy products, 
resistance to other classes of antibiotics, including aminoglycosides, 
beta-lactams, cephalosporins, and glycopeptides, has also 
been reported.

Aminoglycoside resistance has been observed in various SBSEC 
species isolated from ruminants and dairy products. In Korea (102, 
103) and Taiwan (104), SE isolates from mastitis milk samples were 
resistant to gentamicin. SG isolates from cattle in Belgium (101) 
exhibited resistance to streptomycin. In Turkey (12), SG, SL, and SI 
isolates from cheese showed resistance to gentamicin, streptomycin, 
and kanamycin. Interestingly, Streptococcus is generally reported to 
exhibit intrinsic resistance to aminoglycosides, which cannot 
be transferred horizontally (110). However, further investigation is 
needed to explore the presence of acquired aminoglycoside resistance 
determinants in SBSEC isolates from ruminants and dairy products.

Resistance to beta-lactams (penicillin) and cephalosporins 
(cefazolin, cefuroxime, and ceftiofur) have been reported in SE isolates 
from mastitis milk samples in Korea (102, 103) and Taiwan (104). 
These findings highlight the potential for the development and spread 
of resistance to multiple classes of antibiotics in SBSEC isolates from 
dairy cattle.

Vancomycin-resistant SG isolates from cattle carried vanA-
Tn1546, which conferred resistance to this glycopeptide antibiotic 
(101). The vanA gene cluster, typically associated with the Tn1546 
transposon, is a major determinant of acquired vancomycin resistance 
in enterococci. The presence of vanA-Tn1546 has not been previously 
reported in SG strains from cattle, as it suggests the potential for the 
HGT of vancomycin resistance determinants from enterococci 
to SBSEC.

The availability of complete genome assemblies for several SBSEC 
strains has enabled the identification of key AMR genes within the 
genomes (Supplementary Table 12). The most common AMR genes 
found across SBSEC strains are that encoding resistance to 
glycopeptides (vanY and vanT), tetracyclines (tet(M)), and MLSb 
antibiotics (erm(T), lnu(B), lnu(C), and lsa(E)). The intrinsic presence 
of diverse AMR genes within the genomes of SBSEC species may 
enable their adaptation and survival in environments with high levels 
of antibiotic exposure, highlighting the importance of developing 
effective strategies and alternatives to control this resistance (11).

The increasing prevalence of AMR in SBSEC isolates from 
ruminants and dairy products, especially against tetracyclines, MLSb 
antibiotics, and other classes, such as aminoglycosides and 
glycopeptides, indicates the significance of ensuring antibiotic safety 
and efficacy in veterinary applications. The presence of acquired 
resistance genes, such as tet(M), erm(B), lnu(C), and vanA-Tn1546, 
exacerbates the risk for HGT of resistance determinants within the gut 
microbiome and food chain, emphasizing the need for effective 
control to mitigate the spread of AMR in SBSEC from ruminants.

6 Bacteriophages of SBSEC

6.1 General description of phage

Bacteriophages (phages) are viruses that specifically infect and 
replicate within bacterial cells and are the most abundant biological 
entities in various environments, with an estimated global population 
of 1031 viral particles (111). They have a relatively simple structure, 
typically consisting of a protein capsid enclosing a DNA or RNA 
genome, with many possessing a tail apparatus for host attachment 
and genome delivery (111). Representative morphologies of phages 
exhibit that tailed phages in the order Caudovirales are the most 
prevalent. The classification and naming of the phages are maintained 
by the Bacterial and Archaeal Subcommittee within the ICTV (112). 
In the latest ICTV taxonomy release, the phages previously classified 
under the families Myoviridae, Siphoviridae, and Podoviridae have 
been reassigned to new families based on various viral properties, 
such as host bacteria species, virion morphology, life cycle, genome 
type, and genome similarity (113). The new families include 
Herelleviridae, Straboviridae, Kyanoviridae, Peduoviridae, 
Rountreeviridae, Salasmaviridae, Schitoviridae, Chaseviridae, 
Demerecviridae, Drexlerviridae, Orlajensenviridae, Madisaviridae, 
Nobecovirus, Winoviridae, Atkinsviridae, Guelinviridae, Duneviridae, 
Pachyviridae, Mesyanzhinovviridae, Molycolviridae, Zierdtviridae, 
Arckerviridae, Vertoviridae, and Zobellviridae. However, owing to the 
complexity of features that contribute to phage taxonomy, their 
classification is complex and still evolving (114). Recent advances in 
WGS technologies have revealed the genomic and metagenomic 
sequences of unknown phages; however, a systematic classification of 
these phage genomes into the ICTV scheme is not available due to a 
lack of related biological properties (115).

Phages have two main life cycles: lytic and lysogenic (Figure 3) 
(116). In the lytic cycle, virulent phages infect the host cell, take over 
its metabolic machinery to replicate, and ultimately lyse the cell, 
releasing progeny virions. Lytic phages are often considered potential 
biocontrol agents owing to their ability to rapidly multiply and kill 
bacterial hosts at the end of the replication cycle. In the lysogenic 
cycle, the genome of a prophage integrates into the chromosome of 
the bacterial host as a prophage and replicates along with the host 
until it is induced to enter the lytic cycle. Interestingly, prophages in 
the lysogenic cycle can horizontally transfer genes, including those for 
toxins and other virulence determinants, to their bacterial hosts 
through lysogenic conversion (117). This mechanism significantly 
impacts bacterial pathogenicity, as many disease-causing toxins, such 
as those associated with food poisoning, are phage-encoded (118). 
Moreover, prophages play a role in disseminating AMR genes through 
phage-mediated transduction and lysogenic conversion (119). 
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Notably, the transfer of resistance genes by phages is often less frequent 
than through other mechanisms, such as conjugation and 
transformation (119, 120).

The intricate interactions between phages and their bacterial 
hosts, as well as the potential applications of phages in various 
environments, have prompted research into phage populations within 
specific environments. In particular, ruminants, such as cattle, sheep, 
and goats, possess a dense microbial community essential for feed 
digestion in the rumen and for maintaining the overall health and 
productivity of the animal (121). Investigating the phages associated 
with the ruminal microbiome can shed light on the dynamics and 
functionality of the microbial ecosystem within the rumen, offering 
insights into the potential use of rumen-derived phages and their 
products for various applications (17).

6.2 Ruminal bacteriophages

Bacteriophages are highly abundant in the rumen, with 
concentrations ranging from 107 to 1010 particles per milliliter of 
rumen fluid (122). Ruminal phages can potentially affect the 
composition and functionality of the rumen microbiome through 
phage–host interactions, such as lysis and lysogeny (15, 16). These 
interactions may lead to enhanced feed digestion efficiency and 
increased production of metabolites, such as volatile fatty acids, 
leading to benefit the host animal (115). To date, our understanding 
of ruminal phages is relatively limited due to the challenges involved 
in isolating and culturing them. These difficulties arise from several 
factors, such as the strict anaerobic conditions required to maintain 
the viability of ruminal phages and their host bacteria, the microbial 
diversity within the rumen, and the lack of suitable cultivation 
techniques that can effectively simulate the rumen environment (17). 
However, recent advancements in sequencing technologies and 
bioinformatics are expected to contribute to our knowledge of these 
previously unexplored phages in the rumen (17, 123). Several studies 
have focused on the isolation and characterization of phages that 

target specific species of cultured ruminal bacteria (Table 2). These 
bacteria contribute significantly to diverse aspects of rumen function, 
such as fiber degradation (Butyrivibrio fibrisolvens and Ruminococcus 
albus), lactate utilization (Selenomonas ruminantium and Xylanibacter 
brevis (formerly known as Bacteroides ruminicola ss brevis and 
Prevotella brevis)), and potential pathogenicity (Escherichia coli).

Five phages targeting Butyrivibrio fibrisolvens, a predominant 
rumen bacterium involved in fiber degradation and biohydrogenation 
of unsaturated fatty acids, were isolated from ruminant sources, 
including feces and rumen fluid (124). These phages are categorized 
into two distinct life cycles: lytic phages (Arina, MN882551; Bo-Finn, 
MN882552; Ceridwen, MN882553) and lysogenic phages (Arawn, 
MN882550; Idris, MN882554). Belonging to the Siphoviridae family, 
these phages have genome sizes ranging from 31 to 40 kb. Also, four 
lytic phages infecting Ruminicoccus albus, which is responsible for the 
degradation of cellulose in the rumen, were isolated from livestock 
sewage (20, 125). They were characterized as Podoviridae (Ra01 and 
Ra03) and Inoviridae phages (Ra02 and Ra04) with genome sizes 
ranging from 7 to 14 kb. Previous studies have identified lytic phages 
(Brb01, Brb02, GA33, and B14 phages) infecting Xylanibacter brevis 
(formerly known as Bacteroides ruminicola subsp. brevis and Prevotella 
brevis) with a long-tail morphology, indicating their classification 
within Siphoviridae (20, 126). Among these, the genomes of phages 
Brb01 and Brb02 have been sequenced. These phages infecting 
bacteria essential for fiber degradation in the rumen could enhance 
the rate of cellulose and hemicellulose breakdown, thereby affecting 
the fermentation of forage polysaccharides in the rumen.

A temperate Myoviridae phage, M-7, infecting Selenomonas 
ruminantium, was isolated from the rumen fluid of sheep and had a 
genome size of approximately 30 kb (127). The small size of this phage 
and its stable lysogenic cycle may serve as the basis of a vector system 
for the genetic manipulation of Selenomonas species, indicating its 
potential application in the genetic engineering of ruminal bacteria.

Several E. coli phages were isolated from ruminant sources, 
belonging to Myoviridae (P1, P3, P8-P11, P14, 2RFP1A2_1, 
2RFP1C2_AA, and TP167CBC_ER F3), Siphoviridae (P6 and P7), 

FIGURE 3

The representative bacteriolytic lifecycles of phages.
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Podoviridae (P2), and unclassified families were sequenced (128, 
129). Furthermore, the isolation of phages infecting bacterial species 
that are not typically associated with the rumen microbiome, such as 
Alkalihalobacillus clausii and Bacillus safensis, suggests a more 
diverse phage community than previously appreciated in the 
rumen (128).

Phages isolated from ruminant sources exhibit considerable 
diversity based on their bacterial hosts, taxonomy (Myoviridae, 
Podoviridae, Siphoviridae, and Inoviridae), genome size (8–149 kb), 
and life cycle (lytic and lysogenic). This diversity has significance in 
rumen environmental function and biotechnological applications. 
For example, the broad host range exhibited by some Podoviridae 

TABLE 2 General features of currently-reported culture-based ruminal phages.

Host bacteria Phage 
name

Lifecycle Isolation 
source

Morpho-
type

Genome References

Size 
(kb)

Accession no.

Alkalihalobacillus 

clausii

2RFP1E_AA – Rumen fluid – 15 SAMN35002584
(128)

2RFP1H_AA Lytic Rumen fluid Myoviridae 88 SAMN35002585 (128)

Bacillus safensis 2RFP5B2_3 – Rumen fluid – 41 SAMN35002586 (128)

3RFP5C_2 Lytic Rumen fluid Siphoviridae 26 SAMN35002588 (128)

3RFP5E_6 Lytic Rumen fluid Siphoviridae 149 SAMN35002589 (128)

2RFP8A_3 Lytic Rumen fluid Podoviridae 20 SAMN35002587 (128)

Butyrivibrio 

fibrisolvens

Arawn Lysogenic Ruminanta Siphoviridae 31 MN882550
(124)

Arian Lytic Ruminant feces Siphoviridae 34 MN882551 (124)

Bo-Finn Lytic Rumen fluid Siphoviridae 33 MN882552 (124)

Ceridwen Lytic Ruminanta Siphoviridae 40 MN882553 (124)

Idris Lysogenic Rumen fluid Siphoviridae 31 MN882554 (124)

Escherichia coli P1, P3, P8-P11, 

P14

Lytic Ruminant feces Myoviridae 80 –
(129)

P2 Lytic Ruminant feces Podoviridae 30 – (129)

P6, P7 Lytic Soil Siphoviridae 35 – (129)

1RFP6A – Rumen fluid – 47 SAMN35002581 (128)

2RFP1A2_1 Lytic Rumen fluid Myoviridae 88 SAMN35002582 (128)

2RFP1C2_AA Lytic Rumen fluid Myoviridae 135 SAMN35002583 (128)

TP167CBC_ER 

F3

Lytic Rumen fluid Myoviridae 39 SAMN35002591 (128)

Ruminococcus albus Ra01, Ra03 Lytic Livestock sewage Podoviridae 7, 8 – (125)

Ra02, Ra04 Lytic Livestock sewage Inoviridae 13, 14 JGI1035884, 

JGI1035887
(20, 125)

Selenomonas 

ruminantium

M-7 Lysogenic Rumen fluid Myoviridae 30 –
(127)

Streptococcus bovis F4 Lytic Rumen fluid Siphoviridae 60 – (136)

Streptococcus equinus Sb01 Lytic Rumen fluid Siphoviridae 31 JGI1035872 (20)

Streptococcus 

ruminicola

vB_SbRt-

pBovineB21

Lytic Rumen fluid Podoviridae 16 ON759209
(21)

vB_SbRt-

pBovineS21

Lytic Rumen fluid Podoviridae 17 ON759210
(21)

Xylanibacter brevis 

(formerly Bacteroides 

ruminicola ss brevis)

Brb01, Brb02 Lytic Sewage Siphoviridae 33, 34 JGI1035879, 

JGI1035881 (20)

Xylanibacter brevis 

(formerly Prevotella 

brevis)

GA33, B14 phage Lytic Rumen fluid Long-tail – –

(126)

aMixture of rumen fluid and ruminant feces.
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phages enables them to affect multiple bacterial populations, 
whereas highly specific Siphoviridae phages can target specific 
strains (20). The diversity in genome size correlates with functional 
versatility; larger phage genomes often encode auxiliary metabolic 
genes that can alter host metabolism and biogeochemical cycling 
within the rumen (130). Additionally, the ratio of lytic to lysogenic 
phages affects the rate of bacterial turnover and nutrient cycling, 
with the dominance of lytic phages generally accelerating bacterial 
lysis and nutrient release (131). Recently, culture-independent 
isolation and characterization of phages using metagenomic 
approaches have revealed novel viral sequences in the rumen, many 
of which cannot be classified into existing taxa. These novel viral 
sequences include crAssphage-like viruses that serve as modulating 
populations of Bacteroidetes, which are important for plant 
polysaccharide degradation in the rumen (132, 133). Additionally, 
researchers have discovered virus-encoded auxiliary metabolic genes 
(AMGs) in ruminal viral communities that can potentially modify 
host metabolism related to sulfur cycling, amino acid synthesis, and 
carbohydrate utilization, directly causing nutrient fermentation 
efficiency (134). The vast diversity of uncharacterized ruminal 
phages potentially leads to the development of phage-based 
strategies for manipulating the rumen microbiome to improve 
animal health and productivity, such as targeted biocontrol of 
methanogenic archaea to reduce enteric methane emissions or 
enhancement of cellulolytic activity to improve feed conversion 
efficiency (135).

6.3 SBSEC bacteriophages

Bacteriophages targeting the SBSEC have been among the most 
well-studied ruminant-originated phages due to their potential role in 
regulating SBSEC populations in the rumen microbiome. In 
ruminants, SBSEC strains can outgrow other ruminal bacterial flora 
under optimal growth conditions, producing large amounts of lactate, 
which can lead to acute ruminal acidosis and bloat (7, 20, 21). This 
makes SBSEC phages particularly suitable candidates for biocontrol 
applications in ruminants.

6.3.1 Historical examination of SBSEC phages
The first suggestion of phage therapy for biocontrol in the rumen 

specifically targeted S. bovis (136). Initial studies in the 1970s 
characterized SBSEC phage isolates from the rumen of cattle and 
sheep. Iverson and Millis (137) examined the characterization of 
S. bovis phages, establishing foundations about their biological 
properties. Their research revealed that SBSEC phages exhibited 
relatively narrow host ranges, primarily infecting specific strains 
within the SBSEC. Subsequent investigations by Štyriak et al. (138) 
expanded this study by isolating and characterizing a new ruminal 
bacteriophage lytic to S. bovis. This phage, designated as Sb-1, 
demonstrated potent lytic activity against multiple S. bovis strains, 
providing early evidence for potential applications in controlling 
SBSEC populations in the ruminal environment. The representative 
SB phage F4, belonging to the formerly Siphoviridae family, was shown 
to reduce the adherence of SB strain 47/3 to ruminal epithelial cells, 
suggesting potential applications for controlling SB colonization in the 
rumen (136). In parallel, studies on lysogenic SBSEC strains revealed 
important aspects of phage-host dynamics. Tarakanov (139) 
investigated the biology of lysogenic strains of S. bovis and virulent 
mutants of their temperate phages. This study demonstrated that 
lysogeny is common among SBSEC strains in the rumen, with 
important implications for understanding the ecological relationships 
between SBSEC and their phages. Further research by Klieve et al. 
(140) examined the genetic homogeneity and phage susceptibility of 
ruminal strains of S. bovis isolated in Australia, highlighting regional 
variations in SBSEC phage ecology.

6.3.2 Lytic SBSEC phages: diversity and 
characterization

Lytic phages that specifically infect SBSEC strains isolated from 
rumen fluid have been characterized based on their morphological, 
biological, and molecular properties (Table 3). Gilbert et al. (20) made 
significant contributions to understanding phage-host interactions in 
the rumen by sequencing complete genomes of lytic phages infecting 
rumen bacteria, including SBSEC strains. This study represented a 
major advancement in the molecular characterization of SBSEC 
phages and provided insights into their genomic features and 

TABLE 3 General features of currently-reported representative lytic SBSEC phages.

Bacterial 
strain

Phage name Isolation 
source

Family Genome size 
(bp)

Accession no. References

S. bovis

47/3 F4 Rumen fluid Siphoviridae 60,380 – (136)

S. equinus

2B Sb01 Rumen fluid Siphoviridae 33,595 JGI1035872 (20)

S. ruminicola

KCTC 43306
vB_SbRt-

pBovineB21
Rumen fluid Rountreeviridae 16,260 MK448367 (21)

vB_SbRt-

pBovineS21
Sewage Rountreeviridae 17,280 ON759210 (21)

S. gallolyticus

BSJ27 phi-SgaBSJ27_rum Pig Unclassified 110,666 MN270258 –

BSJ31 phi-SgaBSJ31_rum Pig Unclassified 106,491 MN270259 –
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evolutionary relationships. Recent advancements have expanded our 
understanding of SBSEC phages significantly. Park et  al. (21) 
characterized two lytic bacteriophages infecting SBSEC from Korean 
ruminants, vB_SbRt-pBovineB21 and vB_SbRt-pBovineS21, 
belonging to the formerly Podoviridae family. These phages 
demonstrated broad-spectrum activity against lactic acid bacteria and 
exhibited potent antibiofilm properties, suggesting their potential 
applications beyond the simple lysis of target bacteria. Their work 
highlighted the diversity of SBSEC phages and their potential utility 
in controlling SBSEC-associated conditions. Köhne et al. (141) further 
expanded the known diversity of SBSEC-infecting phages by isolating 
and characterizing bacteriophages specific to Streptococcus equi 
subspecies zooepidemicus and evaluating their efficacy in ex  vivo 
models. This study demonstrated the potential for phage therapy 
applications targeted at specific SBSEC members. Additionally, 
genomic characterization of SBSEC Siphoviridae and Rountreeviridae 
phages isolated from ruminant sources has provided valuable insights 
into their genome organization and phylogeny (21). SBSEC phages 
phi-SgaBSJ27_rum and phi-SgaBSJ31_rum, isolated from pigs, 
revealed remarkably large genome sizes of 110,666 and 106,491 bp, 
respectively, indicating considerable genetic complexity (142). These 
findings demonstrate the diversity of SBSEC phage isolation sources 
and highlight opportunities for discovering novel phages with 
unique characteristics.

The first reported endolysin derived from SBSEC phage, LyJH307, 
has been characterized biologically and shown to influence the rumen 
microbiome (22, 23). Endolysins represent an alternative approach to 
whole-phage applications, potentially offering more precise control 
over target bacteria. The development of phage-derived enzymes 
provides additional tools for regulating SBSEC populations in the 
rumen environment.

6.3.3 Lysogenic and temperate SBSEC phages
In the 1970s and continuing through subsequent decades, 

researchers have investigated the biological properties of prophages in 
SBSEC lysogenic strains isolated from the rumen of cattle and sheep. 
Studies comparing culture conditions between lysogens and virulent 
mutants of prophages revealed no variance in phage concentration 
under different conditions (136–138). Even when factors such as 
glucose, maltose, peptone, or casein hydrolysate were present in the 
culture medium, these nutrients did not significantly affect phage-host 
dynamics in SBSEC (139). These findings indicated that SBSEC 
prophages maintain relatively stable relationships with their bacterial 
hosts under various environmental conditions. Recent advancements 
in bioinformatics and genomic analysis have been employed in silico 
tools to detect prophages and satellite prophages (also known as 
“helper phages”) in SBSEC genomes (Table 4) (143). A comprehensive 
analysis of SBSEC genomes revealed 46 phages, including 10 
prophages and 13 satellite phages in SE, eight prophages and nine 
satellite phages in SG, two prophages and one satellite phage in SI, and 
one prophage and three satellite phages in SL. The genome sizes of 
these prophages ranged from 27,408 to 45,067 bp, whereas satellite 
phages exhibited smaller genomes (8,609–13,181 bp). Gilbert and 
Klieve (16) provided a comprehensive overview of ruminal viruses, 
including bacteriophages and archaeaphages, emphasizing the 
ecological significance of prophages in SBSEC populations and their 
potential contributions to bacterial fitness and adaptation in the 
rumen environment.

6.3.4 Prophages and pathogenicity
To further investigate the potential contribution of prophages to 

the pathogenicity of SBSEC strains, we conducted an in silico analysis 
of prophage sequences identified in representative SBSEC genomes, 
as described in Supplementary Table 13. The prophage regions were 
screened for the presence of pathogenicity-related genes, including 
AMR genes, virulence factors, and mobile genetic elements (MGEs), 
using the Comprehensive Antibiotic Resistance Database (CARD1), 
Virulence Factor Database (VFDB2), and Mobile Element Finder,3 
respectively (Supplementary Table 12).

The prophage region of S. lutetiensis NCTC 13774 harbored the 
vanT gene, which is part of the vanG glycopeptide resistance gene 
cluster, as well as several virulence factors, such as cytolysin (cylR2), 
serine protease (htrA/degP), pneumococcal surface antigen A (psaA), 
and streptococcal plasmin receptor/GAPDH (plr/gapA). These 
findings suggest that prophages may contribute to the dissemination 
of AMR genes among SBSEC strains and enhance their pathogenic 
potential. Moreover, the identification of several insertion sequences 
(IS) and composite transposons within the prophage regions of SBSEC 
genomes indicates that prophages can mediate horizontal transfer of 
MGEs, thereby facilitating the acquisition and dissemination of 
virulence genes and AMR determinants among SBSEC strains. 
Transcriptomic analysis of SBSEC strains harboring prophages has 
shown that these genetic elements may carry genes related to 
pneumococcal pathogenicity factors, such as vapE. The presence of 
virulence-associated genes in prophages suggests their potential role 
in the pathogenicity of SBSEC. The acquisition of these genes through 
prophage integration may contribute to the adaptation and evolution 
of SBSEC strains in the ruminal environment, potentially enhancing 
their ability to cause infections in ruminants.

6.3.5 Ecological and evolutionary significance
Phage predation plays a crucial role in regulating dominant 

SBSEC strains (144), preventing their overgrowth in metabolic 
disorders such as rumen acidosis. This selective pressure is essential 
for maintaining microbial diversity, which can be compromised by 
excessive proliferation of SBSEC. As noted by Laverde Gomez et al. 
(145), in ruminants, SBSEC strains can outgrow other ruminal 
bacterial flora under optimal conditions, producing large amounts of 
lactate and capsular polysaccharide, which leads to acute ruminal 
acidosis and bloat. Feedlot cattle are commonly fed ionophores (such 
as monensin and other antibiotics) to increase feed efficiency, limit 
SBSEC overgrowth, and prevent the subsequent drop in ruminal 
pH. However, this practice raises serious industrial and public health 
concerns, highlighting the need for alternative methods of microbial 
control and ruminal community modulation. Phage predation may 
lead to negative frequency-dependent selection, whereby phages 
target the most abundant SBSEC strains, thus preventing them from 
dominating the population and allowing rarer strains to persist (146). 
This dynamic contributes to the maintenance of bacterial diversity 
within the rumen microbiome.

Beyond their lytic activities, phages can also facilitate HGT among 
SBSEC populations through transduction. Phage-mediated HGT may 

1 https://card.mcmaster.ca/

2 https://www.mgc.ac.cn/cgi-bin/VFs/v5/main.cgi

3 https://cge.food.dtu.dk/services/MobileElementFinder/
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TABLE 4 General features of currently-reported representative putative prophages of SBSEC available in the GenBank database.

Bacterial strain Phage name Phage lifecycle Genome size (bp) Accession no.

S. equinus

2B Javan199 Prophage 41,831 MK448702

AG46 Javan200 Satellite 9,586 MK448356

C277 Javan201 Satellite 10,114 MK448357

ES1 Javan202 Prophage 40,975 MK448873

ES1 Javan203 Satellite 10,114 MK448358

GA-1 Javan204 Satellite 9,550 MK448359

H24 Javan205 Satellite 9,984 MK448360

JB1 Javan206 Prophage 37,284 MK448874

JB1 Javan207 Prophage 45,067 MK448703

MPR1 Javan208 Satellite 8,726 MK448361

MPR2 Javan209 Satellite 8,726 MK448362

MPR4 Javan210 Prophage 38,639 MK448875

MPR4 Javan211 Satellite 8,609 MK448364

pR-5 Javan212 Satellite 13,181 MK448365

Sb05 Javan213 Prophage 40,311 MK448704

Sb05 Javan214 Prophage 44,595 MK448876

Sb09 Javan215 Prophage 40,164 MK448705

Sb09 Javan216 Satellite 9,753 MK448366

Sb10 Javan217 Satellite 9,420 MK448367

Sb17 Javan218 Satellite 12,126 MK448368

Sb18 Javan219 Satellite 11,081 MK448369

Sb20 Javan220 Prophage 41,432 MK448877

Ye01 Javan221 Prophage 35,845 MK448706

S. gallolyticus

ATCC_43143 Javan222 Satellite 9,600 MK448371

ATCC BAA-2069 Javan223 Satellite 9,602 MK448372

DD02 Javan224 Prophage 38,781 MK448878

DD02 Javan225 Satellite 9,656 MK448373

DD03 Javan226 Prophage 37,369 MK448879

TX20005 Javan227 Prophage 42,048 MK448707

TX20005 Javan228 Satellite 10,327 MK448374

NTS_31106099 Javan229 Satellite 9,600 MK448375

NTS_31106099 Javan230 Satellite 10,273 MK448376

NTS_31307655 Javan231 Prophage 39,808 MK448709

NTS_31307655 Javan232 Satellite 9,588 MK448377

NTS31301958 Javan233 Prophage 39,808 MK448710

NTS31301958 Javan234 Satellite 9,588 MK448378

UCN34 Javan235 Prophage 45,029 MK448711

UCN34 Javan236 Satellite 9,600 MK448379

VTM3R24 Javan237 Prophage 27,408 MK448712

VTM3R42 Javan238 Prophage 27,408 MK448880

S. infantarius

ATCC BAA-102 Javan263 Prophage 34,637 MK448721

(Continued)
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transfer virulence factors or AMR genes that affect bacterial fitness 
upon infection of a new host (147, 148). This process can rapidly 
introduce new genetic material into SBSEC populations, thereby 
enhancing their genetic plasticity and functional diversity.

Gilbert et  al. (17) studied technological advances enhancing 
current understanding of ruminal phage populations, highlighting 
that further experimental in vitro and in vivo studies with viral isolates 
remain crucial for elucidating the biological properties required for 
developing effective phage therapies and answering outstanding 
questions in ruminal phage research.

6.4 Application and future prospects of 
SBSEC bacteriophages

Since the discovery that phages can infect and lyse host bacterial 
cells, the potential of phage biocontrol as an effective treatment for 
bacterial infections has been extensively investigated (149). The 
ubiquitous nature, high specificity, and low inherent toxicity of phages 
make them a promising alternative to antibiotics, offering a safe and 
sustainable approach to biological control of human and animal 
diseases (150). With the increasing prevalence of AMR and global 
spread of multidrug-resistant bacteria, several studies have focused on 
the application of phage biocontrol in veterinary medicine, especially 
for livestock, particularly cattle (149, 150).

One of the earliest clinical trials attempting the treatment of 
bovine mastitis caused by Staphylococcus aureus was conducted in 
2006 using the lytic phage K (151). However, the experimental 
application was not effective in reducing Staphylococcus aureus, 
possibly due to the inactivation or degradation of the phage by the 
immune response of the mammary gland. In addition to whole 
phages, phage-derived endolysins have been investigated for their 
potential in treating bovine mastitis caused by streptococci (152, 153). 
Endolysins, encoded by phages λSA2 and B30, were characterized and 
found to exhibit good lytic activity against S. uberis, S. dysgalactiae, 
and S. agalactiae in milk and a mouse mastitis model.

In 1983, the effectiveness of phage biocontrol in treating 
pathogenic E. coli in calves and lambs with experimental diarrhea, 
without adverse effects on animals, was investigated (154). The 
administration of a phage mixture consisting of two phages, P433/1 
and P433/2, led to the disappearance of diarrhea within 18–22 h post-
treatment. In 1998, a study demonstrated the efficacy of intramuscular 
injection of phage R in preventing and treating septicemia and 
meningitis caused by E. coli strain K1+ in calves, with 100% survival 
in phage-treated animals (155). In 2006, a bacteriophage preparation 

called Finalyse targeting E. coli O157:H7 received USDA approval for 
application as a spray or wash on live cattle prior to slaughter to reduce 
pathogen transfer to meat (156, 157).

In vitro biological and genomic characterization of lytic phages 
(F4, Sb01, vB_SbRt-pBovineB21, and vB_SbRt-pBovineS21) that 
infect SBSEC has been performed aimed at controlling SARA (20, 21, 
136). These phages have shown promising results in targeting and 
lysing ruminal-originated SBSEC strains, which are major contributors 
to the onset of SARA. Furthermore, in vitro biological characterization 
and in silico studies of the SBSEC phage-derived endolysin LyJH307 
validated its ability to control the SBSEC population while minimally 
affecting the ruminal microbiota (22, 23). The specificity and efficacy 
of LyJH307  in reducing SBSEC abundance, without significantly 
altering the overall composition of the rumen microbiome, highlights 
its potential as a targeted antimicrobial agent.

Thus far, studies on ruminal SBSEC phages have primarily been 
conducted as in  vitro experiments based on standard laboratory 
conditions. To advance this field, it is crucial to consider the 
following points:

 i. Verify the applicability and efficacy of phage targeting SBSEC 
using ex vivo and in vivo models, particularly in controlling 
SARA. Ex vivo models, such as the rumen simulation technique 
or a rumen-like bioreactor system, can provide a more realistic 
representation of the rumen environment while allowing for 
greater manipulation of experimental conditions (158–160). 
These models can help bridge the gap between in vitro and 
in vivo studies, making them physiologically more relevant. In 
vivo studies will provide valuable insights into the practical 
application of phage in real-world settings, considering factors, 
such as phage stability, host specificity, and the dynamic nature 
of the rumen environment.

 ii. Enhance our understanding of phage functionality and phage–
host interactions within the complex rumen microbiome using 
in silico computer modeling (23). In silico modeling approaches, 
such as genome-based metabolic models, can help elucidate the 
intricate relationships between phages, their bacterial hosts, 
and the rumen microbiome, enabling the development of more 
effective and targeted phage-based interventions.

By addressing these gaps, insights obtained from ex vivo, in vivo, 
and in silico studies can pave the way for the development of phage-
based strategies to control SARA and other livestock diseases. With 
growing interest in sustainable and antibiotic-free animal production, 
advancements in phage biocontrol studies hold great potential for 

TABLE 4 (Continued)

Bacterial strain Phage name Phage lifecycle Genome size (bp) Accession no.

CJ18 Javan264 Prophage 31,478 MK448890

CJ18 Javan265 Satellite 9,627 MK448390

S. lutetiensis

33 Javan284 Prophage 37,997 MK448898

33 Javan285 Satellite 10,789 MK448400

33 Javan286 Satellite 12,433 MK448401

DD06 Javan287 Satellite 9,421 MK448402
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revolutionizing the management of bacterial infections in cattle and 
other livestock species, and should ultimately promote animal health 
and production.

Despite the potential of phage therapy as an alternative to 
antibiotics in controlling SBSEC, several challenges and limitations 
need to be addressed for its successful application in ruminants. First, 
the narrow host range of phages due to their high specificity may 
necessitate the use of phage cocktails for treating SBSEC infections. 
Second, lysogeny is another concern, as temperate phages can transmit 
virulence factors or AMR genes (74), potentially enhancing the 
pathogenicity of SBSEC. Third, the development of phage resistance in 
bacteria through various mechanisms, such as inhibition of phage 
adsorption, restriction-modification system, and CRISPR-Cas system, 
can limit the efficacy of phage therapy. Studies have shown that 
repeated exposure of SBSEC strains to phages lead to rapid and 
spontaneous phage resistance (137, 140). Furthermore, in vivo studies 
have demonstrated the emergence of SBSEC strains with differing 
sensitivities to phages within the rumen despite the initial absence of 
phage-resistant bacteria (140). These findings indicate that the complex 
rumen environment facilitates the frequent occurrence of mutations 
conferring phage resistance. Addressing these limitations related to 
phage–host interaction is crucial to the successful implementation of 
phage therapy for SBSEC control in ruminants.

7 Conclusion

SBSEC is a diverse group of commensal bacteria in the 
gastrointestinal tract of humans and animals. However, certain SBSEC 
species have emerged as pathogens in ruminants, causing metabolic 
disorders, such as mastitis, bloat, and SARA. The SBSEC taxonomy 
has undergone revisions, with the current classification consisting of 
eight species and subspecies. The accurate identification of SBSEC 
isolates at the subspecies level is imperative for elucidating the specific 
roles of different species in disease manifestations, as well as for 
enabling effective diagnosis and management of various diseases 
caused by SBSEC. While phenotypic identification of SBSEC strains 
provides reasonable accuracy at the species level, molecular techniques 
such as sequencing of genes, such as sodA and groEL, and WGS offer 
the most reliable approach for subspecies identification and novel taxa 
discovery. The emergence of AMR in SBSEC isolates from ruminants 
and dairy products, especially against commonly used antibiotics, 
such as tetracycline and MLSb, is a growing threat to livestock 
productivity. Furthermore, the presence of acquired resistance genes, 
such as tet(M), erm(B), and lnu(C), highlights the risk of horizontal 
transfer of resistance determinants within the gut microbiome and 
food chain, emphasizing the need for effective control measures to 
mitigate the spread of AMR in SBSEC from ruminant sources.

Phages have emerged as promising biocontrol agents against 
pathogenic and antibiotic-resistant bacteria, including SBSEC strains. 
The high specificity, low toxicity, and potential of phages as alternatives 
to conventional antibiotics make them attractive candidates. SBSEC 
phages isolated from ruminant sources, predominantly belonging to 
Siphoviridae and Myoviridae, exhibit diverse morphological, 
biological, and genomic characteristics, with genome sizes ranging 
from 31 to 110 kb. Notably, certain lytic phages, such as vB_SbRt-
pBovineB21 and vB_SbRt-pBovineS21, that infect ruminant-
originated SBSEC strains have demonstrated broad-spectrum lytic 
activity against lactic acid bacteria and possess anti-biofilm properties. 

These characteristics suggest their potential as biocontrol agents for 
controlling SBSEC-related diseases, including economically significant 
SARA in ruminants. Additionally, the discovery of phage-derived 
endolysin such as LyJH307 offers novel approaches for specifically 
regulating SBSEC populations within the complex rumen microbiome, 
further highlighting the versatility of phage-based applications in 
livestock production.

Although phage therapy could be  a promising alternative to 
antibiotics for controlling AMR-pathogen infections, such as SBSEC-
related disorders in ruminants, it is essential to address its current 
limitations. The narrow host range, potential for lysogeny, and the 
emergence of phage-resistant strains are significant challenges that 
require further investigation. Developing phage cocktails, screening 
for strictly lytic phages, and exploring strategies to minimize resistance 
development, such as combination therapies with antibiotics or phage-
derived enzymes, could enhance the efficacy of phage therapy.

The identification of prophages integrated within the SBSEC 
genomes suggests their potential role in the adaptation and evolution 
of these bacteria in the ruminal environment. Notably, some 
prophages carry genes associated with virulence factors such as vapE, 
which may enhance the pathogenicity of SBSEC strains upon 
acquisition. Comprehensive characterization of lytic phages and 
prophages in SBSEC has significantly broadened our understanding 
of their genetic diversity and provides novel insights that can aid the 
development of effective phage-based strategies for controlling 
SBSEC-related diseases in ruminants.

To further advance the phage therapy in controlling SBSEC, it is 
crucial to verify the efficacy and applicability of SBSEC phage therapy 
approaches using ex vivo and in vivo models, particularly in controlling 
ruminal acidosis. In silico computer modeling techniques can provide 
insights into phage functionality and phage–host interactions within 
the intricate rumen microbiome, thereby, facilitating the development 
of highly optimized phage-based interventions.

This comprehensive review elucidates the current understanding 
of SBSEC and its bacteriophages in ruminants, highlighting the 
importance of these microorganisms in animal health, and the 
potential of phage-based approaches as alternatives to antibiotics. 
Further studies are needed to elucidate the complex interactions 
among SBSEC, their phages, and the rumen microbiome and to 
develop and optimize phage-based strategies for the prevention and 
treatment of SBSEC-related disorders in livestock. Advancements in 
genomic and metagenomic technologies will continue to unravel the 
diversity and roles of SBSEC and their phages in the rumen ecosystem. 
This enhanced insight will enable the promotion of animal health and 
productivity while encouraging antibiotic-free and environmentally 
sustainable livestock production practices.

Author contributions

SP: Conceptualization, Formal analysis, Methodology, Writing – 
original draft. SS: Data curation, Writing – review & editing. JK: Funding 
acquisition, Supervision, Validation, Writing – review & editing.

Funding

The author(s) declare that financial support was received for 
the research and/or publication of this article. This research was 

https://doi.org/10.3389/fvets.2025.1466437
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Park et al. 10.3389/fvets.2025.1466437

Frontiers in Veterinary Science 16 frontiersin.org

supported by the Development of Technology for the 
Biomaterialization of Marine Fishery Byproducts of the Korea 
Institute of Marine Science & Technology Promotion (KIMST) 
funded by the Ministry of Oceans and Fisheries (KIMST-
20220128) and also supported by the National Research 
Foundation of Korea (NRF) grant funded by the Korea government 
(MSIT) (RS-2024-00336046).

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fvets.2025.1466437/
full#supplementary-material

References
 1. Facklam RR. Recognition of group D streptococcal species of human origin by 

biochemical and physiological tests. Appl Microbiol. (1972) 23:1131–9. doi: 
10.1128/am.23.6.1131-1139.1972

 2. Lancefield RC. A serological differentiation of human and other groups of 
hemolytic streptococci. J Exp Med. (1933) 57:571–95. doi: 10.1084/jem.57.4.571

 3. Dekker JP, Lau AF. An update on the Streptococcus bovis group: classification, 
identification, and disease associations. J Clin Microbiol. (2016) 54:1694–9. doi: 
10.1128/JCM.02977-15

 4. Ahmed NM, Tariq P, Naim A. Viridans group streptococci and dental caries: an 
overview. Int J Biol Biotechnol. (2023) 20:3–16. doi: 10.1007/s00784-023-04972-w

 5. Schlegel L, Grimont F, Collins MD, Régnault B, Grimont PA, Bouvet A. 
Streptococcus infantarius sp. nov., Streptococcus infantarius subsp. infantarius subsp. nov. 
and Streptococcus infantarius subsp. coli subsp. nov., isolated from humans and food. Int 
J Syst Evol Microbiol. (2000) 50:1425–34. doi: 10.1099/00207713-50-4-1425

 6. Ghali M, Scott PT, Al Jassim RAM. Characterization of Streptococcus bovis from the 
rumen of the dromedary camel and Rusa deer. Lett Appl Microbiol. (2004) 39:341–6. doi: 
10.1111/j.1472-765X.2004.01597.x

 7. Jans C, Meile L, Lacroix C, Stevens MJA. Genomics, evolution, and molecular 
epidemiology of the Streptococcus bovis/Streptococcus equinus complex (SBSEC). Infect 
Genet Evol. (2015) 33:419–36. doi: 10.1016/j.meegid.2014.09.017

 8. Corredoira J, Alonso MP, Coira A, Casariego E, Arias C, Alonso D, et al. 
Characteristics of Streptococcus bovis endocarditis and its differences with Streptococcus 
viridans endocarditis. Eur J Clin Microbiol Infect Dis. (2008) 27:285–91. doi: 
10.1007/s10096-007-0441-y

 9. Pereira C, Nogueira F, Marques JC, Ferreira JP, Almeida JS. Endocarditis by 
Streptococcus pasteurianus. Cureus. (2023) 15:e34529. doi: 10.7759/cureus.34529

 10. Park SY, Lee M, Lim SR, Kwon H, Lee YS, Kim JH, et al. Diversity and antimicrobial 
resistance in the Streptococcus bovis/Streptococcus equinus complex (SBSEC) isolated 
from Korean domestic ruminants. Microorganisms. (2021) 9:98. doi: 
10.3390/microorganisms9010098

 11. Pompilio A, Di Bonaventura G, Gherardi G. An overview on Streptococcus 
bovis/Streptococcus equinus complex isolates: identification to the species/
subspecies level and antibiotic resistance. Int J Mol Sci. (2019) 20:480. doi: 
10.3390/ijms20030480

 12. Özkan ER, Öztürk Hİ, Demirci T, Akın N. Detection of biofilm formation, 
virulence factor genes, antibiotic-resistance, adherence properties, and some beneficial 
properties of cheese origin S. infantarius, S. Gallolyticus, and S. lutetiensis strains 
belonging to the S. bovis/ S. equinus complex. LWT. (2021) 150:112077. doi: 
10.1016/j.lwt.2021.112077

 13. Jans C, Boleij A. The road to infection: host-microbe interactions defining the 
pathogenicity of Streptococcus bovis/Streptococcus equinus complex members. Front 
Microbiol. (2018) 9:603. doi: 10.3389/fmicb.2018.00603

 14. Elois MA, da Silva R, Von Tönnemann PG, Rodríguez-Lázaro D, Fongaro G. 
Bacteriophages as biotechnological tools. Viruses. (2023) 15:349. doi: 10.3390/v15020349

 15. Lobo RR, Faciola AP. Ruminal phages–a review. Front Microbiol. (2021) 12:763416. 
doi: 10.3389/fmicb.2021.763416

 16. Gilbert RA, Klieve AV. Ruminal viruses (bacteriophages, Archaeaphages) In: A 
Puniya, R Singh and D Kamra, editors. Rumen microbiology: From evolution to 
revolution. New Delhi, India: Springer (2015). 121–41.

 17. Gilbert RA, Townsend EM, Crew KS, Hitch TCA, Friedersdorff JCA, Creevey CJ, 
et al. Rumen virus populations: technological advances enhancing current 
understanding. Front Microbiol. (2020) 11:450. doi: 10.3389/fmicb.2020.00450

 18. Solden LM, Naas AE, Roux S, Daly RA, Collins WB, Nicora CD, et al. Interspecies 
cross-feeding orchestrates carbon degradation in the rumen ecosystem. Nat Microbiol. 
(2018) 3:1274–84. doi: 10.1038/s41564-018-0225-4

 19. Namonyo S, Wagacha M, Maina S, Wambua L, Agaba M. A metagenomic study of 
the rumen virome in domestic caprids. Arch Virol. (2018) 163:3415–9. doi: 
10.1007/s00705-018-4022-4

 20. Gilbert RA, Kelly WJ, Altermann E, Leahy SC, Minchin C, Ouwerkerk D, et al. 
Toward understanding phage: host interactions in the rumen: complete genome 
sequences of lytic phages infecting rumen bacteria. Front Microbiol. (2017) 8:2340. doi: 
10.3389/fmicb.2017.02340

 21. Park SY, Kwon H, Kim SG, Park SC, Kim JH, Seo S. Characterization of two lytic 
bacteriophages, infecting Streptococcus bovis/equinus complex (SBSEC) from Korean 
ruminant. Sci Rep. (2023) 13:9110. doi: 10.1038/s41598-023-36306-x

 22. Kim H, Lee HG, Kwon I, Seo J. Characterization of endolysin LyJH307 with 
antimicrobial activity against Streptococcus bovis. Animals (Basel). (2020) 10:963. doi: 
10.3390/ani10060963

 23. Kim H, Park T, Kwon I, Seo J. Specific inhibition of Streptococcus bovis by 
endolysin LyJH307 supplementation shifts the rumen microbiota and metabolic 
pathways related to carbohydrate metabolism. J Anim Sci Biotechnol. (2021) 12:93. doi: 
10.1186/s40104-021-00614-x

 24. Hernández J, Benedito JL, Abuelo A, Castillo C. Ruminal acidosis in feedlot: from 
aetiology to prevention. ScientificWorldJournal. (2014) 2014:702572. doi: 
10.1155/2014/702572

 25. Monteiro HF, Faciola AP. Ruminal acidosis, bacterial changes, and 
lipopolysaccharides. J Anim Sci. (2020) 98:skaa248. doi: 10.1093/jas/skaa248

 26. Elmhadi ME, Ali DK, Khogali MK, Wang H. Subacute ruminal acidosis in dairy 
herds: microbiological and nutritional causes, consequences, and prevention strategies. 
Anim Nutr. (2022) 10:148–55. doi: 10.1016/j.aninu.2021.12.008

 27. Valente TNP, Sampaio C, da Lima E, Deminicis B, Cezário A, Santos W. Aspects 
of acidosis in ruminants with a focus on nutrition: a review. J Agric Sci. (2017) 9:90. doi: 
10.5539/jas.v9n3p90

 28. Plaizier JC, Krause DO, Gozho GN, McBride BW. Subacute ruminal acidosis in 
dairy cattle: the physiological causes, incidence and consequences. Vet J. (2008) 
176:21–31. doi: 10.1016/j.tvjl.2007.12.016

 29. Enemark JMD. The monitoring, prevention and treatment of sub-acute ruminal 
acidosis (SARA): a review. Vet J. (2008) 176:32–43. doi: 10.1016/j.tvjl.2007.12.021

 30. Asanuma N, Hino T. Regulation of fermentation in a ruminal bacterium, 
Streptococcus bovis, with special reference to rumen acidosis. Anim Sci J. (2002) 
73:313–25. doi: 10.1046/j.1344-3941.2002.00044.x

 31. Li F, Wang Z, Dong C, Li F, Wang W, Yuan Z, et al. Rumen bacteria communities 
and performances of fattening lambs with a lower or greater subacute ruminal acidosis 
risk. Front Microbiol. (2017) 8:2506. doi: 10.3389/fmicb.2017.02506

 32. Hook SE, Steele MA, Northwood KS, Dijkstra J, France J, Wright AG, et al. Impact 
of subacute ruminal acidosis (SARA) adaptation and recovery on the density and 
diversity of bacteria in the rumen of dairy cows. FEMS Microbiol Ecol. (2011) 78:275–84. 
doi: 10.1111/j.1574-6941.2011.01154.x

 33. Arik HD, Gulsen N, Hayirli A, Alatas MS. Efficacy of Megasphaera elsdenii 
inoculation in subacute ruminal acidosis in cattle. J Anim Physiol Anim Nutr (Berl). 
(2019) 103:416–26. doi: 10.1111/jpn.13034

 34. Calsamiglia S, Blanch M, Ferret A, Moya D. Is subacute ruminal acidosis a pH 
related problem? Causes and tools for its control. Anim Feed Sci Technol. (2012) 
172:42–50. doi: 10.1016/j.anifeedsci.2011.12.007

https://doi.org/10.3389/fvets.2025.1466437
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fvets.2025.1466437/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fvets.2025.1466437/full#supplementary-material
https://doi.org/10.1128/am.23.6.1131-1139.1972
https://doi.org/10.1084/jem.57.4.571
https://doi.org/10.1128/JCM.02977-15
https://doi.org/10.1007/s00784-023-04972-w
https://doi.org/10.1099/00207713-50-4-1425
https://doi.org/10.1111/j.1472-765X.2004.01597.x
https://doi.org/10.1016/j.meegid.2014.09.017
https://doi.org/10.1007/s10096-007-0441-y
https://doi.org/10.7759/cureus.34529
https://doi.org/10.3390/microorganisms9010098
https://doi.org/10.3390/ijms20030480
https://doi.org/10.1016/j.lwt.2021.112077
https://doi.org/10.3389/fmicb.2018.00603
https://doi.org/10.3390/v15020349
https://doi.org/10.3389/fmicb.2021.763416
https://doi.org/10.3389/fmicb.2020.00450
https://doi.org/10.1038/s41564-018-0225-4
https://doi.org/10.1007/s00705-018-4022-4
https://doi.org/10.3389/fmicb.2017.02340
https://doi.org/10.1038/s41598-023-36306-x
https://doi.org/10.3390/ani10060963
https://doi.org/10.1186/s40104-021-00614-x
https://doi.org/10.1155/2014/702572
https://doi.org/10.1093/jas/skaa248
https://doi.org/10.1016/j.aninu.2021.12.008
https://doi.org/10.5539/jas.v9n3p90
https://doi.org/10.1016/j.tvjl.2007.12.016
https://doi.org/10.1016/j.tvjl.2007.12.021
https://doi.org/10.1046/j.1344-3941.2002.00044.x
https://doi.org/10.3389/fmicb.2017.02506
https://doi.org/10.1111/j.1574-6941.2011.01154.x
https://doi.org/10.1111/jpn.13034
https://doi.org/10.1016/j.anifeedsci.2011.12.007


Park et al. 10.3389/fvets.2025.1466437

Frontiers in Veterinary Science 17 frontiersin.org

 35. Jaramillo-López E, Itza-Ortiz MF, Peraza-Mercado G, Carrera-Chávez JM. 
Ruminal acidosis: strategies for its control. Austral J Vet Sci. (2017) 49:139–48. doi: 
10.4067/S0719-81322017000300139

 36. Enemark JMD, Jørgensen RJ, St. Enemark P. Rumen acidosis with special emphasis 
on diagnostic aspects of subclinical rumen acidosis: a review. Veterinarija Ir Zootechnika. 
(2002) 20:16–29. doi: 10.5555/20033031083

 37. Zhao C, Liu G, Li X, Guan Y, Wang Y, Yuan X, et al. Inflammatory mechanism of 
rumenitis in dairy cows with subacute ruminal acidosis. BMC Vet Res. (2018) 14:135. 
doi: 10.1186/s12917-018-1463-7

 38. Kleen J, Hooijer GA, Rehage J, Noordhuizen JPTM. Subacute ruminal acidosis 
(SARA): a review. J Vet Med A Physiol Clin Med. (2003) 50:406–14. doi: 
10.1046/j.1439-0442.2003.00569.x

 39. Han CS, Kaur U, Bai H, Dos Reis BR, White R, Nawrocki RA, et al. Invited review: 
sensor technologies for real-time monitoring of the rumen environment. J Dairy Sci. 
(2022) 105:6379–404. doi: 10.3168/jds.2021-20576

 40. Sharma H, Pal RP, Mir SH, Mani V, Ojha L. Effect of feeding buffer on feed intake, 
milk production and rumen fermentation pattern in lactating animals: a review. J 
Entomol Zool Stud. (2018) 6:916–22. doi: 10.3168/jds.2008-1075

 41. Kmicikewycz AD, Heinrichs AJ. Feeding lactating dairy cattle long hay separate 
from the total mixed ration can maintain dry matter intake during incidents of low 
rumen pH. J Dairy Sci. (2014) 97:7175–84. doi: 10.3168/jds.2014-8412

 42. Stewart GC. Streptococcus and Enterococcus In: DS McVey, M Kennedy, MM 
Chengappa and R Wilkes, editors. Veterinary microbiology. Hoboken, NJ: John Wiley 
& Sons, Inc. (2022). 240–51.

 43. Facklam RR, Moody MD. Presumptive identification of group D streptococci: the 
bile-esculin test. Appl Microbiol. (1970) 20:245–50. doi: 10.1128/am.20.2.245-250.1970

 44. Orla-Jensen S. The lactic acid Bacteria. Copenhagen: Andr. Fred Host and 
Son (1919).

 45. Farrow J, Kruze J, Phillips BA, Bramley AJ, Collins MD. Taxonomic studies on 
Streptococcus bovis and Streptococcus equinus: description of Streptococcus alactolyticus 
sp. nov. and Streptococcus saccharolyticus sp. nov. Syst Appl Microbiol. (1984) 5:467–82. 
doi: 10.1016/S0723-2020(84)80004-1

 46. Putnam NE, Youn JH, Wallace MA, Luethy PM, Burnham CAD, Butler-Wu S, et al. 
Comparative evaluation of current biochemical-, sequencing-, and proteomic-based 
identification methods for the Streptococcus bovis group. J Clin Microbiol. (2023) 
61:e0171222–01722. doi: 10.1128/jcm.01712-22

 47. Chadfield M, Christensen JP, Decostere A, Christensen H, Bisgaard M. Geno- and 
phenotypic diversity of avian isolates of Streptococcus gallolyticus subsp. gallolyticus 
(Streptococcus bovis) and associated diagnostic problems. J Clin Microbiol. (2007) 
45:822–7. doi: 10.1128/JCM.00922-06

 48. Facklam R. What happened to the streptococci: overview of taxonomic and 
nomenclature changes. Clin Microbiol Rev. (2002) 15:613–30. doi: 
10.1128/CMR.15.4.613-630.2002

 49. Coykendall AL, Gustafson KB. Deoxyribonucleic acid hybridizations among 
strains of Streptococcus salivarius and Streptococcus bovis. Int J Syst Evol Microbiol. (1985) 
35:274–80. doi: 10.1099/00207713-35-3-274

 50. Beck M, Frodl R, Funke G. Comprehensive study of strains previously designated 
Streptococcus bovis consecutively isolated from human blood cultures and emended 
description of Streptococcus gallolyticus and Streptococcus infantarius subsp. coli. J Clin 
Microbiol. (2008) 46:2966–72. doi: 10.1128/JCM.00078-08

 51. Rusniok C, Couvé E, Da Cunha V, El Gana R, Zidane N, Bouchier C, et al. Genome 
sequence of Streptococcus gallolyticus: insights into its adaptation to the bovine rumen 
and its ability to cause endocarditis. J Bacteriol. (2010) 192:2266–76. doi: 
10.1128/JB.01659-09

 52. Spellerberg B, Brandt C. Streptococcus In: JH Jorgensen, KC Carroll, G Funke, MA 
Pfaller, ML Landry and SS Richteret al, editors. Manual of clinical microbiology. 
Hoboken, NJ: John Wiley & Sons Inc. (2015). 383–402.

 53. Park SY, Muhammad N, Kim SG, Kwon H, Seo S, Kim JH. Streptococcus 
ruminicola sp. nov., new species of the Streptococcus bovis/Streptococcus equinus 
complex (SBSEC) isolated from the rumen of Korean domestic ruminants. Arch 
Microbiol. (2022) 204:636. doi: 10.1007/s00203-022-03255-4

 54. Schlegel L, Grimont F, Ageron E, Grimont PAD, Bouvet A. Reappraisal of the 
taxonomy of the Streptococcus bovis/Streptococcus equinus complex and related species: 
description of Streptococcus gallolyticus subsp. gallolyticus subsp. nov., S. gallolyticus 
subsp. macedonicus subsp. nov. and S. gallolyticus subsp. pasteurianus subsp. nov. Int J 
Syst Evol Microbiol. (2003) 53:631–45. doi: 10.1099/ijs.0.02361-0

 55. Romero-Hernández B, del Campo R, Cantón R. Streptococcus bovis, situación 
taxonómica, relevancia clínica y sensibilidad antimicrobiana. Enferm Infecc Microbiol 
Clin. (2013) 31:14–9. doi: 10.1016/S0213-005X(13)70109-5

 56. Bailey R. The intracellular α-galactosidase of a rumen strain of Streptococcus bovis. 
Biochem J. (1963) 86:509–14. doi: 10.1042/bj0860509

 57. Rosa NM, Agnoletti F, Lollai S, Tola SComparison of PCR-RFLP. API® 20 strep 
and MALDI-TOF MS for identification of Streptococcus spp. collected from sheep and 
goat milk samples. Small Rumin Res. (2019) 180:35–40. doi: 10.1016/j.smallrumres. 
2019.09.023

 58. French GL, Talsania H, Charlton JR, Phillips I. A physiological classification of 
viridans streptococci by use of the API-20STREP system. J Med Microbiol. (1989) 
28:275–86. doi: 10.1099/00222615-28-4-275

 59. Kaiki Y, Kitagawa H, Tadera K, Taogoshi H, Ikeda M, Kano M, et al. Laboratory 
identification and clinical characteristics of Streptococcus bovis/Streptococcus equinus 
complex bacteremia: a retrospective, multicenter study in Hiroshima, Japan. BMC Infect 
Dis. (2021) 21:1192. doi: 10.1186/s12879-021-06880-4

 60. Hinse D, Vollmer T, Erhard M, Welker M, Moore ERB, Kleesiek K, et al. 
Differentiation of species of the Streptococcus bovis/equinus-complex by MALDI-TOF 
mass spectrometry in comparison to sodA sequence analyses. Syst Appl Microbiol. (2011) 
34:52–7. doi: 10.1016/j.syapm.2010.11.010

 61. Poyart C, Quesne G, Trieu-Cuot P. Taxonomic dissection of the Streptococcus bovis 
group by analysis of manganese-dependent superoxide dismutase gene (sodA) 
sequences: reclassification of 'Streptococcus infantarius subsp. coli' as Streptococcus 
lutetiensis sp. nov. and of Streptococcus bovis biotype 11.2 as Streptococcus pasteurianus 
sp. nov. Int J Syst Evol Microbiol. (2002) 52:1247–55. doi: 10.1099/00207713-52-4-1247

 62. Chen H-J, Tsai J-C, Chang T-C, Hung W-C, Tseng S-P, Hsueh P-R, et al. PCR-
RFLP assay for species and subspecies differentiation of the Streptococcus bovis group 
based on groESL sequences. J Med Microbiol. (2008) 57:432–8. doi: 
10.1099/jmm.0.47628-0

 63. Rinkinen ML, Koort JM, Ouwehand AC, Westermarck E, Björkroth KJ. 
Streptococcus alactolyticus is the dominating culturable lactic acid bacterium species in 
canine jejunum and feces of four fistulated dogs. FEMS Microbiol Lett. (2004) 230:35–9. 
doi: 10.1016/S0378-1097(03)00851-6

 64. Sommer MO, Dantas G, Church GM. Functional characterization of the antibiotic 
resistance reservoir in the human microflora. Science. (2009) 325:1128–31. doi: 
10.1126/science.1176950

 65. Baele M, Devriese LA, Butaye P, Haesebrouck F. Composition of enterococcal and 
streptococcal flora from pigeon intestines. J Appl Microbiol. (2002) 92:348–51. doi: 
10.1046/j.1365-2672.2002.01537.x

 66. De Herdt P, Haesebrouck F, Devriese LA, Ducatelle R. Prevalence of Streptococcus 
bovis in racing pigeons. Vet Quart. (1994) 16:71–4. doi: 10.1080/01652176.1994.9694421

 67. Sekizaki T, Nishiya H, Nakajima S, Nishizono M, Kawano M, Okura M, et al. 
Endocarditis in chickens caused by subclinical infection of Streptococcus gallolyticus 
subsp. gallolyticus. Avian Dis. (2008) 52:183–6. doi: 10.1637/8048-070307-Case

 68. Osawa RO, Fujisawa T, Sly LI. Streptococcus gallolyticus sp. nov.; gallate degrading 
organisms formerly assigned to Streptococcus bovis. Syst Appl Microbiol. (1995) 18:74–8. 
doi: 10.1016/S0723-2020(11)80451-0

 69. Lombardi A, Gatti M, Rizzotti L, Torriani S, Andrighetto C, Giraffa G. 
Characterization of Streptococcus macedonicus strains isolated from artisanal Italian raw 
milk cheeses. Int Dairy J. (2004) 14:967–76. doi: 10.1016/j.idairyj.2004.04.005

 70. Adolphson SJ, Dunn ML, Jefferies LK, Steele FM. Isolation and characterization of 
the microflora of nixtamalized corn masa. Int J Food Microbiol. (2013) 165:209–13. doi: 
10.1016/j.ijfoodmicro.2013.05.010

 71. Grazia SE, Sumayyah S, Haiti FS, Sahlan M, Heng NC, Malik A. Bacteriocin-like 
inhibitory substance (BLIS) activity of Streptococcus macedonicus MBF10-2 and its 
synergistic action in combination with antibiotics. Asian Pac J Trop Med. (2017) 
10:1140–5. doi: 10.1016/j.apjtm.2017.11.001

 72. Johnson JD. (2021) Spatiotemporal distributions of bacteria in the Cheddar 
production environment [PhD thesis]. Oregon State University.

 73. da Rocha UN, Kasmanas JC, Kallies R, Saraiva JP, Toscan RB, Štefanič P, et al. 
MuDoGeR: multi-domain genome recovery from metagenomes made easy. bioRxiv. 
(2022) 21:2022–06. doi: 10.1101/2022.06.21.496983

 74. Kondo K, Kawano M, Sugai M. Distribution of antimicrobial resistance and 
virulence genes within the prophage-associated regions in nosocomial pathogens. 
mSphere. (2021) 6:e0045221. doi: 10.1128/msphere.00452-21

 75. Hutchings MI, Truman AW, Wilkinson B. Antibiotics: past, present and future. 
Curr Opin Microbiol. (2019) 51:72–80. doi: 10.1016/j.mib.2019.10.008

 76. Von Wintersdorff CJH, Penders J, van Niekerk JM, Mills ND, Majumder S, van 
Alphen LB, et al. Dissemination of antimicrobial resistance in microbial ecosystems 
through horizontal gene transfer. Front Microbiol. (2016) 7:173. doi: 
10.3389/fmicb.2016.00173

 77. Liu G, Thomsen LF, Olsen JE. Antimicrobial-induced horizontal transfer of 
antimicrobial resistance genes in bacteria: a mini-review. J Antimicrob Chemother. 
(2022) 77:556–67. doi: 10.1093/jac/dkab450

 78. Wichmann F, Udikovic-Kolic N, Andrew S, Handelsman J. Diverse antibiotic 
resistance genes in dairy cow manure. MBio. (2014) 5:e01017. doi: 
10.1128/mBio.01017-13

 79. Vinayamohan PG, Pellissery AJ, Venkitanarayanan K. Role of horizontal gene 
transfer in the dissemination of antimicrobial resistance in food animal production. 
Curr Opin Food Sci. (2022) 47:100882. doi: 10.1016/j.cofs.2022.100882

 80. Tang KL, Caffrey NP, Nóbrega DB, Cork SC, Ronksley PE, Barkema HW, et al. 
Restricting the use of antibiotics in food-producing animals and its associations with 
antibiotic resistance in food-producing animals and human beings: a systematic review and 
meta-analysis. Lancet Planet Health. (2017) 1:e316–27. doi: 10.1016/S2542-5196(17)30141-9

https://doi.org/10.3389/fvets.2025.1466437
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.4067/S0719-81322017000300139
https://doi.org/10.5555/20033031083
https://doi.org/10.1186/s12917-018-1463-7
https://doi.org/10.1046/j.1439-0442.2003.00569.x
https://doi.org/10.3168/jds.2021-20576
https://doi.org/10.3168/jds.2008-1075
https://doi.org/10.3168/jds.2014-8412
https://doi.org/10.1128/am.20.2.245-250.1970
https://doi.org/10.1016/S0723-2020(84)80004-1
https://doi.org/10.1128/jcm.01712-22
https://doi.org/10.1128/JCM.00922-06
https://doi.org/10.1128/CMR.15.4.613-630.2002
https://doi.org/10.1099/00207713-35-3-274
https://doi.org/10.1128/JCM.00078-08
https://doi.org/10.1128/JB.01659-09
https://doi.org/10.1007/s00203-022-03255-4
https://doi.org/10.1099/ijs.0.02361-0
https://doi.org/10.1016/S0213-005X(13)70109-5
https://doi.org/10.1042/bj0860509
https://doi.org/10.1016/j.smallrumres.2019.09.023
https://doi.org/10.1016/j.smallrumres.2019.09.023
https://doi.org/10.1099/00222615-28-4-275
https://doi.org/10.1186/s12879-021-06880-4
https://doi.org/10.1016/j.syapm.2010.11.010
https://doi.org/10.1099/00207713-52-4-1247
https://doi.org/10.1099/jmm.0.47628-0
https://doi.org/10.1016/S0378-1097(03)00851-6
https://doi.org/10.1126/science.1176950
https://doi.org/10.1046/j.1365-2672.2002.01537.x
https://doi.org/10.1080/01652176.1994.9694421
https://doi.org/10.1637/8048-070307-Case
https://doi.org/10.1016/S0723-2020(11)80451-0
https://doi.org/10.1016/j.idairyj.2004.04.005
https://doi.org/10.1016/j.ijfoodmicro.2013.05.010
https://doi.org/10.1016/j.apjtm.2017.11.001
https://doi.org/10.1101/2022.06.21.496983
https://doi.org/10.1128/msphere.00452-21
https://doi.org/10.1016/j.mib.2019.10.008
https://doi.org/10.3389/fmicb.2016.00173
https://doi.org/10.1093/jac/dkab450
https://doi.org/10.1128/mBio.01017-13
https://doi.org/10.1016/j.cofs.2022.100882
https://doi.org/10.1016/S2542-5196(17)30141-9


Park et al. 10.3389/fvets.2025.1466437

Frontiers in Veterinary Science 18 frontiersin.org

 81. Kools SAE, Moltmann JF, Knacker T. Estimating the use of veterinary medicines 
in the European Union. Regul Toxicol Pharmacol. (2008) 50:59–65. doi: 
10.1016/j.yrtph.2007.06.003

 82. Kim J-P, Jin DR, Lee W, Chae M, Park J. Occurrence and removal of veterinary 
antibiotics in livestock wastewater treatment plants, South Korea. Processes. (2020) 
8:720. doi: 10.3390/pr8060720

 83. Scott HM, Acuff G, Bergeron G, Bourassa MW, Gill J, Graham DW, et al. Critically 
important antibiotics: criteria and approaches for measuring and reducing their use in 
food animal agriculture. Ann N Y Acad Sci. (2019) 1441:8–16. doi: 10.1111/nyas.14058

 84. De Briyne N, Atkinson J, Pokludová L, Borriello SP. Antibiotics used most 
commonly to treat animals in Europe. Vet Rec. (2014) 175:325. doi: 10.1136/vr.102462

 85. Robles-Jimenez LE, Aranda-Aguirre E, Castelan-Ortega OA, Shettino-Bermudez 
BS, Ortiz-Salinas R, Miranda M, et al. Worldwide traceability of antibiotic residues from 
livestock in wastewater and soil: a systematic review. Animals (Basel). (2021) 12:60. doi: 
10.3390/ani12010060

 86. Awosile BB, Heider LC, Saab ME, McClure JT. Antimicrobial resistance in mastitis, 
respiratory and enteric bacteria isolated from ruminant animals from the Atlantic 
provinces of Canada from 1994-2013. Can Vet J. (2018) 59:1099–104.

 87. Kabelitz T, Aubry E, van Vorst K, Amon T, Fulde M. The role of Streptococcus spp. 
in bovine mastitis. Microorganisms. (2021) 9:1497. doi: 10.3390/microorganisms9071497

 88. Hernandez L, Bottini E, Cadona J, Cacciato C, Monteavaro C, Bustamante A, et al. 
Multidrug resistance and molecular characterization of Streptococcus agalactiae isolates 
from dairy cattle with mastitis. Front Cell Infect Microbiol. (2021) 11:647324. doi: 
10.3389/fcimb.2021.647324

 89. Bag MAS, Arif M, Riaz S, Khan MSR, Islam MS, Punom SA, et al. Antimicrobial 
resistance, virulence profiles, and public health significance of Enterococcus faecalis 
isolated from clinical mastitis of cattle in Bangladesh. Biomed Res Int. (2022) 
2022:8101866. doi: 10.1155/2022/8101866

 90. Yang F, Zhang S, Shang X, Wang X, Yan Z, Li H, et al. Short communication: 
antimicrobial resistance and virulence genes of Enterococcus faecalis isolated from 
subclinical bovine mastitis cases in China. J Dairy Sci. (2019) 102:140–4. doi: 
10.3168/jds.2018-14576

 91. McKinney CW, Loftin KA, Meyer MT, Davis JG, Pruden A. Tet and sul antibiotic 
resistance genes in livestock lagoons of various operation type, configuration, and 
antibiotic occurrence. Environ Sci Technol. (2010) 44:6102–9. doi: 10.1021/es9038165

 92. Kanwar N, Scott HM, Norby B, Loneragan GH, Vinasco J, McGowan M, et al. 
Effects of ceftiofur and chlortetracycline treatment strategies on antimicrobial 
susceptibility and on tet(a), tet(B), and blaCMY-2 resistance genes among E. coli isolated 
from the feces of feedlot cattle. PLoS One. (2013) 8:e80575. doi: 
10.1371/journal.pone.0080575

 93. Agga GE, Arthur TM, Durso LM, Harhay DM, Schmidt JW. Antimicrobial-
resistant bacterial populations and antimicrobial resistance genes obtained from 
environments impacted by livestock and municipal waste. PLoS One. (2015) 
10:e0132586. doi: 10.1371/journal.pone.0132586

 94. Ngbede EO, Raji MA, Kwanashie CN, Kwaga JKP. Antimicrobial resistance and 
virulence profile of enterococci isolated from poultry and cattle sources in Nigeria. Trop 
Anim Health Prod. (2017) 49:451–8. doi: 10.1007/s11250-016-1212-5

 95. McInnes RS, McCallum GE, Lamberte LE, van Schaik W. Horizontal transfer of 
antibiotic resistance genes in the human gut microbiome. Curr Opin Microbiol. (2020) 
53:35–43. doi: 10.1016/j.mib.2020.02.002

 96. Neil K, Allard S, Rodrigue S. Molecular mechanisms influencing bacterial 
conjugation in the intestinal microbiota. Front Microbiol. (2021) 12:673260. doi: 
10.3389/fmicb.2021.673260

 97. Ma T, McAllister TA, Guan LL. A review of the resistome within the digestive tract 
of livestock. J Anim Sci Biotechnol. (2021) 12:121. doi: 10.1186/s40104-021-00643-6

 98. Pasquereau-Kotula E, Martins M, Aymeric L, Dramsi S. Significance of 
Streptococcus gallolyticus subsp. gallolyticus association with colorectal cancer. Front 
Microbiol. (2018) 9:614. doi: 10.3389/fmicb.2018.00614

 99. Geetha O, Cherie C, Natalie TWH, Merchant K, Chien CM, Chandran S. 
Streptococcus gallolyticus subspecies pasteurianus causing early onset neonatal sepsis 
complicated by solitary liver abscess in a preterm infant. Access Microbiol. (2021) 
3:000200. doi: 10.1099/acmi.0.000200

 100. Nomoto R, Tien LHT, Sekizaki T, Osawa R. Antimicrobial susceptibility of 
Streptococcus gallolyticus isolated from humans and animals. Jpn J Infect Dis. (2013) 
66:334–6. doi: 10.7883/yoken.66.334

 101. Romero-Hernández B, Tedim AP, Francisco Sánchez-Herrero JF, Librado P, 
Rozas J, Muñoz G, et al. Streptococcus gallolyticus subsp. gallolyticus from human and 
animal origins: genetic diversity, antimicrobial susceptibility, and characterization of a 
vancomycin-resistant calf isolate carrying a vanA-Tn1546-like element. Antimicrob 
Agents Chemother. (2015) 59:2006–15. doi: 10.1128/AAC.04083-14

 102. Nam H-M, Lim S-K, Kang H-M, Kim J-M, Moon J-S, Jang K-C, et al. 
Antimicrobial resistance of streptococci isolated from mastitic bovine milk samples in 
Korea. J Vet Diagn Invest. (2009) 21:698–701. doi: 10.1177/104063870902100517

 103. Kang HJH, Hong S, Park D, Kim HY, Moon JS. Prevalence and antimicrobial 
susceptibility of Streptococcus species isolated from bovine mastitis. Korean J Vet Serv. 
(2022) 45:181–9. doi: 10.7853/kjvs.2022.45.3.181

 104. Hsieh J-C, Yen Y-S, Chuang S-T. Identification of Streptococcus spp. isolated from 
bovine milk and characterization of their antimicrobial susceptibility profiles in Taiwan. 
Thai J Vet Med. (2019) 49:57–63. doi: 10.56808/2985-1130.2974

 105. Sanhoun AR, Traoré SG, Gboko KDT, Kirioua J, Kurt F, Otaru N, et al. Traditional 
milk transformation schemes in Côte d’Ivoire and their impact on the prevalence of 
Streptococcus bovis complex bacteria in dairy products. PLoS One. (2020) 15:e0233132. 
doi: 10.1371/journal.pone.0233132

 106. Barile S, Devirgiliis C, Perozzi G. Molecular characterization of a novel mosaic 
tet(S/M) gene encoding tetracycline resistance in foodborne strains of Streptococcus 
bovis. Microbiology (Reading). (2012) 158:2353–62. doi: 10.1099/mic.0.058206-0

 107. Dutta GN, Devriese LA. Resistance to macrolide, lincosamide and streptogramin 
antibiotics and degradation of lincosamide antibiotics in streptococci from bovine 
mastitis. J Antimicrob Chemother. (1982) 10:403–8. doi: 10.1093/jac/10.5.403

 108. Pyörälä S, Baptiste KE, Catry B, van Duijkeren E, Greko C, Moreno MA, et al. 
Macrolides and lincosamides in cattle and pigs: use and development of antimicrobial 
resistance. Vet J. (2014) 200:230–9. doi: 10.1016/j.tvjl.2014.02.028

 109. Corredoira J, Rabuñal R, Alonso MP. Streptococcus bovis: 100 years of an 
intriguing pathogen. Clin Microbiol Newslett. (2017) 39:1–9. doi: 
10.1016/j.clinmicnews.2016.12.001

 110. Haenni M, Lupo A, Madec JY. Antimicrobial resistance in Streptococcus spp. 
Microbiol Spectr. (2018) 6:10–128. doi: 10.1128/microbiolspec.ARBA-0008-2017

 111. Mushegian AR. Are there 1031 virus particles on earth, or more, or fewer? J 
Bacteriol. (2020) 202:e00052–20. doi: 10.1128/jb.00052-20

 112. Dion MB, Oechslin F, Moineau S. Phage diversity, genomics and phylogeny. Nat 
Rev Microbiol. (2020) 18:125–38. doi: 10.1038/s41579-019-0311-5

 113. Turner D, Shkoporov AN, Lood C, Millard AD, Dutilh BE, Alfenas-Zerbini P, 
et al. Abolishment of morphology-based taxa and change to binomial species names: 
2022 taxonomy update of the ICTV bacterial viruses subcommittee. Arch Virol. (2023) 
168:74. doi: 10.1007/s00705-022-05694-2

 114. Adriaenssens EM, Brister JR. How to name and classify your phage: an informal 
guide. Viruses. (2017) 9:70. doi: 10.3390/v9040070

 115. Dutilh BE, Cassman N, McNair K, Sanchez SE, Silva GGZ, Boling L, et al. A 
highly abundant bacteriophage discovered in the unknown sequences of human faecal 
metagenomes. Nat Commun. (2014) 5:4498. doi: 10.1038/ncomms5498

 116. Young A. A tale of two cities: factor accumulation and technical change in Hong 
Kong and Singapore. NBER Macroecon Ann. (1992) 7:13–54. doi: 10.1086/654183

 117. Łoś J, Zielińska S, Krajewska A, Michalina Z, Małachowska A, Kwaśnicka K, et al. 
Temperate phages, prophages, and lysogeny In: DR Harper, ST Abedon, BH Burrowes 
and ML McConville, editors. Bacteriophages: Biology, technology, therapy. Cham: 
Springer (2021). 119–50.

 118. Au A, Lee H, Ye T, Dave U, Rahman A. Bacteriophages: combating antimicrobial 
resistance in food-borne bacteria prevalent in agriculture. Microorganisms. (2022) 10:46. 
doi: 10.3390/microorganisms10010046

 119. Pfeifer E, Bonnin RA, Rocha EPC. Phage-plasmids spread antibiotic resistance 
genes through infection and lysogenic conversion. MBio. (2022) 13:e0185122. doi: 
10.1128/mbio.01851-22

 120. Muniesa M, Colomer-Lluch M, Jofre J. Potential impact of environmental 
bacteriophages in spreading antibiotic resistance genes. Future Microbiol. (2013) 
8:739–51. doi: 10.2217/fmb.13.32

 121. Kamra DN. Rumen microbial ecosystem. Curr Sci. (2005) 89:124–35.

 122. Mackie R, McSweeney CS, Klieve AV. Microbial ecology of the ovine rumen In: 
M Freer and H Dove, editors. Sheep nutrition. Wallingford: CABI (2002). 71–94.

 123. Sanjorjo RA, eTseten T, Kang MK, Kwoon M, Kim SW. In pursuit of 
understanding the rumen microbiome. Fermentation. (2023) 9:114. doi: 
10.3390/fermentation9020114

 124. Friedersdorff JCA, Kingston-Smith AH, Pachebat JA, Cookson AR, Rooke D, 
Creevey CJ. The isolation and genome sequencing of five novel bacteriophages from the 
rumen active against Butyrivibrio fibrisolvens. Front Microbiol. (2020) 11:1588. doi: 
10.3389/fmicb.2020.01588

 125. Klieve AV, Bain PA, Yokoyama MT, Ouwerkerk D, Forster RJ, Turner AF. 
Bacteriophages that infect the cellulolytic ruminal bacterium Ruminococcus albus AR67. 
Lett Appl Microbiol. (2004) 38:333–8. doi: 10.1111/j.1472-765x.2004.01493.x

 126. Ambrozic J, Ferme D, Grabnar M, Ravnikar M, Avgustin G. The 
bacteriophages of ruminal prevotellas. Folia Microbiol (Praha). (2001) 46:37–9. doi: 
10.1007/BF02825881

 127. Lockington RA, Attwood GT, Brooker JD. Isolation and characterization of a 
temperate bacteriophage from the ruminal anaerobe Selenomonas ruminantium. Appl 
Environ Microbiol. (1988) 54:1575–80. doi: 10.1128/aem.54.6.1575-1580.1988

 128. Magossi G, Holman DB, Schmidt KN, Hoselton SA, Amat S. Genome sequences 
of 11 Alkalihalobacillus clausii, bacillus safensis, and Escherichia coli bacteriophages 
isolated from bovine rumen and vagina. Microbiol Resour Announc. (2023) 12:e0042723. 
doi: 10.1128/MRA.00427-23

 129. Lennon M, Liao YT, Salvador A, Lauzon CR, Wu VCH. Bacteriophages specific 
to Shiga toxin-producing Escherichia coli exist in goat feces and associated environments 

https://doi.org/10.3389/fvets.2025.1466437
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1016/j.yrtph.2007.06.003
https://doi.org/10.3390/pr8060720
https://doi.org/10.1111/nyas.14058
https://doi.org/10.1136/vr.102462
https://doi.org/10.3390/ani12010060
https://doi.org/10.3390/microorganisms9071497
https://doi.org/10.3389/fcimb.2021.647324
https://doi.org/10.1155/2022/8101866
https://doi.org/10.3168/jds.2018-14576
https://doi.org/10.1021/es9038165
https://doi.org/10.1371/journal.pone.0080575
https://doi.org/10.1371/journal.pone.0132586
https://doi.org/10.1007/s11250-016-1212-5
https://doi.org/10.1016/j.mib.2020.02.002
https://doi.org/10.3389/fmicb.2021.673260
https://doi.org/10.1186/s40104-021-00643-6
https://doi.org/10.3389/fmicb.2018.00614
https://doi.org/10.1099/acmi.0.000200
https://doi.org/10.7883/yoken.66.334
https://doi.org/10.1128/AAC.04083-14
https://doi.org/10.1177/104063870902100517
https://doi.org/10.7853/kjvs.2022.45.3.181
https://doi.org/10.56808/2985-1130.2974
https://doi.org/10.1371/journal.pone.0233132
https://doi.org/10.1099/mic.0.058206-0
https://doi.org/10.1093/jac/10.5.403
https://doi.org/10.1016/j.tvjl.2014.02.028
https://doi.org/10.1016/j.clinmicnews.2016.12.001
https://doi.org/10.1128/microbiolspec.ARBA-0008-2017
https://doi.org/10.1128/jb.00052-20
https://doi.org/10.1038/s41579-019-0311-5
https://doi.org/10.1007/s00705-022-05694-2
https://doi.org/10.3390/v9040070
https://doi.org/10.1038/ncomms5498
https://doi.org/10.1086/654183
https://doi.org/10.3390/microorganisms10010046
https://doi.org/10.1128/mbio.01851-22
https://doi.org/10.2217/fmb.13.32
https://doi.org/10.3390/fermentation9020114
https://doi.org/10.3389/fmicb.2020.01588
https://doi.org/10.1111/j.1472-765x.2004.01493.x
https://doi.org/10.1007/BF02825881
https://doi.org/10.1128/aem.54.6.1575-1580.1988
https://doi.org/10.1128/MRA.00427-23


Park et al. 10.3389/fvets.2025.1466437

Frontiers in Veterinary Science 19 frontiersin.org

on an organic produce farm in Northern California, USA. PLoS One. (2020) 
15:e0234438. doi: 10.1371/journal.pone.0234438

 130. Emerson JB, Roux S, Brum JR, Bolduc B, Woodcroft BJ, Jang HB, et al. Host-
linked soil viral ecology along a permafrost thaw gradient. Nat Microbiol. (2018) 
3:870–80. doi: 10.1038/s41564-018-0190-y

 131. Knowles B, Silveira CB, Bailey BA, Barott K, Cantu VA, Cobián-Güemes AG, 
et al. Lytic to temperate switching of viral communities. Nature. (2016) 531:466–70. doi: 
10.1038/nature17193

 132. de Jonge PA, von Meijenfeldt FB, van Rooijen LE, Brouns SJ, Dutilh BE. Evolution 
of BACON domain tandem repeats in crAssphage and novel gut bacteriophage lineages. 
Viruses. (2019) 11:1085. doi: 10.3390/v11121085

 133. Paez-Espino D, Eloe-Fadrosh EA, Pavlopoulos GA, Thomas AD, Huntemann M, 
Mikhailova N, et al. Uncovering Earth’s virome. Nature. (2016) 536:425–30. doi: 
10.1038/nature19094

 134. Anderson CL, Sullivan MB, Fernando SC. Dietary energy drives the dynamic 
response of bovine rumen viral communities. Microbiome. (2017) 5:155. doi: 
10.1186/s40168-017-0374-3

 135. Matthews C, Crispie F, Lewis E, Reid M, O’Toole PW, Cotter PD. The rumen 
microbiome: a crucial consideration when optimising milk and meat production and 
nitrogen utilisation efficiency. Gut Microbes. (2019) 10:115–32. doi: 
10.1080/19490976.2018.1505176

 136. Štyriak I, Španová A, Montagová H, Kmet' V. Isolation and characterization of a 
new ruminal bacteriophage lytic to Streptococcus bovis. Curr Microbiol. (1994) 28:355–8. 
doi: 10.1007/BF01570201

 137. Iverson WG, Millis NF. Succession of Streptococcus bovis strains with differing 
bacteriophage sensitivities in the rumens of two fistulated sheep. Appl Environ Microbiol. 
(1977) 33:810–3. doi: 10.1128/aem.33.4.810-813.1977

 138. Štyriak I, Španová A, Žitňan R. Partial characterization of two ruminal 
bacteriophages with similar restriction patterns and different capsids morphology. Arch 
Anim Breed. (2005) 48:572–9. doi: 10.5194/aab-48-572-2005

 139. Tarakanov BV. Biology of lysogenic strains of Streptococcus bovis and virulent 
mutants of their temperate phages. Mikrobiologiia. (1996) 65:656–62.

 140. Klieve AV, Heck GL, Prance MA, Shu Q. Genetic homogeneity and phage 
susceptibility of ruminal strains of Streptococcus bovis isolated in Australia. Lett Appl 
Microbiol. (1999) 29:108–12. doi: 10.1046/j.1365-2672.1999.00596.x

 141. Köhne M, Hüsch R, Tönissen A, Schmidt M, Müsken M, Böttcher D, et al. 
Isolation and characterization of bacteriophages specific to Streptococcus equi subspecies 
zooepidemicus and evaluation of efficacy ex vivo. Front Microbiol. (2024) 15:1448958. 
doi: 10.3389/fmicb.2024.1448958

 142. Karim D, Mondal SI, Rolin MH, Jewel NA, Hoque H, Buttimer C, et al. 
Streptococcus phage genomes reveal extensive diversity, new taxonomic insights, and 
novel endolysin-derived antimicrobial peptides. bioRxiv [Preprint] (2024). doi: 
10.1101/2024.10.31.621281

 143. Rezaei Javan R, Ramos-Sevillano E, Akter A, Brown J, Brueggemann AB. 
Prophages and satellite prophages are widespread in Streptococcus and may play a role 
in pneumococcal pathogenesis. Nat Commun. (2019) 10:4852. doi: 
10.1038/s41467-019-12825-y

 144. Koskella B, Brockhurst MA. Bacteria-phage coevolution as a driver of ecological 
and evolutionary processes in microbial communities. FEMS Microbiol Rev. (2014) 
38:916–31. doi: 10.1111/1574-6976.12072

 145. Laverde Gomez J, Schwarz C, Tikhonova M, Hamor C, Tao YJ, Alvarez PJ, et al. 
Isolation and optimization of phages infecting members of the Streptococcus 

bovis/Streptococcus equinus complex. Appl Microbiol. (2025) 5:28. doi: 
10.3390/applmicrobiol5010028

 146. Rodriguez-Valera F, Martin-Cuadrado AB, Rodriguez-Brito B, Pasić L, Thingstad 
TF, Rohwer F, et al. Explaining microbial population genomics through phage predation. 
Nat Rev Microbiol. (2009) 7:828–36. doi: 10.1038/nrmicro2235

 147. Brüssow H, Canchaya C, Hardt WD. Phages and the evolution of bacterial 
pathogens: from genomic rearrangements to lysogenic conversion. Microbiol Mol Biol 
Rev. (2004) 68:560–602. doi: 10.1128/MMBR.68.3.560-602.2004

 148. Bondy-Denomy J. Davidson AR when a virus is not a parasite: the beneficial 
effects of prophages on bacterial fitness. J Microbiol. (2014) 52:235–42. doi: 
10.1007/s12275-014-4083-3

 149. Loponte R, Pagnini U, Iovane G, Pisanelli G. Phage therapy in veterinary 
medicine. Antibiotics (Basel). (2021) 10:421. doi: 10.3390/antibiotics10040421

 150. Bianchessi L, De Bernardi G, Vigorelli M, Dall’ara P, Turin L. Bacteriophage 
therapy in companion and farm animals. Antibiotics (Basel). (2024) 13:294. doi: 
10.3390/antibiotics13040294

 151. Porter J, Anderson J, Carter L, Donjacour E, Paros M. In vitro evaluation of a 
novel bacteriophage cocktail as a preventative for bovine coliform mastitis. J Dairy Sci. 
(2016) 99:2053–62. doi: 10.3168/jds.2015-9748

 152. Linden SB, Alreja AB, Nelson DC. Application of bacteriophage-derived 
endolysins to combat streptococcal disease: current state and perspectives. Curr Opin 
Biotechnol. (2021) 68:213–20. doi: 10.1016/j.copbio.2021.01.012

 153. Schmelcher M, Powell AM, Camp MJ, Pohl CS, Donovan DM. Synergistic 
streptococcal phage λSA2 and B30 endolysins kill streptococci in cow milk and in a 
mouse model of mastitis. Appl Microbiol Biotechnol. (2015) 99:8475–86. doi: 
10.1007/s00253-015-6579-0

 154. Smith HW, Huggins MB. Effectiveness of phages in treating experimental 
Escherichia coli diarrhoea in calves, piglets and lambs. J Gen Microbiol. (1983) 
129:2659–75. doi: 10.1099/00221287-129-8-2659

 155. Barrow P, Lovell M, Berchieri A Jr. Use of lytic bacteriophage for control of 
experimental Escherichia coli septicemia and meningitis in chickens and calves. Clin 
Diagn Lab Immunol. (1998) 5:294–8. doi: 10.1128/CDLI.5.3.294-298.1998

 156. Flach MG, Dogan OB, Miller MF, Sanchez-Plata MX, Brashears MM. 
Validation of a bacteriophage hide application to reduce STEC in the lairage area of 
commercial beef cattle operations. Food Secur. (2023) 12:4349. doi: 10.3390/foods12234349

 157. Aguilar Gorodecki A. Safe and suitable ingredients used in the production of 
meat, poultry, and egg products (USDAGOV). (2012). Available online at: http://
bibliotecadigital.odepa.gob.cl/handle/123456789/16032 (Accessed January 15, 2024)

 158. Giménez JB, Aguado D, Bouzas A, Ferrer J, Seco A. Use of rumen microorganisms 
to boost the anaerobic biodegradability of microalgae. Algal Res. (2017) 24:309–16. doi: 
10.1016/j.algal.2017.04.003

 159. Shaw CA, Park Y, Gonzalez M, Duong RA, Pandey PK, Brooke CG, et al. A 
comparison of three artificial rumen systems for rumen microbiome modeling. 
Fermentation. (2023) 9:953. doi: 10.3390/fermentation9110953

 160. Wetzels SU, Eger M, Burmester M, Kreienbrock L, Abdulmawjood A, Pinior B, 
et al. The application of rumen simulation technique (RUSITEC) for studying dynamics 
of the bacterial community and metabolome in rumen fluid and the effects of a challenge 
with Clostridium perfringens. PLoS One. (2018) 13:e0192256. doi: 
10.1371/journal.pone.0192256

 161. Parker MT, Ball LC. Streptococci and aerococci associated with systemic 
infection in man. J Med Microbiol. (1976) 9:275–302. doi: 
10.1099/00222615-9-3-275

https://doi.org/10.3389/fvets.2025.1466437
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1371/journal.pone.0234438
https://doi.org/10.1038/s41564-018-0190-y
https://doi.org/10.1038/nature17193
https://doi.org/10.3390/v11121085
https://doi.org/10.1038/nature19094
https://doi.org/10.1186/s40168-017-0374-3
https://doi.org/10.1080/19490976.2018.1505176
https://doi.org/10.1007/BF01570201
https://doi.org/10.1128/aem.33.4.810-813.1977
https://doi.org/10.5194/aab-48-572-2005
https://doi.org/10.1046/j.1365-2672.1999.00596.x
https://doi.org/10.3389/fmicb.2024.1448958
https://doi.org/10.1101/2024.10.31.621281
https://doi.org/10.1038/s41467-019-12825-y
https://doi.org/10.1111/1574-6976.12072
https://doi.org/10.3390/applmicrobiol5010028
https://doi.org/10.1038/nrmicro2235
https://doi.org/10.1128/MMBR.68.3.560-602.2004
https://doi.org/10.1007/s12275-014-4083-3
https://doi.org/10.3390/antibiotics10040421
https://doi.org/10.3390/antibiotics13040294
https://doi.org/10.3168/jds.2015-9748
https://doi.org/10.1016/j.copbio.2021.01.012
https://doi.org/10.1007/s00253-015-6579-0
https://doi.org/10.1099/00221287-129-8-2659
https://doi.org/10.1128/CDLI.5.3.294-298.1998
https://doi.org/10.3390/foods12234349
http://bibliotecadigital.odepa.gob.cl/handle/123456789/16032
http://bibliotecadigital.odepa.gob.cl/handle/123456789/16032
https://doi.org/10.1016/j.algal.2017.04.003
https://doi.org/10.3390/fermentation9110953
https://doi.org/10.1371/journal.pone.0192256
https://doi.org/10.1099/00222615-9-3-275

	Current understanding of the Streptococcus bovis/equinus complex and its bacteriophages in ruminants: a review
	1 Introduction
	2 Methodology for literature search
	2.1 Search strategy
	2.2 Inclusion/exclusion criteria

	3 Ruminal acidosis
	4 Streptococcus bovis/Streptococcus equinus complex (SBSEC)
	4.1 Historical and current taxonomy
	4.2 Phenotypic and proteomic identification
	4.3 Genotypic identification

	5 Antimicrobial resistance
	5.1 Use of antimicrobials and their resistance in livestock: implications for SBSEC
	5.2 Antimicrobial resistance in the SBSEC
	5.2.1 Tetracycline resistance
	5.2.2 Macrolide-incosamide-streptogramin B (MLSb) resistance
	5.2.3 Resistance to other classes of antimicrobials

	6 Bacteriophages of SBSEC
	6.1 General description of phage
	6.2 Ruminal bacteriophages
	6.3 SBSEC bacteriophages
	6.3.1 Historical examination of SBSEC phages
	6.3.2 Lytic SBSEC phages: diversity and characterization
	6.3.3 Lysogenic and temperate SBSEC phages
	6.3.4 Prophages and pathogenicity
	6.3.5 Ecological and evolutionary significance
	6.4 Application and future prospects of SBSEC bacteriophages

	7 Conclusion

	References

