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Streptococcus agalactiae, or group B Streptococcus (GBS), emerged as a leading cause of human neonatal infections after seven decades of being exclusively associated with mastitis in dairy herds (McCracken, 1973; Keefe, 1997). Although currently available data suggest that GBS jumped from animals to humans in a certain moment of the evolution, becoming then fixed and specialized to the new host, it is still debatable if this zoonotic potential remains nowadays (Oliveira et al., 2006; Sørensen et al., 2010; da Cunha et al., 2015). In this opinion article, we highlight a hypothesis, based mainly on multilocus sequence typing (MLST)1 and antimicrobial resistance data, on routes through which S. agalactiae could cross the interspecies barrier and be transmitted between bovines and humans.

Bovine mastitis caused by GBS represents a huge economic problem for the dairy industry, especially because this microorganism is highly contagious within a farm and rapidly reduces milk productivity. During the last decades, certain developed countries have witnessed a drastic reduction of GBS occurrence due to implementation of programs specifically designed for the control of bovine mastitis. Among other aspects, such programs are based on the administration of antimicrobial infusions to the entire herd to treat and prevent the disease, and were successful since this microorganism remained susceptible to most of the antimicrobial agents of choice (Keefe, 1997). However, in most developing countries, implementation of mastitis control programs has been a slow and inadequate process, leading to a historic misuse of antibiotics in the veterinary field. In addition, the farming system in such countries usually includes a high number of small producers who may be unaware of appropriate protocols for controlling GBS mastitis. Among the top five milk producers worldwide, three are developing countries with no mastitis control guidelines currently established, including Brazil, China and India (FAO, http://www.fao.org/dairy-production-products/en/)2. Nevertheless, in Brazil for example, there are 180 antimicrobial formulations approved for treatment and prevention of bovine mastitis (http://www.sindan.org.br)3. Tetracyclines are present in more than thirty of the recommended formulations and macrolides in more than seven. According to the World Organisation for Animal Health (OIE), between 2010 and 2015, tetracyclines and macrolides were the two classes of antibiotics most commonly used in animals worldwide, representing 48 and 15%, respectively, of all antimicrobial agents (OIE, 2016).

Streptococcus agalactiae is also found colonizing the gastrointestinal and genitourinary tracts of 10–35% of human populations (Schrag and Verani, 2013). Asymptomatic colonization of pregnant women is the main source of neonatal contamination by GBS, and guidelines to prevent this transmission route were established by the US Centers for Disease Control and Prevention (2010). As for mastitis control programs, such guidelines rely on the administration of antibiotics to eradicate GBS colonization in the moment of labor, characterizing the intrapartum antibiotic prophylaxis (IAP). Again, developed countries experienced a drastic reduction in GBS neonatal infections after national implementation of IAP, especially because this microorganism remained mostly susceptible to the drugs of choice (Centers for Disease Control and Prevention, 2010). According to CDC guidelines, IAP should be done preferentially with penicillin or ampicillin. In the case of allergy to beta-lactams, erythromycin, clindamycin, or vancomycin represent alternatives (Centers for Disease Control and Prevention, 2010). In many developing countries, however, there are no national consensus or guidelines regarding such prophylactic approach, and adhesion to IAP is likely rare.

Recently, da Cunha et al. (2015) suggested that the emergence of GBS clones able to cause human infections in the 1960's was associated with the acquisition of tetracycline resistance determinants (especially the tetM gene). These authors have suggested that few GBS clones, originally adapted to the bovine host, acquired tetM genes via conjugative transposons of the Tn916 family, which were then selected by the widespread use of tetracycline in human medicine during the 1950's. The clones that were also highly pathogenic to humans were fixed and rapidly spread throughout the world. Thus, tetracycline resistance mediated by tetM gene can be considered a marker of success among human-adapted GBS lineages but not necessarily it is among those of bovine origin. Indeed, very high ratios of tetracycline resistance, ranging from 70 to 95%, are usually observed in human GBS strains in different countries, among which tetM is harbored by up to 90% (Sharmila et al., 2011; Usein et al., 2012). In turn, bovine GBS isolates are usually less resistant to tetracycline, with percentages ranging from 15 to 60%, among which tetM can be found in only 2–20% (Dogan et al., 2005; Rato et al., 2013).

While acquisition of tetracycline resistance might have been essential for the initial emergence of GBS as a major agent of human infections, acquisition of additional resistance markers, such as erythromycin and clindamycin resistance, might have been an important step for its evolution as a human pathogen. In the 1990's, erythromycin-resistant GBS isolates emerged as a significant cause of infections among non-pregnant adults (Jackson et al., 1995; Amundson et al., 2005). In addition, the extensive application of CDC's IAP led to the emergence of erythromycin and clindamycin resistance also among GBS isolates recovered from pregnant women and neonates (Morales et al., 1999; Centers for Disease Control and Prevention, 2010). In fact, clindamycin-resistant S. agalactiae has been appointed by CDC as one of the current concerning antimicrobial resistance threats (Centers for Disease Control Prevention, 2013). Among GBS isolates, the most common genetic determinant for erythromycin resistance is ermB, which is frequently found with tetM gene in the same conjugative transposon, such as those of Tn916 family (da Cunha et al., 2015; Flores et al., 2015). The proportion of infections associated with GBS isolates resistant to erythromycin and clindamycin has been increasing steadily since 2000, and nearly 50 and 30% of human GBS isolates in the United States show resistance to these drugs, respectively (Imperi et al., 2011; Back et al., 2012; Centers for Disease Control Prevention, 2013). On the other hand, this trend has not been observed among bovine GBS isolates in the USA (Lindeman et al., 2013).

In addition to differences in antimicrobial susceptibility profiles, S. agalactiae strains recovered from human and bovine sources usually belong to different and completely separate genetic lineages. According to MLST data, most human GBS isolates circulating worldwide are represented by only five clonal complexes, including CC1, CC10, CC17, CC19, and CC23; each one comprising a number of different sequence types (ST). In turn, most bovine isolates belong to CC67, a clonal complex exclusively detected among GBS strains of bovine origin (da Cunha et al., 2015). Human- and bovine-adapted lineages differ from each other in a number of characteristics, including the panel of virulence factors. For example, several studies highlight that GBS strains from different origins usually harbor different pili variants; while the pilus island type 2a (PI-2a) is more common in human strains, pilus island type 2b (PI-2b) is more frequent in bovine isolates (Martins et al., 2013; Otaguiri et al., 2013; Pang et al., 2017). Such a divergence is in agreement with the fact that the human and bovine organisms represent very different environments and, thus, can lead to different evolution paths. However, there is increasing evidence that, within dairy farms, GBS can survive in other places besides the bovine udder (Manning et al., 2010; Jorgensen et al., 2016). Such studies highlight the existence of two transmission cycles. The first and more common is a contagious transmission cycle occurring during the milking procedure, while the second and less common is an environmental transmission cycle sustained by fecal shedding and leakage of milk from infected udders. Apparently, the bacterium can survive in the gastrointestinal tract of animals, in milk fat, on bovine skin, on milkers' hands and clothes and in fresh water, and through such alternative routes could more easily get to colonize humans as well.

Moreover, these data underscore the concept that certain GBS strains, or lineages, might be more versatile than initially thought, representing a evolutionary link between human- and bovine-adapted clones. In our opinion, a candidate that suits this profile is CC103. This clonal complex seems to be a successful lineage in the alternative transmission route of GBS, being the most commonly found in GBS strains recovered from the farm environment in Norway (Jorgensen et al., 2016). In addition, CC103 has been reported among bovine isolates from Brazil, China, Denmark, Finland, Norway, Sweden and Thailand; and among human isolates from Brazil, China, Finland, Kenya and the Netherlands (Oliveira et al., 2006; Zadoks et al., 2011; Yang et al., 2013; Carvalho-Castro et al., 2017; https://pubmlst.org/sagalactiae/). In many of these countries, such as Denmark, CC103 has been detected only recently, being linked to the reemergence of GBS as a significant cause of bovine mastitis after many years of successful mastitis control (Zadoks et al., 2011).

However, it seems that in some places CC103 might be circulating for a longer time. In Brazil specifically, CC103 has been found among human and bovine isolates recovered in the 1980's (Oliveira et al., 2006). In addition, Brazil shows a peculiar scenario regarding percentages of tetracycline and erythromycin resistance among GBS isolates. While human S. agalactiae strains usually show high percentages of tetracycline resistance as in other countries, percentages of erythromycin resistance are generally very much lower, not surpassing 19% (d'Oliveira et al., 2003; Duarte et al., 2005; Corrêa et al., 2009; Pinto et al., 2013; Dutra et al., 2014). Even more unexpected are the ratios of tetracycline and erythromycin resistance among bovine GBS isolates. Since the 1980's, erythromycin resistance percentages are higher than 10% and tetracycline resistance is detected in 45–90% of bovine strains (Duarte et al., 2004, 2005; Pinto et al., 2013). In addition, antimicrobial-resistant bovine GBS isolates recovered in Brazil frequently harbor resistance determinants that represent successful markers of human lineages, such as ermB (present in up to 90% of the isolates) and tetM (found in up to 53% of the isolates) (Duarte et al., 2004; Pinto et al., 2013). Interestingly, CC103 has been linked to tetracycline and erythromycin resistance in different countries (Oliveira et al., 2006; Zadoks et al., 2011; Yang et al., 2013; Carvalho-Castro et al., 2017; https://pubmlst.org/sagalactiae/), suggesting that the peculiar panorama of antimicrobial resistance seen among bovine GBS isolates in Brazil might be due to the broad circulation of CC103.

Recently, the complete genome sequence of a ST103 GBS strain recovered from human oropharynx in Brazil was made available, and a comparative genomic analysis including other 21 GBS genomes representative of different origins and clonal complexes, revealed that this isolate was distantly related to the most common CC detected in human and bovine GBS strains, being more closely associated with CC7, a clonal complex comprising strains recovered from humans and fish and previously suggested to be of zoonotic origin (Liu et al., 2013; Björnsdóttir et al., 2016; de Aguiar et al., 2016). By MLST, CC7, and CC103 also show some degree of relationship, with ST314 (CC103) presenting five out of the seven MLST loci identical to ST255 (CC7) (https://pubmlst.org/sagalactiae/).

Regarding the panel of virulence factors, CC103 isolates usually resemble the profile detected in bovine GBS strains, being PI-2b the pilus variant most commonly found in this complex (Yang et al., 2013; Carvalho-Castro et al., 2017). However, it should be noted that certain highly virulent lineages to humans, such as CC17, harbor PI-2b instead of PI-2a (da Cunha et al., 2015), suggesting that different virulence profiles can be associated with successful infections in different hosts. Indeed, in vitro studies have indicated that ST103 can be pathogenic to humans (de Aguiar et al., 2016).

Thus, although a robust epidemiological database is not yet available for GBS isolates circulating in most developing countries, especially those placed among the top five milk producers worldwide, the peculiar panorama observed in some of them, such as Brazil, suggests that CC103 might have been circulating for a long time in these places, among both bovine and human hosts. This may be due, at least in part, to the absence of well-established guidelines for treating and controlling GBS infections in such countries, leading to a historic misuse of antibiotics in veterinary and human medicine, which might have been selecting these antimicrobial-resistant clones over time. Moreover, if CC103 is characteristically a GBS lineage of developing countries, its recent emergence among dairy herds in certain developed countries could be the result of imported animals, and may suggest the possible future emergence of this CC among human GBS strains as well. Either way, CC103 can be highlighted as one of the most versatile GBS lineages, being found among bovine, human and environmental strains of S. agalactiae, and representing one of the missing links between human- and bovine-adapted GBS clones, especially in the alternative transmission routes.

Figure 1 summarizes the hypothesis raised in this opinion article, showing the clonal complexes mostly associated with each host and transmission route of S. agalactiae, and the distribution of clonal complex CC103 worldwide.
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FIGURE 1. An illustrative summary of the hypothesis raised in this opinion article, showing the clonal complexes (CC) mostly associated with each host and transmission route of Streptococcus agalactiae, and the distribution of CC103, one of the missing links between human- and bovine-adapted clones in the alternative transmission routes, worldwide.
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3SINDAN, Sindicato Nacional da Indústria de Produtos Para Saúde Animal. Available online at: http://www.sindan.org.br (Accessed Nov 24, 2017)

REFERENCES

 Amundson, N. R., Flores, A. E., Hillier, S. L., Baker, C. J., and Ferrieri, P. (2005). DNA macrorestriction analysis of nontypeable group B streptococcal isolates: clonal evolution of nontypeable and type V isolates. J. Clin. Microbiol. 43, 572–576. doi: 10.1128/JCM.43.2.572-576.2005

 Back, E. E., O'Grady, E. J., and Back, J. D. (2012). High rates of perinatal group B Streptococcus clindamycin and erythromycin resistance in an upstate New York hospital. Antimicrob. Agents Chemother. 56, 739–742. doi: 10.1128/AAC.05794-11

 Björnsdóttir, E. S., Martins, E. R., Erlendsdóttir, H., Haraldsson, G., Melo-Cristino, J., Kristinsson, K. G., et al. (2016). Changing epidemiology of group B streptococcal infections among adults in Iceland: 1975-2014. Clin. Microbiol. Infect. 22, 379.e9–379.e16. doi: 10.1016/j.cmi.2015.11.020

 Carvalho-Castro, G. A., Silva, J. R., Paiva, L. V., Custódio, D. A. C., Moreira, R. O., and Mian, G. F. (2017). Molecular epidemiology of Streptococcus agalactiae isolated from mastitis in Brazilian dairy herds. Braz. J. Microbiol. 48, 551–559. doi: 10.1016/j.bjm.2017.02.004

 Centers for Disease Control and Prevention (2010). Prevention of perinatal group B streptococcal disease: revised guidelines from CDC. MMWR Recomm. Rep. 59, 1–32. Available online at: https://www.cdc.gov/mmwr/preview/mmwrhtml/rr5910a1.htm

 Centers for Disease Control Prevention (2013). Antibiotic resistance threats in the United States. MMWR Recomm. Rep. 1–3. Available online at: https://www.cdc.gov/drugresistance/threat-report-2013/index.html

 Corrêa, A. B. A., de Oliveira, I. C. M., Pinto, T., de Mattos, M. C., and Benchetrit, L. C. (2009). Pulsed-field gel electrophoresis, virulence determinants and antimicrobial susceptibility profiles of type Ia group B streptococci isolated from humans in Brazil. Mem. Inst. Oswaldo Cruz. 104, 599–603. doi: 10.1590/S0074-02762009000400011

 d'Oliveira, R. E., Barros, R. R., Mendonça, C. R. V., Teixeira, L. M., and Castro, A. C. D. (2003). Susceptibility to antimicrobials and mechanisms of erythromycin resistance in clinical isolates of Streptococcus agalactiae from Rio de Janeiro, Brazil. J. Med. Microb. 52, 1029–1030. doi: 10.1099/jmm.0.05278-0

 da Cunha, V., Davies, M. R., Douarre, P. E., Rosinski-Chupin, I., Margarit, I., Spinali, S., et al. (2015). Corrigendum: Streptococcus agalactiae clones infecting humans were selected and fixed through the extensive use of tetracycline. Nat. Commun. 6, 6108–6112. doi: 10.1038/ncomms7108

 de Aguiar, E. L., Mariano, D. C., Viana, M. V., Benevides, L. d. J., de Souza Rocha, F., de Castro Oliveira, L., et al. (2016). Complete genome sequence of Streptococcus agalactiae strain GBS85147 serotype of type Ia isolated from human oropharynx. Stand. Genomic. Sci. 11:39. doi: 10.1186/s40793-016-0158-6

 Dogan, B., Schukken, Y. H., Santisteban, C., and Boor, K. J. (2005). Distribution of serotypes and antimicrobial resistance genes among Streptococcus agalactiae isolates from bovine and human hosts. J. Clin. Microbiol. 43, 5899–5906. doi: 10.1128/JCM.43.12.5899-5906.2005

 Duarte, R. S., Miranda, O. P., Bellei, B. C., Brito, M. A. V. P., and Teixeira, L. M. (2004). Phenotypic and molecular characteristics of Streptococcus agalactiae isolates recovered from milk of dairy cows in Brazil. J. Clin. Microbiol. 42, 4214–4222. doi: 10.1128/JCM.42.9.4214-4222.2004

 Duarte, R. S., Miranda, O. P., Bellei, B. C., Brito, M. A. V. P., and Teixeira, L. M. (2005). Distribution of antimicrobial resistance and virulence-related genes among Brazilian group B streptococci recovered from bovine and human sources. Antimicrob. Agents Chemother. 49, 97–103. doi: 10.1128/AAC.49.1.97-103.2005

 Dutra, V. G., Alves, V. M., Olendzki, A. N., Dias, C. A., de Bastos, A. F., Santos, G. O., et al. (2014). Streptococcus agalactiae in Brazil: serotype distribution, virulence determinants and antimicrobial susceptibility. BMC Infect. Dis. 14, 323–329. doi: 10.1186/1471-2334-14-323

 Flores, A. R., Galloway-Peña, J., Sahasrabhojane, P., Saldaña, M., Yao, H., Su, X., et al. (2015). Sequence type 1 group B Streptococcus, an emerging cause of invasive disease in adults, evolves by small genetic changes. Proc. Natl. Acad. Sci. U.S.A. 112, 6431–6436. doi: 10.1073/pnas.1504725112

 Imperi, M., Gherardi, G., Berardi, A., Baldassarri, L., Pataracchia, M., Dicuonzo, G., et al. (2011). Invasive neonatal GBS infections from an area-based surveillance study in Italy. Clin. Microbiol. Infect. 17, 1834–1839. doi: 10.1111/j.1469-0691.2011.03479.x

 Jackson, L. A., Hilsdon, R., Farley, M. M., Harrison, L. H., Reingold, A. L., Plikaytis, B. D., et al. (1995). Risk factors for group B streptococcal disease in adults. Ann. Intern. Med. 123, 415–420.

 Jorgensen, H. J., Nordstoga, A. B., Sviland, S., Zadoks, R. N., Solverod, L., Kvitle, B., et al. (2016). Streptococcus agalactiae in the environment of bovine dairy herds–Rewriting the textbooks? Vet. Microbiol. 184, 64–72. doi: 10.1016/j.vetmic.2015.12.014

 Keefe, G. P. (1997). Streptococcus agalactiae mastitis: a review. Can. Vet. 38, 429–437.

 Lindeman, C. J., Portis, E., Johansen, L., Mullins, L. M., and Stoltman, G. A. (2013). Susceptibility to antimicrobial agents among bovine mastitis pathogens isolated from North American dairy cattle, 2002-2010. J. Vet. Diagn. Invest. 25, 581–591. doi: 10.1177/1040638713498085

 Liu, G., Zhang, W., and Lu, C. (2013). Comparative genomics analysis of Streptococcus agalactiae reveals that isolates from cultured tilapia in China are closely related to the human strain A909. BMC Genomics. 14:775. doi: 10.1186/1471-2164-14-775

 Manning, S. D., Springman, A. C., Million, A. D., Milton, N. R., McNamara, S. E., Somsel, P. A., et al. (2010). Association of Group B Streptococcus colonization and bovine exposure: a prospective cross-sectional cohort study. PLoS ONE 5:e8795. doi: 10.1371/journal.pone.0008795

 Martins, E. R., Andreu, A., Melo-Cristino, J., and Ramirez, M. (2013). Distribution of pilus islands in Streptococcus agalactiae that cause human infections: insights into evolution and implication for vaccine development. Clin. Vaccine Immunol. 20, 313–316. doi: 10.1128/CVI.00529-12

 McCracken, G. H. (1973). Group B streptococci: the new challenge in neonatal infections. J. Pediatr. 82, 703–706. doi: 10.1016/S0022-3476(73)80603-1

 Morales, W. J., Dickey, S. S., Bornick, P., and Lim, D. V. (1999). Change in antibiotic resistance of group B streptococcus: impact on intrapartum management. Am. J. Obstet. Gynecol. 181, 310–314.

 OIE (2016). OIE (World Organisation for Animal Health). OIE Annual report on the use of antimicrobial agents in animals.

 Oliveira, I. C., de Mattos, M. C., Pinto, T. A., Ferreira-Carvalho, B. T., Benchetrit, L. C., Whiting, A. A., et al. (2006). Genetic relatedness between group B streptococci originating from bovine mastitis and a human group B Streptococcus type V cluster displaying an identical pulsed-field gel electrophoresis pattern. Clin. Microbiol. Infect. 12, 887–893. doi: 10.1111/j.1469-0691.2006.01508.x

 Otaguiri, E. S., Morguette, A. E., Tavares, E. R., dos Santos, P. M., Morey, A. T., Cardoso, J. D., et al. (2013). Commensal Streptococcus agalactiae isolated from patients seen at University Hospital of Londrina, Paraná, Brazil: capsular types, genotyping, antimicrobial susceptibility and virulence determinants. BMC Microbiol. 13:297. doi: 10.1186/1471-2180-13-297

 Pang, M., Sun, L., He, T., Bao, H., Zhang, L., Zhou, Y., et al. (2017). Molecular and virulence characterization of highly prevalent Streptococcus agalactiae circulated in bovine dairy herds. Vet. Res. 48:65. doi: 10.1186/s13567-017-0461-2

 Pinto, T. C., Costa, N. S., Vianna Souza, A. R., Silva, L. G., Corrêa, A. B., Fernandes, F. G., et al. (2013). Distribution of serotypes and evaluation of antimicrobial susceptibility among human and bovine Streptococcus agalactiae strains isolated in Brazil between 1980 and 2006. Braz. J. Infect. Dis. 17, 131–136. doi: 10.1016/j.bjid.2012.09.006

 Rato, M. G., Bexiga, R., Florindo, C., Cavaco, L. M., Vilela, C. L., and Santos-Sanches, I. (2013). Antimicrobial resistance and molecular epidemiology of streptococci from bovine mastitis. Vet. Microbiol. 161, 286–294. doi: 10.1016/j.vetmic.2012.07.043

 Schrag, S. J., and Verani, J. R. (2013). Intrapartum antibiotic prophylaxis for the prevention of perinatal group B streptococcal disease: experience in the United States and implications for a potential group B streptococcal vaccine. Vaccine 31, 20–26. doi: 10.1016/j.vaccine.2012.11.056

 Sharmila, V., Joseph, N. M., Arun Babu, T., Chaturvedula, L., and Sistla, S. (2011). Genital tract group B streptococcal colonization in pregnant women: a South Indian perspective. J. Infect. Dev. Ctries. 5, 592–595. doi: 10.3855/jidc.1551

 Sørensen, U. B., Poulsen, K., Ghezzo, C., Margarit, I., and Kilian, M. (2010). Emergence and global dissemination of host-specific Streptococcus agalactiae clones. MBio 24, e00178–e00110. doi: 10.1128/mBio.00178-10

 Usein, C. R., Grigore, L., Georgescu, R., Cristea, V., Bãltoiu, M., and Strãut, M. (2012). Molecular characterization of adult-colonizing Streptococcus agalactiae from an area-based surveillance study in Romania. Eur. J. Clin. Microbiol. Infect. Dis. 31, 2301–2310. doi: 10.1007/s10096-012-1569-y

 Yang, J., Xu, D., Yin, L. Q., Zhu, B. Q., and Wang, A. H. (2013). Neonatal group B streptococcus infection in the Children's Hospital of Gansu Province through PCR array. Zhonghua Er. Ke. Za. Zhi. 51, 688–691. doi: 10.3760/cma.j.issn.0578-1310.2013.09.011

 Zadoks, R. N., Middleton, J. R., Mcdougall, S., Katholm, J., and Schukken, Y. H. (2011). Molecular epidemiology of mastitis pathogens of dairy cattle and comparative relevance to humans. J. Mammary Gland Biol. Neoplasia. 16, 357–372. doi: 10.1007/s10911-011-9236-y

Conflict of Interest Statement: 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.

Copyright © 2018 Botelho, Ferreira, Fracalanzza, Teixeira and Pinto. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg
’ frontiers
in Microbiology

A Perspective on the Potential
Zoonotic Role of Streptococcus
agalactiae: Searching for a Missing
Link in Alternative Transmission
Routes









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Microbiology





OPS/images/fmicb-09-00608-g001.gif





