

  agriculture-10-00232




agriculture-10-00232







Agriculture 2020, 10(6), 232; doi:10.3390/agriculture10060232




Review



Microflora in the Reproductive Tract of Cattle: A Review



Michael Osei Appiah 1,2,3[image: Orcid], Jun Wang 1,2,3,* and Wenfa Lu 1,2,3,*





1



Joint Laboratory of Modern Agricultural Technology International Cooperation, Ministry of Education, Jilin Agricultural University, Changchun 130118, China






2



Key Laboratory of Animal Production, Product Quality, and Security, Ministry of Education, Jilin Agricultural University, Changchun 130118, China






3



College of Animal Science and Technology, Jilin Agricultural University, 2888 Xincheng Street, Changchun 130118, China









*



Correspondence: junwang2004@126.com (J.W.); wenfa2004@163.com (W.L.); Tel./Fax: +86-0431-84532936 (W.L.)







Received: 5 May 2020 / Accepted: 9 June 2020 / Published: 17 June 2020



Abstract

:

There are microbial communities in and on the bodies of all multicellular organisms, and this microbiota can have a significant impact on the biology of the host. Most studies have focused on the microbiome of the skin, mouth, and gut, whereas relatively little is known about the reproductive microbiome. From the perspective of the bovine reproductive tract, uterine diseases such as metritis and endometritis are traditionally viewed to result only from interactions occurring between the host animal and pathogens originating from either the environment or ascension from the vagina. This outdated opinion has been refuted by recent advanced studies that propose that, in addition to bacteria colonization through the extrinsic and ascending pathways to the vagina, bacteria can also move from the gut to the uterus, which is also associated with reproductive tract disorders. This has led to the concept of the “endogenous route hypothesis”, which has vital inferences for comprehending the etiology of metritis and endometritis. Furthermore, it has opened up the possibility of developing new prophylactic and therapeutic agents as alternatives to antimicrobial agents. In addition, the unveiling of next-generation sequencing technology makes it more convenient to perform detailed sequencing and analysis of data on the cervical, vaginal, and uterine flora and to further study uncultured bacteria in these niches—most importantly, the cervical niche, which previously was thought to have lower bacterial complexity. Research conducted to date has proven that the composition of microflora in a community varies widely between environmental sites, host niches, and health status. Furthermore, it has also been suggested that the occurrence of endometritis in the dairy and beef cattle reproductive tract is neither casual nor indirect but multifactorial. Whether disturbance in the variety of the microflora in the reproductive tract (dysbiosis) has a role in determining the sensitivity to metritis and endometritis is not yet known. This article outlines the current progress in understanding the microflora with regards to the bovine reproductive tract. The compositions of microflora in various niches of the reproductive tract are briefly elucidated. In addition, the functional role of these microflora communities in the reproductive tract is discussed, with particular emphasis on the association of bacterial flora with reproductive disorders and failures. Finally, prophylaxis and therapeutic approaches based on the new comprehension of the effects of antimicrobials, probiotics, and bacteriophages on the composition of the reproductive tract microflora are also considered.






Keywords:


microflora; reproductive tract; origins; metritis; endometritis; antibiotics; probiotics; bacteriophage












1. Introduction


Animals and plants live and thrive in a microbial-dominated world and contain these various microbial communities in and on the bodies. Recently, the study on host-associated microbial communities (i.e., microbiota and/or microbiomes) has undergone explosive variations, triggering a biological revolution. Although previous studies typically looked at microorganisms from a pathological point of view, it is now generally believed that the host-microorganism relationship covers continuity from harmful to useful. Owing to the influence of the microbiome on the health, physiology, development, and behavior of the host [1,2], the microbiome can be considered as a vital component of the host phenotype and potentially also of the host genome (e.g., the hologenome concept) [2].



Though the importance of the skin, oral and gut microbiome in host ecosystems, evolution, and adaptation have been emphasized, little information however exists regarding the reproductive tract microbiome. This is startling considering the long-term understanding of microorganisms in the reproductive systems of the male and female (e.g., [3], and DNA sequencing studies conducted currently; suggesting the presence of dynamic microbial communities in reproductive tissues [4], particularly the vagina [5]. Therefore, the reproductive microbiome epitomizes a considerable task in the study of host-related microbial communities.



For many years, it was generally recognized that the female reproductive tract of mammals was a sterile organ [4,6]. Culture-based technologies have traditionally been used to identify the presence of microbes, but this technology has limitations since many microorganisms are difficult to culture in vitro. With the start of the Human Microbiome Project (HMP) in 2007, the use of sequencing technologies to identify the microbiome in healthy people has increasingly gained attention. Data from this project have depicted that body sites that were historically believed to be sterile are now colonized with their unique microbiome [7,8]. There is an increasing amount of information available that supports the idea that the human reproductive tract, as well as veterinary species, harbors their microbiome, which is distinct.



Furthermore, modern culture-independent molecular methods focused on sequencing have also widened our present understanding of the microbiome of the uterus in cattle with metritis, pyometra, and endometritis [9,10]. There is a growing interest in the microflora of the reproductive tract, and its relationship to disease and health is a new and rapidly evolving field of study. Even though the microbiome can have significant influences on host biology, relatively little is known about the microbial communities in the reproductive tract of the dairy and beef cattle. Hence, this current review seeks to summarize the current progress in understanding the reproductive tract microflora—its possible origins and functional roles as well as the prophylaxis and therapeutic approaches modulating this flora.




2. Prospective Origin(s) of the Reproductive Tract Microflora


From an ecological point of view, the ecological niches in the host microflora are not separate environments but are a network of interconnected communities that are continually exchanging [11]. Therefore, microorganisms can enter the reproductive tract from other anatomical sites. At birth, the physical cervical barrier is compromised, allowing bacteria to be transported from the vagina or from the environment via the vagina, and also from the feces and animal skin to the genital tract [12,13]. For example, pathogens such as Porphyromonas, Fusobacterium, and Bacteroides [9,14] inhabit portions of the cattle rumen typical flora [15] and are excreted in feces. Thus, increased infection of the uterus because of the environment (Figure 1) will possibly add to the occurrence of metritis. The flora of the vagina is also known to contain the same uterine pathogens, as described previously [16]. Therefore, contamination of the uterus coming from the vagina is likewise plausible (Figure 1). Among the various bacteria that cause uterine infections, the most common microbes include Prevotella, Fusobacterium necrophorum, Escherichia coli, and Arcanobacterium pyogenes [17], which are also linked to the vagina as described previously. All of these bacteria also come from fecal contamination of the fur, environment, and bedding material (Figure 1).



Several studies also support the hypothesis that the presence of bacteria in the dairy and beef cattle reproductive tract is not the mere result of external colonization but also occurs through a hematogenous transmission pathway (Figure 1). Galvao and colleagues [18] recently established in their studies that the hematogenous route is a viable pathway for uterine infection with uterine pathogens. Most importantly, it was found that pathogens isolated from the uterus—namely Trueperella pyogenes and F. Necrophorum [19], as described previously—are responsible for abscess of the liver, while valvular endocarditis is caused by Helcococcus ovis [20]; hence, the blood route of the colonization of bacteria in the uterus cannot be disregarded. In some previous studies, the uterus had a microbiome established within 60 min of delivery [9].



This demonstrated that colonization occurred before or immediately after parturition either from or to the vagina via the bloodstream or both as a result of increased contamination. Similarly, in a study led by Jeon et al. [21], the authors reported that the blood had a unique microbiota and that the occurrence of these uterine pathogenic microorganisms in blood and feces is due to hematogenous route spread. It has also been discovered that there is a microbial invasion from the gut to the uterus through the blood (Figure 1), and this gut affects both the vagina and uterine microflora [22]. Bacteroides heparinolyticus is an example of such bacteria resident in the dairy cow’s feces and blood and it is assumed that the uterus is more likely to be inhabited by this bacterial species.



Furthermore, blood is a common component of lochia. For that reason, the blood of the maternal will naturally spread to the uterus after birth. In dairy cows, this is mainly due to degenerative vascular changes described by apoptosis and necrosis, and accompanied by the karyorrhexis of endothelial cells as well as the cells of the tunica media of small blood vessels. These variations were noticed within 24 h after delivery [23]. In the first 24 h after birth, the endometrium becomes very edematous [17], which may be the result of the above-mentioned blood vessel changes that cause the infiltration of blood components into the uterine cavity. In the dairy and beef cattle and like other reported species, there is a high degree of leukocyte migration into the uterus, where delivery is imminent and then enters the uterus after birth [24]. As a result, free-floating bacteria can quickly move into the endometrium after birth. A particularly important fact is that Coxiella was part of the blood network of the pathogens of the uterus, and this bacterium infects monocytes, grows, and reacts to the uterus [9]. Hence, the flow of leukocytes into the uterine lumen after delivery may contribute to a higher incidence of Coxiella.



However, the association between Coxiella and uterine pathogens means that uterine pathogens can also be transferred to the lumen of the uterus by monocytes. Though microbes in the gut have been found in blood leukocytes in middle-lactation cows, uterine pathogens have not been detected in all cows [25]; hence, shortly after calving, the presence of uterine pathogens in blood leukocytes should be studied. These different possible origins of bacteria entering the bovine reproductive tract either through the ascension path (ascend via the vagina), environmental route (i.e., via feces, bedding material, animal skin, etc.), or, finally, through the hematogenous route (via blood) of bacterial transmission from the gut to the uterus is depicted pictographically in Figure 1.




3. Microflora Composition(s) in Various Niches of the Reproductive Tract


In recent years, microbial research has shifted from an individual in vitro focus to a more ecological viewpoint by centering on how these organisms interact within and between species in definite niches called microbiomes [26]. The term microbiome refers to an array of microorganisms that live peacefully and co-exist in species, but disturbances of these natural populations can have a detrimental effect on health and normal physiological conditions [27]. The reproductive system of the bovine consists of a complex dynamic example of microbes residing in different niches of the reproductive tract of dairy and beef cattle and varying in communities or their populations (Figure 2).



3.1. Vaginal Microflora


The microflora in the vagina of cattle has been estimated based on a disease effect using a culture-dependent technique [28]. However, with the advent of advanced technologies such as metagenomics, similar groups of bacteria have been revealed in the Nellore, Holstein, and Fleckvieh cattle. Such bacteria at the phylum level specifically comprised Firmicutes, Bacteroidetes, and Proteobacteria [22,29] as depicted in Figure 2, and that constitute about 30–40% of the total bacteria present in the vaginal niche [30]. Recent studies by Giannattasio-Ferraz et al. [31] have also revealed a substantial similarity existing between the vaginal microbiota of Nellore cattle and Gyr (which is also another essential breed) and the main bacterial species described were mainly Aeribacillus, Bacillus, Clostridium, Bacteroides, and Ruminococcus. Mycosphaerella was the dominant fungus in this microbiota, while Archaea were poorly represented, and Methanobrevibacter were the most common. These data start to unravel the bovine vaginal microbiota, and a broad picture is being defined with the primary microbial agents from this tract, which permit studies of probiotics and prebiotics.



Besides these similar groups of microflora reported in different cattle breeds, pathogenic fungi have specifically also been reported recently as a colonizer of the cervical–vaginal fluids of Holstein dairy cattle, mainly yeast and penicillium [32]. However, the function of these opportunistic fungal pathogens, which play a role in the various theriogenological processes, requires further investigation. The microflora in the cattle vagina tract has also recently been revealed to play a significant role as biomarkers of reproductive success and failure [33]. Primarily, in an investigation conducted on beef heifer samples, the presence of Histophilus, Clostridiaceae, and Campylobacter in the vagina, as well as Bacteroidales and Dorea in the feces, was recently revealed using Random Forest as important indicators for pregnancy [33]. However, more experimentation is needed to validate these biomarkers and to study their role in a female’s ability to regulate pregnancy. Additionally, a shift in the diversity and phylogenetic relationship of these diverse microbial communities up to the time of breeding can also lead to a good pregnancy in cattle [34,35]. Therefore, the description and the importance of the diverse vaginal microbiota in cattle are crucial for a better comprehension of its physiology and its effects on the maintenance of health.



As mentioned above, although the vaginal microbiome makes a significant contribution to aspects of reproduction with a large microbial diversity, there is still very limited knowledge about the composition of this microbiome during different phases of the estrus cycle. The influence of the vaginal microbiota during the various phases of the buffalo (a genus of bovine) estrus cycle, for example, was recently reviewed by Mahalingam and colleagues [36]. As representative 16S rRNA gene sequences from this prominent operational taxonomic unit (OTUs) were integrated into a phylogenetic tree alongside those of neighboring bacterial strains, it became clear that the vaginal fluid of buffaloes was predominantly colonized by bacteria that are most closely related to Corynebacterium, Porphyromonas, Helcococcus, Anaerococcus, and Fastidiosipila. The Firmicutes phylum was particularly significant during the estrus phase. This means that the identification of bacterial communities during the different phases of the estrus cycle can lead to the development of new approaches such as treatment with probiotics and the introduction of microbial strains, which would have an affirmative effect on reproductive efficiency.



Research has also recounted recently that the bovine reproductive tract microflora populations differ on average between the luteal and follicular stages [37]. For instance, in the comparison of follicular and luteal phases, the vaginal microflora of beef cattle was dominated by E. coli, Aerococcus vaginalis, Aerococcus viridans, Haemophilus Somnus, Streptococcus pluranimalium, Sphingomonas roseiflava, Psychrobacter marincola, and Lactobacillus spp. as revealed in our laboratory using PCR-DGGE [37]. These bacterial populations, however, differed from that in the dairy cattle, and this mismatch in the microbial composition may be due to geographical location, the methods used, and breed effects. Noticeably, the vaginal Streptococcus spp. in the luteal phase was significantly larger than that in the follicular phase, while the number of vaginal Lactobacillus spp. in the follicular phase was considerably higher than in the luteal phase. However, to better comprehend the differences between the vaginal microflora between the follicular and luteal phases, it is recommended that future studies should use Metagenomic Shotgun Sequencing (MSS) analysis, as this enables a detailed analysis of the bacteria within the genome community [38,39].




3.2. Cervical Microflora


The cervix, composed of a series of mucous-lined collagenous rings, is one of the significant anatomical barriers protecting the uterus from pathogens in the environment [13,40]. The cervical mucus functions as a biological and physical barrier against germs that may otherwise ascend the reproductive tract from the lower genital tract [13]. Conversely, because of its anatomical position, the cervix is also exposed to inflammation generated by luminal debris and bacteria expelled by uterine contractions [41]. Although the cervix has long been viewed as a physical barrier protecting the uterus, the cervix must be assessed individually during the postpartum period to predict subsequent reproductive success [42]. Currently accepted ‘’uterine health’’ includes not only inflammation in uterine compartments but also inflammation of the cervix as well. These mechanisms linking endocervical inflammation with delay to conception may be of interest for therapy and should, therefore, be explored in future studies.



Previous studies have agreed and confirmed that the bacterial population’s diversity observed in the dairy cow’s cervix would even be more sophisticated than that reported by traditional culture-dependent methods used in earlier research work [43]. Furthermore, with the emergence of next-generation sequencing, it has become easier to explore non-cultured bacteria in this niche by performing thorough sequencing and data analysis of the cervical flora. For example, with the help of this advanced technique, the bacterial pathogens present in the cervix are revealed to be more common than their existence in vaginal swabs. Notably, in cows that have aborted, the frequency of S. aureus isolated from their cervical swabs was higher compared to that in those animals without any record of abortion [44]. These differences in the prevalence of such bacteria in the cattle cervix may be attributed to geographical region and the difference in the breeds of cattle used in that study.



Furthermore, with the advent of these advanced techniques as aforementioned, the various phases in the dairy cow’s cervix were also investigated by Wang and coworkers [45]. The authors found that the communities of bacteria in the cervix in the Clinical formative (CF), Clinical gestation (CG), and Clinical postpartum (CP) phases of cows consisted mainly of Proteobacteria, Bacteroidetes, and Firmicutes as previously described in the vagina flora. On the other hand, the bacterial community in the cervical niche of metritis-afflicted cows consisted mainly of higher expression of Bacteroidetes and Fusobacteria as previously described than that in dairy cows in the CF, CG, and CP phases. This indicated that the community of microflora in the cervical niche altered as metritis infected the cows. Nevertheless, as a result of the intricate development and extremely active changing course of metritis, additional research on the association between bacterial diversity in the cervical flora and metritis warrants further investigation.



Besides the cervical bacterial population diversity revealed through these advanced techniques, as well as its relation to some cattle reproductive disorders, the cervical microbiome population in the context of the human reproductive tract was also recently examined by Curtis and coworkers [46], in which the authors described that fluctuations in the cervical microbiota could be used as potential biomarkers to recognize the development of cervical intraepithelial neoplasia (CIN) and invasive cervical cancer associated with human papillomavirus (HPV) infection. Unfortunately, there is currently a lack of tools that can permanently alter cervical communities. However, the measurement of inflammatory biomarkers for the cervical and vaginal mucosa early after birth could also be used as an alternative method to predict genital pathology in the dairy and beef cows and other species [47]. In addition, Chen and colleagues [5] have provided insights into the nature of the vaginal–cervical microbiome and suggested that the examination of the vaginal or cervical microbiota may be useful in detecting common diseases of the upper reproductive tract.




3.3. Uterine Microflora


In the last 20 years, the comprehension of the microflora in the postpartum reproductive tract has changed, and recently, its role (uterine flora) in diseases has been explored by Galvao and coworkers [18]. Previously, the uterus was believed to be sterile during pregnancy and contaminated with non-specific bacteria from animals and the environment after parturition. However, there is now evidence from the HMP that the uterus is not sterile [7,48,49], and that specific microorganisms (commensal bacteria) adapt to the endometrium and can also have an influence on the uterine cells present in the micro-environment.



Similarly, the findings of Chen and colleagues [5] indicated a continuity of the microbiota along the female reproductive tract, suggesting that the environment was non-sterile. For that reason, we can assume that the uterine flora and the local immune system have a cross-regulating effect [50]. Fluorescent probes that image bacteria and 16S ribosomal RNA sequencing of the endometrium have provided evidence that a sparse microbiota still exists in the uterus even during pregnancy [51,52]. Bacteria recognized in these studies include endometrial pathogens such as T. pyogenes, Fusobacteria species, and Prevotella spp as previously described. Nonetheless, the uterine microbiota is far less abundant than that of the gut or vagina in terms of its microbial composition, and only a small part of this bacterial load contributes to postpartum uterine disease. However, other studies [53,54] disagree with this information, and the difference in the methods used and the breeds of cattle could explain these conflicting results. However, the bacteria related to the uterus, irrespective of the cow’s health, have been revealed to comprise the leading representatives at the phylum level as Proteobacteria, Tenericutes, Firmicutes, Bacteroidetes, Fusobacteria, Actinobacteria and Unassigned taxa [54], as previously described in the vagina and cervical niche but in greater diversity in the uterine niche (Figure 2). This may be attributed to the dispersal and mixing of vaginal and uterine microbial communities due to the compartmentalization loss in the reproductive tract upon calving [55]. These various bacteria usually contaminate the uterine lumen of early postpartum dairy cows [44], and they can be classified as opportunistic pollutants, potential pathogens, and uterine pathogens according to their potential pathogenicity [56], as shown in Figure 3.



In addition, many of these bacteria mentioned above in the postpartum uterus, apart from the dispersal and mixing of the vaginal and uterine microbes [55], they can also originate from the vagina, skin, and gut, as well as from the environment (Figure 1). The massive growth of these pathogenic bacteria from the uterine microbiota after parturition can also help in the establishment of disease. For example, according to a recent study, exposure to these pathogenic microbes might result in reduced uterine health, which may also have a significant effect on subsequent reproductive metrics as currently reported in pasture-based Holstein–Friesian cows [57]. Likewise, findings from a current study clearly emphasize a strong association between uterine health, the status of the corpus luteum, the fertility sub-index, and reproductive function in lactating dairy cows [58]. Interestingly, it is noteworthy that a similar relationship was not observed during lactation in the dairy cow fertility sub-index, as found in another recent study by Rojas and coworkers [59]. These differences may be related to the methods investigated in both studies as well as to the genetic factors of the host or the effect of the breed of cattle.



Most importantly, T. pyogenes and E. coli, as previously mentioned, have been observed to be major regulators of these uterine diseases. But, no genetic sequences associated with these organisms have been identified using culture-independent methods. Collectively, this evidence suggests that E. coli, T. pyogenes, and anaerobic bacteria are significant pathogens that cause clinical signs of uterine disease, but other pathogens can also cause or contribute to endometrial pathology. In addition, some metagenomic studies have also shown that E. coli and T. pyogenes are associated with the disease, whereas others do not. Although the community of bacteria varies from animal to animal, between diseases, and with time postpartum, some bacteria, such as Peptostreptococcus and Propionibacterium, are also associated with the health status of the uterus [17]. However, there is a lack of understanding of which bacteria cause the pathogenesis of the uterine disease. Similarly, evidence from Gilbert and Santos [60] reported increased fertility yields in cows with alpha-hemolytic streptococci at 7 days postpartum (DPP). In addition, culture-based studies have even displayed that streptococci spp, and more specifically, alpha-hemolytic streptococci, can improve uterine health. There were also signs that the subsequent detection of E. coli during lactation may also promote uterine health [61], but these findings are inconsistent [62]. Therefore, we can conclude from this information that bacteria in the reproductive tract of cattle do not always cause infection and disease, but most importantly, they can also serve other purposes, such as improving the health condition of the uterus.



Furthermore, a recent study has also revealed that beside some beneficial microorganisms contributing to the healthy status of the uterus, as aforementioned, the emergence of new methods to improve uterine health will also come from an advanced comprehension of tolerance and resistance in the postpartum reproductive tract [17]. This resistance mechanism includes innate and adaptive immune-driven inflammation, with the goal to kill and eliminate pathogenic bacteria, thereby contributing to a healthy uterus [63]. Furthermore, the defense mechanisms that contribute to postpartum uterine health depend heavily on the innate immune response [64,65]. After parturition, a physiological, robust, and controlled inflammatory response is required to ensure the timely removal of uterine bacterial contamination and mediate uterine restoration. However, recent scientific studies conducted by Konig et al. [66] have provided new information that shows that the long-term panacea to preventing these uterine diseases is to breed resilient cows that not only have a strong immune system but can tolerate uterine pathogens.





4. Functional Role of Microflora in the Reproductive Tract


Colonization by microbial infections in the reproductive tract can adversely affect reproduction in postpartum dairy and beef cattle. For example, uterine diseases caused by pathogenic bacteria in dairy cows are ubiquitous and affect fertility by mediating anovulation and damaging developing oocytes in a way that prevents fertilization or interferes with normal development [67]. Most periparturient dairy and beef cattle experience bacterial contamination in the uterus after parturition, but only a small portion develop subclinical or clinical diseases. Understanding the functional role of these bacterial communities in the reproductive tracts of beef and dairy cattle provides vital data to determine how these factors are linked with reproductive success. In addition, a better understanding of these communities can lead to new approaches to enhance reproduction, such as treatment with probiotics, antibiotics, and bacteriophages, as well as the emergence of microflora communities that contribute to positive results for reproductive tract health.



4.1. Bacterial Microflora Association with Reproductive Disorders and Failures


There is not a very clear relationship between infection with one pathogen and postpartum uterine disease, but some bacteria are commonly linked to uterine disease or a healthy uterus, while others are ubiquitous. Disruptions in the microbiome result in dysbiosis, which increases inflammation; this increased inflammation is seen as an important part of the pathogenesis of infectious diseases of the reproductive tract [68]. The postpartum uterine diseases endometritis, metritis, and pyometra are a significant concern for dairy farmers, due to both welfare and economic reasons. These diseases result in uterine contamination that occurs during and after calving [44], causing uterine inflammation in dairy and beef cattle, and are also one of the most important causes of infertility in dairy herds [69,70].



4.1.1. Metritis


To date, metritis and endometritis were not regarded as two clinical diseases that were distinct [71]. At present, nonetheless, it would be intolerable not to differentiate between these two diseases associated with the uterus [12,72]. There seems to be a significant connection between the level of metritis clinical signs and the possibility of endometritis. In 303 dairy cows investigated in a study [73], it was revealed that uterine inflammatory cows had a higher risk of acquiring clinical endometritis (CE) than clinical metritis cows in terms of the odds ratio (i.e., OR: 2.2 vs. 1.4, correspondingly). Because the connection between metritis and endometritis seems to be strong, any risk of infection with metritis immediately after delivery will indirectly intensify the likelihood of endometritis development, as summarized in Figure 4. Hossein and his co-workers [74] unraveled that calving in winter (OR: 2.4), primiparity (OR: 1.7), placental retention (OR: 27.7), twins (OR: 6.6), dystocia (OR: 4.3), male calves (OR: 2.4), and stillbirth (OR: 6.6) influenced the possibility of infection with metritis.



However, recent studies have also revealed that besides these factors mentioned above, E. coli, as previously described, and some anaerobic bacteria were classified as general isolates [76]. In addition, Galvao and coworkers [18], in their recent findings, also showed an association of metritis with a dysbiosis of the uterine microbiota characterized by decreased richness and an increase in Bacteroidetes and Fusobacteria, particularly Bacteroides, Porphyromonas, and Fusobacterium. However, in other studies, Helcococcus ovis was rather recently revealed as an emerging pathogen implicated in the pathogenesis of metritis in Holstein Dairy Cows [77]. Taken together, this information will enable a better understanding of the bacterium’s pathogenicity and antimicrobial resistance.



Some scientists further investigated the incidence of a high comparative frequency of certain genera that are low in abundance, as has been reported in a group infected with metritis, such as Sneathia and Peptostreptococcus; meanwhile, Peptostreptococcus has already been linked to uterine infections in some previous studies [78]. Conversely, a recent study conducted by Sicsic and colleagues [79] reported an association existing between Sneathia and metritis. However, these findings dispute those reported in a previous investigation by Jeon et al. [9], which instead linked Sneathia to the health of the uterus. These inconsistent results can be attributed to the fact that in each study, environmental bacteria contributed to the occurrence of the populations of microflora in the uterus of postpartum cattle. These bacterial genera with high relative prevalence may play a more vital role in the frequency of metritis than the predicted relative incidence.



Apart from these microbes aforementioned as linked to metritis, disorders that can affect the function of the immune system and intake of feed also pose significant risk factors for metritis. Conflicting results, however, exist regarding the efficacy of prepartum immunization against uterine pathogens in reducing the incidence of metritis in dairy cows; hence, the uterine protective role of adaptive immunity has not been completely established [64]. Nonetheless, to reduce uterine pathogens associated with the occurrence of metritis, new promising results have been reported by Singh and coworkers [80] in a recent study that indicated the potential use of mesenchymal stem cells (MSc) from the adipose tissue of cattle (Bos indicus) for the treatment of metritis through wound healing and also decreasing microbial infection.




4.1.2. Clinical and Sub-Clinical Endometritis


Endometritis is considered to be a multifactorial disease, with many factors having a direct or indirect determining or predisposing influence; the summary for the risk factors of endometritis associated with the reproductive tract of the bovine culminating in diseases is depicted in Figure 4. However, because cows have multiple confounding postpartum conditions, it is difficult to comprehend the mechanisms that link fertility decline to endometritis. This may be because most of the risk factors for endometritis are the same, but some are distinctly different, implying that in some instances, the methods used diagnoses separate components of the reproductive tract disease (RTD) complex [81]. Piersanti and colleagues [82] recently created an in vivo model that allows the use of pathogenic E. coli and S. pyogenes to study the mechanisms of reproductive failure associated with endometritis in Holstein heifers. The authors described the isolation of the effects of uterine disease on fertility from the confounding factors that can occur in cows during the postpartum period.



Besides, some numerous studies have established E. coli as one of the significant endometrial pathogens in beef cattle [83] and dual-purpose cattle [84,85]. However, in other studies conducted—even though endometritis is regarded as a multifactorial disease with the E. coli pathogen usually viewed as a causal agent—there has, however, been reported incidence where no bacteria were isolated from cows with subclinical endometritis (SCE) [86], but rather coagulase-negative staphylococci (CoNS) were commonly isolated from healthy cows, and T. pyogenes—as previously described—was frequently isolated from cows with CE in most cases [87]. Furthermore, in recent years, a novel Corynebacterium endometrii sp. nov., has also been isolated from the uterus of a cow with endometritis [88], whereas data in other studies according to Miranda-Casoluengo et al. [55] and Wang et al. [89] also confirmed a higher relative abundance of Bacteroidetes and Fusobacterium in cows that developed CE.



One possible explanation is that by the time CE and SCE are diagnosed, the host defense mechanism that occurs while the inflammatory response is still in progress removes the bacteria from the uterus and restores the normal uterine environment. It is also possible that the reduced number of cows having SCE could have diminished the chances of getting bacterial isolates from those cows [86]. Finally, because the study was conducted using traditional culture methods instead of more advanced culture-independent methods [53], the bacteria may have been hidden behind inconspicuous cell morphology in SCE cows. Thus, the number of uterine samples without isolation was increased. Therefore, it is suggested that future studies using culture-independent methods be conducted to reveal the unseen bacterial population in cows with SE.



On the other hand, current investigations have also confirmed an interaction existing between endometritis and cystic ovarian disease (COD) in Japanese black cattle [90]. According to the authors of the study, COD also has potential effects for endometritis, beside E. coli at 40–60 DPP, compared with cows with a normal ovarian cycle [90]. Similarly, a research report by Mohammed and colleagues [91] further demonstrated that endometritis has a significant adverse effect on the postpartum ovarian cycle of Holstein dairy cows. In particular, cows with endometritis have an increased chance of prolonged corpus luteum (CL) activity, which, if not diagnosed, may extend the interval from calving to conception and may increase farmers’ costs. For instance, cows with severe vaginal discharge are particularly affected. This highlights the importance of monitoring the cyclicity of cows with endometritis to diagnose early symptoms for treatment. However, the CL on the cow’s ovary and its fate may affect the recovery from severe clinical endometritis [88]. Therefore, the size and location of the reproductive tract affected self-healing from clinical endometritis. However, the relationship between endometritis and COD is still unclear, which warrants further study.



In addition, recent data by Miranda-Casoluengo et al. [55] also suggested that the development of postpartum endometritis can also be associated with a delayed differentiation of vaginal and uterine microbiomes at the beginning of the postpartum period, while that from other studies also demonstrated that an altered histopathological endometrial and hematological profile might also be associated with endometritis in about 90% of repeat breeder buffaloes, which exhibited signs of moderate or severe endometritis that could contribute to the low fertility recounted in repeat breeder buffaloes [92,93]. Taken together, these numerous causes of endometritis depict the complex nature of the disease, and as such, it requires future studies to explore its underlying mechanism of action. However, although all of the above risk factors are associated with the decreased fertility reported in dairy and beef cattle suffering from endometritis and metritis, it has recently been proven that the use of ozone therapy for intrauterine treatment is beneficial for cows suffering from endometritis and metritis. This novel therapy has subsequently resulted in improving the efficiency of the reproductive tract as well as decreasing treatment costs with no opposing effects [94,95,96].






5. Prophylaxis and Therapeutic Approaches Modulating Reproductive Tract Microflora


Diseases related to microbial infections are becoming a major global health problem. In addition to using conventional antibiotics to treat these infections, there is also a motivation to develop versatile antimicrobial agents that are at low risk of inducing resistance [97]. The production of novel bacterial proteins through transgenic technology has been shown to be essential for the prevention of mastitis, another microbial infectious disease during reactive oxygen species (ROS) pathogenesis [98]. Additionally, in recent years, the emergence of ozone therapy has been revealed to have no adverse effect following intrauterine, intravaginal, and intramammary applications after it was administered on dairy cows and goats according to all relevant cited reports in a current review [96]. Remarkably, there are many facts in these reports that emphasize the benefits of ozone preparations over antibiotics used for the same preventive and therapeutic purposes [94,95,99]. In the treatment of various pathological conditions, some of the merits of using ozone compared to the use of antibiotics are over-the-counter use; no adverse effects; no residues in milk, meat, and other tissues; and, therefore, no microbial resistance [94,99].



Furthermore, because the cause of these reproductive problems (diseases) in the bovine is multifactorial (Figure 4), not a single preventive measure will be universally effective. Based on this information, optimization of peripartum immune function, principally through management to encourage feed intake in the transition period for the prevention of microbial infections, has also become indispensable [100]. During the dry-off period and early lactation, cows should be challenge-fed to avoid metabolic disease prevalence during the puerperal period, such as fat cow syndrome, milk fever, acidosis, and ketosis. These can influence the frequency of diseases linked to reproduction and decrease reproductive performance. However, in a current overview by Szenci et al. [101], it was pointed out that, despite high milk production during this period, if the perinatal period is cautiously monitored to advance the reproductive performance of dairy cows, satisfactory fertility results can still be accomplished even in large dairy farms.



The reproductive tract microflora has also been revealed as a possible target for both animal and human health. In the near future, microbiota manipulation is likely to be used to achieve a balanced immune reaction to increase resistance to diseases and enhance animal performance [102]. In the next section, we review effective central strategies that modulate the microbial ecology of the reproductive tract for the improvement of cattle health and, indirectly, of human health, because according to the One Health concept [103], there is a connection between human, animal, and environmental health, as depicted in Figure 5. Hence, environmental and agricultural policy should not be approached with a silo mentality [104].



5.1. Antibiotics


Antibiotic resistance (ABR) is a danger to human and animal health. Public health officials have, therefore, stepped up their communication efforts to reduce the reckless use of antibiotics. Much attention to antimicrobial resistance (AMR) in food animals is related to human health as aforementioned (Figure 5), but AMR is also a veterinary problem. Despite the negative impact of the development of AMR, there are few useful strategies for reducing AMR in food-producing animals. The antimicrobial responsibility for the selection, dosage, and duration of antimicrobial treatment is crucial to reduce the occurrence of AMR resistance in the animal industry [108]. In order to minimize the use of antimicrobial agents and AMR, scientifically based measures must be taken, checked, and, if necessary, adjusted, taking into account the accompanying variables [109].



In the treatment of dairy cows infected with acute puerperal metritis (APM), antibiotics such as penicillin and third-generation cephalosporins are systematically administered. In addition, in beef and dairy cattle infected with APM, systemic penicillin, or ampicillin in combination with intrauterine oxytetracycline or ampicillin and cloxacillin is also administered [110]. It is well known that after this antibacterial treatment, not all infections are removed [111], and the definitions of self-healing and cure rates vary widely [112]. Therefore, there is an urgent need to use antibiotics and alternative therapies with caution [113]. Such strategies include selecting the most appropriate drug at the optimal dose and duration to cure infection while minimizing its side effects and stress when selecting resistant strains [114]. Meta-analysis studies have also depicted that commonly used ceftiofur antibiotics have a beneficial effect in the treatment of bovine metritis [115]. Similarly, Oliveira and colleagues [116] recently showed that treating cows for metritis with ceftiofur increased cure rates but did not decrease culling in the first 60 d postpartum, but instead, it increased milk yield and fertility up to 300 d postpartum.



However, in contrast to other findings by Jeon et al. [117], a decrease in the efficacy of ceftiofur in the control of Bacteroidetes, specifically Porphyromonas, (as previously described to be linked to the vagina and uterus), increased significantly following treatment with ceftiofur but did not change after treatment with ampicillin. Therefore, it can be concluded that members of the phylum Bacteroidetes seem to be more resilient to ceftiofur and the reason for these differences may be the continued availability of mechanisms of antibiotic resistance (e.g., through the production of a broad spectrum of beta-lactamases), which give Bacteroidetes higher resistance to third-generation cephalosporins. However, it reduces the sensitivity of Bacteroidetes to ampicillin. It is also plausible that metritis-associated inflammation may affect the ability of ceftiofur rather than ampicillin to reach the uterus [118]. Hence, the ability of ceftiofur to reach the minimum inhibitory concentration for Bacteroidetes may be impaired and still merits further investigation. However, irrespective of antibiotic treatment, the prevailing trend is to increase the bacterial counts of Bacteroidetes. Hence, it is recommended that new treatment approaches that better control this important phylum should be considered as it improves the rate of metritis recovery, which is worth investigating further.



On the other hand, a meta-analytic comparison of the effectiveness of antibiotic and non-antibiotic treatment options was not possible because the benefits or demerits of other antibiotics could not be investigated and the number of comparable trials used in the study was limited. Nonetheless, a recent study investigated the efficacy of non-antibiotic treatment administration with prostaglandin αF2 (αPGF2) in cows affected by severe clinical endometritis [119], and the authors found that PGF2 could better treat severe clinical endometritis in dairy cows with CL in comparison with other treatments. Similarly, Bandai and colleagues [120] further demonstrated that a convenient synchronization protocol used including the administration of prostaglandin F2a (PGF) and estradiol benzoate (EB) 24 h apart instead of 56 h between PGF and Gonadotropin-releasing hormone (GnRH) had a significant potential to allow for the accurate detection of functional CL and thus increased the pregnancy rate of lactating dairy cows after timed artificial insemination (TAI). This beneficial effect of the EB protocol has been demonstrated in multiparous cows.



Prospective research has also shown that, with the increasing threat of endometritis from E. coli and T. pyogenes in cattle, a new method of treatment, “Samia-Treat”, for SCE has emerged, which gave the highest cumulative pregnancy rate of 83.3%, while other groups had lower pregnancy rates of 40% and 50%, respectively [121]. Samia-treat (SAT) is an entirely new and effective treatment for cases of ‘repeat breeder’ by SCE in dairy cows. It caused an increase in reproductive performance and the cumulative pregnancy rate without the excessive use of antibiotics. Besides this new treatment, another study was recently conducted on the efficacy of Aditoprim, a novel dihydrofolate reductase inhibitor, based on ex vivo pharmacodynamic analysis using cattle uterine fluid, as a novel antimicrobial agent to combat endometritis caused by T.pyogenes and thus reduce antibiotic resistance [122]. Furthermore, some other authors also showed that the intrauterine infusion of hyperimmune serum could also replace antibiotics, treat repeat breeder cows, reduce losses from the reproductive syndrome, and prevent the elimination of valuable cows [123]. In addition, a summary of the latest knowledge of the preventive and therapeutic effects of ozone preparations has been outlined for the treatment of genital tract diseases, metritis, endometritis, urovagina, fetal membrane retention, and mastitis, as well as the recovery of the endometrium in functional dairy cows [96]. There is also sufficient confirmation that ozone therapy is superior to antibiotic use. Nevertheless, there are some limitations to the use of ozone in veterinary medicine and buiatrics, such as the lack of activity against intercellular microbes and selective activity against the same species of bacteria, as well as the initiation of inflammation in tissue due to the improper use of the preparation. Summarily, these different emerging alternative therapies aforementioned have proved beneficial in improving the reproductive tract microflora in cattle when compared to the adverse effects resulting from antibiotics usage. Hence it is recommended that future studies explore their mechanism of action during pathogenic microbes’ control.



On the other hand, there have also been reports of varying degrees of effectiveness of alternative drugs or agents for the prevention and treatment of metritis. These include probiotics usage [124], bacteriophages [79], non-steroidal anti-inflammatory drugs [125], botanical essential oils [126], Sheng Hua Tang [127], and chitosan microparticles (CMs) [116,128,129]. For example, it has been demonstrated that the intrauterine administration of CMs can be a viable alternative to traditional antibiotics for the prevention of metritis [128] as well as their effectiveness against the treatment of bacterial infections in animals [130]. Recently, nano-antibiotics (nAbts) has also been of great interest to overcome the drug resistance developed by several pathogenic microorganisms against the most commonly used antibiotics [131]. Nanoparticle-based carriers provide antibiotics with better biofilm penetration and less toxicity, thereby combating bacterial resistance. However, the successful adaptation of nanoformulations to clinical practice requires a detailed assessment of their safety profiles and their potential immunotoxicity.



With reference to this novel rational approach to antibiotic-resistant infections as mentioned above, there are also other alternative therapies for the treatment of CE instead of antibiotics such as hypertonic dextrose (DEX) solution and paraffin, which have no residues in milk and are also usually inexpensive [132,133,134,135]. However, studies conducted by both Machado et al. [136] and Makki et al. [132] revealed no difference in terms of the cytological and clinical cure rate between the DEX group and the two groups receiving -common treatments for CE (PG and CB). This inconsistency in the results concerning DEX’s efficacy on the clinical endometritis cure rate may be attributed to the difference in the routes of administration for the diagnosis of CE between the two studies. Future extensive studies are, however, required for the assessment of DEX and LP as alternative therapies for the treatment of CE instead of antibiotics. It was, however, reported in other studies that the use of the intrauterine hypertonic solution of 50% DEX alone improved clinical cure, the resumption of the postpartum estrous cycle, and the subsequent reproductive performance of purulent vaginal discharge (PVD) cows, compared with untreated CON cows [137]. It may be possible that the intrauterine infusion of DEX (200 mL) can flush the uterus and, with the likely reflux into the vaginal canal, control infection but how DEX functions to control these infectious bacteria requires detailed study.



However, according to some researchers, it is believed a 50% DEX infusion in cows affected by endometritis improves their uterine health by inhibiting local bacterial growth, increasing uterine tone, and providing natural uterine protection (e.g., macrophages and neutrophils) to control a bacterial infection, thereby reducing the water activity of bacteria and nurturing endometrial cells to improve overall reproductive function in cows treated with DEX [133]. DEX can also control uterine infections by changing the bacterial environment (due to its hypertonicity) at the site of infection, affecting the attachment of bacteria to the endometrial mucosa, or increasing uterine contractions (thus evacuation). DEX, in addition, provides energy for cell healing along with tissue contraction, which promotes wound healing [138]. This tissue contraction can help by increasing the uterine tone [137]. Vishnu [135] and Ahmadi [134] further showed that the use of intrauterine DEX in cows with endometritis could promote faster uterine recovery by locally inhibiting bacterial growth, increasing uterine tone, or maintaining endometrial cells. Sugar can help wound healing because it can control bacterial infections by causing osmotic drainage from the affected area, thereby reducing water activity [139], which is necessary for bacterial survival. The osmotic removal of fluid from tissues would aid tissue contraction and thus cause increased uterine tone. Taken together, the use of intrauterine DEX infusion for the treatment of PVD in lactating dairy cows has provided valuable information, and this useful information will help develop new hypotheses for future research to elucidate the underlying mechanisms by which the infection is controlled and its relationship with clinical recovery and reproductive performance.




5.2. Probiotics: A New Approach to Modulate the Reproductive Tract Microflora


Probiotics are defined as “live microorganisms which, when administered in adequate amounts confers a health benefit on the host” [140]. The most commonly used are those belonging to the Lactobacillus and Bifidobacterium genera, which are commensal bacteria that live in or on human bodies [141]. They can regulate the balance of gut microbes, promote the growth and development of animals, and also improve the host’s resistance to diseases [142] and thus improve the host’s health. Due to their competitive exclusion capacity and immunomodulatory function, probiotics are an ideal replacement for antimicrobial agents in animal nutrition [143]. Therefore, the use of probiotics is one of the options proposed by the scientific community as an alternative to antibiotics [144,145].



5.2.1. Lactic Acid Bacteria


Lactic acid bacteria (LAB) are a big group of diverse Gram-positive bacteria that produce lactic acid as the primary end product of carbohydrate fermentation and are therefore very tolerant to acidic conditions. Consequently, they represent bacteria from many taxa but mostly from Lactobacillales in the phylum of Firmicutes as previously described. The most mentioned genera of LAB are Lactobacillus, Pediococcus, Leuconostoc, and Weissella (LPLW), which are phylogenetically close to each other [146] and usually measured together as the Lactobacillus group [147]. Bacterial isolates from cattle vaginal samples have been examined on their properties to develop probiotics to avert or treat uterine infections. The application of these probiotic strains of bacteria has been proposed as an alternative to prevent postpartum uterine infections and inflammation in vivo [148]. Pellegrino et al. [149] further demonstrated that the LAB strain isolated from the tract of the vagina has a strong ability to produce H2O2.



Consistently, recent studies have also indicated that Lactobacillus strain SQ0048, present in the vaginal microflora of healthy cows, serves as a significant microbiological barrier to infection with genital pathogens, playing a protective role in the reproductive tract, and thus adhering to the specific epithelium, and producing inhibitors [150]. Probiotic strains can affect pathogenic microorganisms through different mechanisms, such as enhancing the intestinal barrier’s function, increasing mucin production, and modulating the immune system’s activity [151]. Genis et al. [152], in their recent work, also demonstrated that a LAB combination consisting of L. rhamnosus, P. acidilactici, and L. reuteri in a ratio of 25:25:2 showed the best potential to regulate inflammation in the uterus as well as reduce in vitro and ex vivo infection caused by E. coli [152,153] compared with the individual LAB strains separately. Remarkably, when there was intra-vaginal administration of LAB, it reformed the microflora in the vagina and tended to restrain the number of bacteria moving to the uterus, even though LAB did not make their way to the endometrium [153]. However, cows treated with LAB had low expression of B-defensins and MUC1 in the endometrium, and these were two indicators of uterine infection.



This can be explained by the regulation of the pathogenic environment in the vaginal tract by the action of the LAB and the subsequent decrease in pathogenic bacteria reaching the endometrium. Besides, studies conducted in our laboratory by Wang et al. [28] revealed that the healthy postpartum cow’s vaginal flora is dominated by W. koreensis and L. sakei subsp. which are all LAB, and the waning of these vaginal flora dominant species may lead to the emergence of endometritis, but in another study conducted in our laboratory by Zhao et al. [154], we screened four different LAB strains (Leuconostoc lactis, Ilyobacter polytropus, E. hirae, and Weissella confusa) from the healthy cow’s vaginas, which also seem to demonstrate probiotic properties. The difference in the levels of bacterial diversity between these two studies can be attributed to the experimental methods or techniques used in the two studies. In addition, the intra-vaginal LAB administration was able to lessen the incidence of metritis compared to that in CON cows [148]. This combination of LAB applied through the intra-vaginal route twice per week during a 3-week period proceeding to calving appeared to be a favorable approach to prevent infections by metritis. On the other hand, a recent meta-analysis also showed that females with bacterial communities dominated by L. iners or non-Lactobacillus species had an approximately three-to-five-fold increased risk of HPV infection and progression to cervical cancer compared to females with L. crispatus-dominant communities [155]. This also demonstrates the inhibitory effect of LAB on the growth of pathogenic bacteria that cause infection.



Similarly, the use of probiotics in vivo and in vitro for HPV clearance and significant CIN regression is shown and has recently been described by Curty and coworkers [46]. This suggests that manipulating the microbiota with probiotics or vaginal microbiota transplant (VMT) could be a viable option to control HPV infection clearance, CIN regression, and cervical cancer progression related to the microbiota of the human vagina. Results obtained using an in vitro model of the human cervix confirmed that supernatants from both probiotics have a beneficial effect on cervical cells and that both strains could grow in the biofilm and show aggregation and adhesion properties on biotic or abiotic surfaces [156]. These properties are modulated and even increased by lactoferrin, which shows the beneficial effects of this combination of biotherapeutics for the prevention and treatment of urogenital tract infections in women.



Some studies, on the other hand, have also reported that Candida albicans connects with the presence of high diversity anaerobic bacterial communities that are poor in Lactobacillus [157], and some in vitro studies support the idea that Lactobacillus before infection with C. albicans on the host could protect by physical colonization, the lowering of pH, and the modulation of the vaginal immune response [158,159], but conversely, other studies disagree with these results. These contradicting results can be attributed to possible colonization by other microbial agents such as fungi. Therefore, considering fungi, along with bacteria and viruses, would allow a broader view of the microbiome as a whole and would likely improve the microbiome’s associations with clinical features.



In addition, results from Koedooder and coworkers [160] further demonstrated that a high incidence of Lactobacillus appeared to be beneficial for in vitro fertilization (IVF) and the effect of an intracytoplasmic sperm injection (IVF-ICSI), but a high frequency of (>60%) L. crispatus was not beneficial. A third PCR-based study [161] contradicted these results, and the difference in the methods used could explain these conflicting findings. Overall, studies that generalize the potential positive effects of Lactobacilli on fertility must take into account that different types of Lactobacilli have different properties, such as the ability to produce lactic acid from the breakdown of glycogen conversion. The acidity produced by L. crispatus was recorded as high compared to that by L. iners, L. jensenii, and L. gasseri [162].



Although in vitro activity may not always be consistent with in vivo results, further clinical studies are needed to predict and select the real beneficial strains. Additionally, the biotechnological application of Lactobacillus strains as probiotics yield effective results in controlling microbial films formed by enteropathogenic bacteria, which is a viable alternative to medical use [163]. However, the results of some meta-analyses are still limited and inconclusive pertaining to the use of probiotics in the treatment of infectious diseases [164]. This is mainly due to the limited number of studies, the lack of standardization, and inconsistencies in reported results. Therefore, it is advisable that future studies should address these shortcomings and include an assessment of the overall use of prebiotics and probiotics.




5.2.2. Bacteriophages: Virus-Preventing Pathogens


In recent years, the use of microbes as a tool to defend against the antibiotic resistome is gathering momentum and it has also become a promising and novel area of emerging research [165,166]. A bacteriophage is a virus that infects and multiplies in a small number of host bacteria that breaks down when the phage enters the environment. Current data revealed a novel putative depolymerase-like protein, which is most likely to play an important role in phage–host interaction [167]. Phages have a very narrow range of host species, which makes them ideal for the targeted destruction of bacteria, but they also need therapeutic products consisting of phage cocktails. The use of antimicrobial agents that are specific for pathogenic bacteria is expected to decrease the development of ABR [168]. Bacteriophage therapy, which uses virulent (lytic) bacteriophages to control bacterial growth, has shown to be an attractive alternative to conventional drugs [169,170] and has been successful in animal trials against a broad range of bacterial pathogens such as enteropathogenic E. coli [171], Pseudomonas aeruginosa [172], S. aureus [173], Acinetobacter baumannii [172], and vancomycin-resistant Enterococcus faecium [174] as previously described. The increase in bacteria that are multi-drug resistant (MDR) in humans and animals has increased interest in bacteriophage therapy research [175,176].



Bovine metritis is likely to be successfully treated with bacteriophage therapy because of the following reasons: a large number of polyvalent bacteriophages from the environment are extremely active against E. coli [177], and a reduction in the intrauterine bacterial load is likely to reduce the severity of clinical disease [178]. Because intrauterine therapy is a viable option, the fast removal of phage from the circulatory system is not an issue. The bacteriophage cocktail had a remarkable ability to inhibit the in vitro growth of E. coli isolates, and it might also be an attractive substitute to the conventional treatment of metritis by reducing E. coli in the uteri of postpartum dairy cows and, consequently, the severity of clinical disease [178]. A ratio of 10 particles of bacteriophage per bacterial cell was proficient in constraining all isolates, which were at least 50%. However, to establish a ratio that entirely limits bacterial growth for extended periods, it is recommended that we test a higher multiplicity of infection (MOI) in a future in vitro study.



Bacteriophages are also known for their host specificity [177], so it is, therefore, possible that the phage cocktail used will not have similar antimicrobial characteristics when a different population of E. coli isolates is tested. There are presently no bacteriophage-based drugs permitted by the US Foods and Drug Authority (FDA) for treating bacterial diseases in humans and animals. However, the FDA recently changed the rules for using food additives to approve the use of the bacteriophage preparations on ready-to-eat meat and poultry [179]. The use of bacteriophages, which are naturally found in agriculture, for the treatment of environmental diseases, can be regarded as harmless to humans and the environment [180,181]. This is particularly important when bacteriophages isolated locally are used as they are more substantial during an interaction between the host and bacteria in the environment than those in the treated animal. For example, when evaluating the result of a single trial of bacteriophage preparations on the progression curves of 57 E. coli isolates, it was noted that all the 11 preparations of bacteriophages reduced the growth frequency of the isolates compared to their controls. Nevertheless, further in vitro and in vivo research is needed to assess the viability of these bacteriophages as therapeutic agents for metritis.






6. Conclusions and Future Recommendations


Overall, the area of the microbiota of the bovine reproductive tract is a rapidly developing area, and its physiological role in bovine reproduction remains to be understood. The importance of the interaction between the host and the flora it supports has been acknowledged. However, there are still many problems with the difference between this microbial environment within and between cattle in healthy and diseased conditions. In this overview, the composition of the microflora of the reproductive tract differs, contingent on many factors. Compared to healthy cattle, cattle with metritis and endometritis have a complex and dynamic bacterial flora that is occupied by various anaerobic and fastidious bacteria. Even though variations in the microbiome of the reproductive tract are prone to cause adverse health effects, molecular tools indicate that certain changes in the reproductive tract flora are normal and do not necessarily cause disease.



In the past few decades, the use of advanced metagenomics has led to an explosion in understanding the bacterial microflora compositions in various ecological niches. In addition, the recent rebirth of culture techniques, in addition to bacteria that have so far only been detected using molecular tools, has enabled the isolation of fastidious and new types of bacterial species in the vagina, cervix, and uterus. Comparing bacteria in the reproductive microbiome repertoire using advanced molecular tools with those isolated by culture-based methods showed that these two different techniques enabled an extensive and somewhat overlapping range of vaginal, uterine, and cervical bacteria species.



This repertoire is vital for microbiologists and clinicians and is also a starting point to better fathom the dysbiosis or infections caused by unsteadiness in the reproductive tract microflora and thus provide more appropriate treatments. Therefore, by combining culture and culture-independent methods to characterize the reproductive tract microflora, the role of bacteria in healthy and pathological conditions can definitely be shown. Nevertheless, it is recommended that enthusiastic work be continued in the future that aims at understanding the role of the microbiome in reproductive tract health.
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	HMP
	Human Microbiome Project;



	OTU
	Operational Taxonomic Units;



	SE
	Subclinical endometritis;



	CE
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	SCE
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	AI
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	OR
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	OTC
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	CF
	Clinical Formative;



	CP
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	DIM
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	DPP
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	Purulent Vaginal Discharge;



	ABR
	Antibiotic Resistance;
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	minimum inhibitory concentration;



	CCFA
	ceftiofur crystalline free acid;



	CM
	chitosan microparticles;



	APM
	Acute Puerperal Metritis;



	LAB
	Lactic Acid Bacteria;



	CB
	Cephapirin Benzathine;



	DEX
	Dextrose solution;



	OTC
	Oxytetracycline;



	LP
	liquid paraffin;



	CON
	control;



	PG
	prostaglandin;



	PP
	Postpartum;



	MOI
	Multiplicity of Infection;



	S. aureus
	Staphylococcus aureus;



	F. necrophorum
	Fusobacterium necrophorum;



	T. pyogenes
	Trueperella pyogenes;



	CIN
	cervical intraepithelial neoplasia;



	HPV
	human papillomavirus;



	CVM
	Cervico-vaginal mucus;



	COD
	cystic ovarian disease;



	SAT
	Samia-treat;



	CoNS
	coagulase-negative staphylococci;



	RTD
	reproductive tract disease;



	AMU
	antimicrobial use;



	AMR
	antimicrobial resistance;



	ARMs
	antimicrobial resistant microorganisms;



	EB
	estradiol benzoate;



	CL
	corpus luteum;



	αPGF2
	prostaglandin αF2;



	nAbts
	nanoantibiotics;



	VMT
	vaginal microbiota transplant;



	FDA
	Foods and Drug Authority;



	MSc
	mesenchymal stem cells;



	IVF
	in vitro fertilization



	IVF-ICFSI
	in vitro fertilization-intracytoplasmic sperm injection



	MSS
	Metagenomic Shotgun Sequencing;



	RP
	retained placenta;



	MDR
	multi-drug resistant;



	ROS
	reactive oxygen species.



	GnRH
	Gonadotropin-releasing hormone
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Figure 1. Possible sources of microflora to the reproductive tract: the hematogenous pathway (via blood) of bacterial transmission from the gut to the uterus; the environmental pathway of microbes moving to the various niches of the reproductive tract; the ascension pathway of bacteria into the reproductive tract from the vagina. 
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Figure 2. Microflora compositions of various niches in the reproductive tract. Proportions of main bacterial phyla were estimated based on studies that used 16S RNA gene sequencing to explore reproductive tract microflora. 
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Figure 3. Possible pathogenicity of bacterial categories isolated from the lumen of the uterus [56]. 
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Figure 4. Chart for subclinical and clinical endometritis and its risk agents. Some risk agents are particular for one kind of endometritis, but primarily, their interactive relationships with other risk agents turn endometritis into a disease that is multifactorial [75] 






Figure 4. Chart for subclinical and clinical endometritis and its risk agents. Some risk agents are particular for one kind of endometritis, but primarily, their interactive relationships with other risk agents turn endometritis into a disease that is multifactorial [75]



[image: Agriculture 10 00232 g004]







[image: Agriculture 10 00232 g005 550] 





Figure 5. The reproductive tract microflora interactions in health and disease. Isolates of microbial flora from cervix, vagina, and uterine flora and their interactions with the host animal and environmental factors. Several determinants are also involved in the association of this microflora with various antimicrobials’ influence. In addition, information on the factors that facilitate antibiotic resistance in the host animal and indirectly affect human health through meat/milk residue after antibiotic administration in the host animal is elucidated. Specific isolates of probiotics and their natural products have shown promise as alternatives for therapeutics, including no side effects and the reversal of immunosuppression, while bacteriophage has also been explored for its ability to attack pathogenic bacteria, thereby limiting antibiotic resistance. RED arrows indicate whether there is an increase or decrease in presence or virulence [105,106,107]. 
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