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Abstract

:

Group B Streptococcus (GBS) is a major pathogen of humans and aquatic species. Fish have recently been recognized as the source of severe invasive foodborne GBS disease, caused by sequence type (ST) 283, in otherwise healthy adults in Southeast Asia. Thailand and Vietnam are among the major aquaculture producers in Southeast Asia, with GBS disease reported in fish as well as frogs in both countries. Still, the distribution of potentially human-pathogenic GBS in aquaculture species is poorly known. Using 35 GBS isolates from aquatic species in Thailand collected from 2007 to 2019 and 43 isolates from tilapia collected in Vietnam in 2018 and 2019, we have demonstrated that the temporal, geographical, and host-species distribution of GBS ST283 is broader than previously known, whereas the distribution of ST7 and the poikilothermic lineage of GBS are geographically restricted. The gene encoding the human GBS virulence factor C5a peptidase, scpB, was detected in aquatic ST283 from Thailand but not in ST283 from Vietnam or in ST7 from either country, mirroring current reports of GBS strains associated with human sepsis. The observed distribution of strains and virulence genes is likely to reflect a combination of spill-over, host adaptation through the gain and loss of mobile genetic elements, and current biosecurity practices. The plastic nature of the GBS genome and its importance as a human, aquatic, and potentially foodborne pathogen suggests that active surveillance of GBS presence and its evolution in aquaculture systems may be justified.
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1. Introduction


In the 1960s, group B Streptococcus (GBS) or Streptococcus agalactiae emerged as a leading cause of neonatal infections in the USA and Europe [1]. According to a 2021 report, the burden of disease is now highest in sub-Saharan Africa and South Asia (WHO, 2021). In addition to neonatal sepsis, meningitis, and neurodevelopmental impairment, GBS contributes to pre-term births, stillbirth, and maternal sepsis [2]. Since the 1990s and 2000s, GBS has increasingly been recognized as a pathogen of non-pregnant adults, where it causes invasive disease, pneumonia, urinary tract infections, and skin and soft tissue infections [3,4,5]. The most recent addition to the suite of disease manifestations caused by GBS in humans is foodborne disease, which may lead to meningitis and osteoarthritis, as first recognized in Singapore in 2015 and attributed to sequence type (ST) 283 [6,7]. This ST had previously been linked to adult invasive disease in Hong Kong [5], where, as in Singapore, the emergence of adult GBS meningitis was noted in the late 1990s [8]. While GBS is an important pathogen, the organism is also carried asymptomatically by a considerable proportion of men and women, notably in the rectum, urethra/vagina, or pharynx (19%, 14%, and 4% of people, respectively [9].



Phylogenetic studies conducted in the wake of the outbreak of foodborne GBS ST283 disease in Singapore, which was traced to the consumption of raw freshwater fish [10,11], showed that the emergence of ST283 dated back to the 1980s when aquaculture was starting to intensify [6]. Around that time, GBS was first described explicitly as a pathogen of farmed aquatic animals, notably in cultured bullfrogs [12]. Outbreaks in finfish were not recognized until the 21st century, with some of the earliest reports relating to cultured pomfret and seabream in Kuwait [13,14]. Subsequently, outbreaks were described in farmed tilapia (Oreochromis spp.) in Colombia [15], Malaysia [16], and many other countries, including Thailand and Vietnam [17]. GBS has since become a major pathogen of tilapia, the third most commonly farmed fish globally based on tonnage [18]. The foodborne GBS ST283 outbreak in Singapore was not specifically linked to tilapia but the potential misidentification of fish species and cross-contamination post-harvest complicated the identification of the original source [6].



Although whole genome sequencing is increasingly used for the characterization of GBS in specialized research or public health laboratories, the most widely used typing systems for GBS are serotyping and multi-locus sequence typing (MLST), which is the system used to define ST [19]. Currently, ten serotypes are recognized, with four subtypes in serotype III, identified based on the capsular locus nucleotide sequence [20,21]. The number of STs continues to expand, with over 2000 STs recognized at the time of writing (https://pubmlst.org/bigsdb?db=pubmlst_sagalactiae_seqdef (accessed on 27 March 2023). In frogs and fishes, only three serotypes of GBS have been identified, whereby each serotype corresponds to a specific MLST-based group of closely related ST known as clonal complex (CC). Serotype Ia corresponds to ST7 and closely related ST, which together form CC7; serotype Ib corresponds to ST260 and closely related ST in CC552; and serotype III-4 corresponds to ST283 and closely related ST in CC283 [17,22,23]. Serotype Ib/CC552 has a global distribution, which is attributed to the international dissemination of tilapia broodstock in the 1970s and 1980s (Kawasaki et al., 2017), whereas serotype Ia/CC7 and serotype III-4/CC283 have more limited geographical distributions. They are predominantly found in China and Southeast Asia, with additional reports of CC7 from Kuwait [24] and CC283 from Brazil [25]. It has been speculated that the emergence of ST283 resulted from an initial spill-over from humans into fish after intentional or accidental exposure to human excreta, followed by the acquisition of a mobile genetic element that confers a survival advantage in fish and expansion in its new niche during the intensification of aquaculture from the 1980s onward (Delannoy et al., 2016; Barkham et al., 2019).



Compared to human GBS, serotype Ib/CC552 has a reduced genome size, and its occurrence has only been documented in frogs and fishes [17,26]. By contrast, CC7 and CC283 have been associated with disease in fish and in people [7,24]. ST7 has caused several cases of neonatal meningitis in Japan. It is also a multi-host pathogen of animals, including aquatic mammals (bottlenose dolphin) and several fish species (mullet, seabream, tilapia) [17,24]. Moreover, human ST7 from a clinical case of neonatal meningitis has been used to induce experimental infection in tilapia [27]. To date, there is no evidence for the natural transmission of ST7 from fish to humans or vice versa. By contrast, for ST283, foodborne fish-to-human transmission is well-documented in Singapore [10,11]. In addition, there is growing evidence that ST283 contributes to the burden of adult GBS sepsis in Thailand [6,28]. GBS infections in fish in Thailand, however, have been attributed predominantly attributed to ST7 [17,29], raising questions about the origin of human ST283 infections in the country. ST283 has been reported from fish in Vietnam [6], and trade in fish between the two countries offers a potential explanation [30].



The current study aimed to improve our understanding of the spatial, temporal, and host-species distribution of GBS in aquatic species in Thailand and Vietnam, which are among the four major producers of tilapia in East and Southeast Asia [31]. Without prospective surveillance systems, we did so through retrospective analysis of GBS isolate collections obtained by aquaculture experts during the investigation of disease outbreaks.




2. Methods


2.1. Samples and Isolates


In Thailand, GBS isolates (n = 35) were obtained from 2006 to 2019 (inclusive) from samples of aquatic animals submitted by farmers to the Veterinary Aquatic Animal Research and Healthcare Unit (VAARHU), Mahidol University, Thailand, or collected on-farm and transported to the VAARHU in transport media. They originated from 14 geographical locations, including 25 isolates from 9 provinces in Central Thailand, 8 isolates from 3 provinces in Eastern Thailand and 2 isolates from 2 provinces in Western Thailand. Host species included amphibians (East Asian bullfrog, also known as Chinese edible frog or Taiwanese frog; Hoplobatrachus rugulosus, n = 2) and finfishes, i.e., Nile tilapia (Oreochromis niloticus (Linnaeus, 1758), n = 13), red tilapia (Oreochromis niloticus × Oreochromis mossambicus, n = 16), Mekong giant catfish (Pangasianodon gigas (Chevey, 1931), n = 1) and giant sea perch (also known as Asian sea bass or barramundi; Lates calcarifer (Bloch, 1790), n = 3). Except for barramundi, which can be grown in fresh, brackish, or marine water, all were freshwater species. Samples of kidney, liver and brain tissue were plated on tryptic soy agar (TSA; BD Difco, Fisher Scientific, Loughborough, UK) and incubated aerobically at 28 to 30 °C for 24 to 48 hrs. Isolates from pure or dominant cultures on TSA were subcultured and initially characterized phenotypically. Gram-positive cocci that formed small (1–2 mm) white colonies on blood agar were non-motile, catalase-negative, serogroup B positive, beta-haemolytic, and CAMP-positive were archived at −80 °C as S. agalactiae. If the last two tests were negative or inconclusive, species identity was confirmed by polymerase chain reaction (PCR) as detailed under molecular identification.



In Vietnam, isolates were obtained from the brain or head kidney of clinically affected tilapia (n = 43) on nine fish farms across 4 provinces (An Giang, Dong Thap and Can Tho in the Mekong Delta and Thua Thien Hue along the Perfume River in central Vietnam) in 2018 and 2019. Clinical signs included exophthalmos (“popeye”), ascites and neurological symptoms (aberrant swimming). Samples were inoculated onto TSA and incubated aerobically at 28 to 30 °C for 24 to 48 hrs. Isolates were identified as S. agalactiae by colony morphology, Gram stain, and Lancefield testing using group B antibodies (Wellcogen Strep B Latex Agglutination Test, Thermo Fisher, Kent, UK).




2.2. Molecular Identification


Stored cultures were grown overnight at 37 °C on TSA to check for viability and purity. A single colony of each isolate was inoculated into trypticase soy broth and incubated overnight at 37 °C. Cultures were pelleted by centrifugation, and DNA was extracted from bacterial pellets using the QIAamp® DNA Mini kit (QIAGEN, Valencia, CA, USA). Bacterial pellets were suspended in enzymatic lysis buffer (20 mM Tris-Cl pH 8; 2 mM Sodium EDTA; 1.2% Trition®X-100; 100 mg/mL lysozyme) and incubated at 37 °C overnight, and the remainder of the extraction was conducted as per the manufacturer’s instructions. Species identity of Thai isolates was confirmed by PCR, using forward primer gyrA_F (5′-GCACAATGGTGGTCATATCG-3′) and reverse primer gyrA-R (5′-ACGCGCTGGTAAAACAAGAG-3′), which target the DNA gyrase subunit A region [32]. The PCR mixture contained 2.5 µL of 10× PCR buffer, 0.5 µL of 10 mM dNTP, 0.5 µL of each forward and reverse primers, 1 µL of template DNA, 0.25 µL of Taq polymerase, and ddH2O to a final volume of 20 µL. The PCR program consisted of denaturation at 94 °C for 5 min followed by 35 cycles of 94 °C for 30 s, 55 °C for 30 s, 72 °C for 30 s, and finally 72 °C for 5 min before cooling down to 16 °C. Amplified products were analyzed by electrophoresis on 1% agarose gel, using staining with ethidium bromide for 5 min and de-staining with distilled water for 15 min before observation under UV light. A no-template negative control was included in the PCR and electrophoresis procedure.




2.3. Genetic and Genomic Analysis


Isolates were grown overnight in brain heart infusion broth and pelleted, followed by enzymatic lysis at 37 °C for 45 min. DNA was extracted from bacterial pellets using the DNeasy Blood and Tissue Kit (QIAGEN). DNA extracts were submitted to the Genome Institute of Singapore, the Agency for Science, Technology and Research, where whole-genome sequencing was conducted using established methods (Chau et al., 2017; Kalimuddin et al., 2017). The M220 Focused Ultrasonicator was used for genomic DNA shearing (Covaris, Woburn, MA, USA), followed by library preparation using the TruSeq Nextera XT DNA Library Preparation Kit (Illumina). Sequencing was conducted on a HiSeq 4000 sequencer (Illumina, San Diego, CA, USA), generating 2 × 151-bp reads. Raw fastq reads were used to check species identity using Kraken v.2.1.2 [33], and ST was called using SRST2 v.0.2.0 [34] and the S. agalactiae MLST database at https://pubmlst.org/organisms/streptococcus-agalactiae (accessed on 27 March 2023) [19,35]. In silico serotyping was conducted using GBS-SBG (GBS serotyping by genome sequencing) [20] and the method developed by Metcalf and colleagues [36], with confirmation using the method of Sheppard and colleagues when needed [37]. The presence of phage integrases was determined using the method of Crestani and colleagues [38], whereas presence of tetracycline resistance (TcR) genes and virulence genes scpB-lmb was determined using BLAST. Panaroo [39] and IQtree [40] were used to generate a maximum likelihood phylogeny for the isolates included in this study. The geographic origin of the isolates was mapped using ggplot in RStudio using R (v4.0).





3. Results


All isolates were confirmed to be S. agalactiae based on whole genome sequencing. Almost half of the Thai isolates belonged to ST283 (n = 16), with the remainder belonging to CC7 (n = 19, including 18 ST7 and 1 ST500). ST283 isolates belonged to serotype III according to the Metcalf method. GBS-SGB refined the serotype to III-1 or III-4 but without definitive allocation of any of the isolates to either serotype. CC7 isolates were identified by both methods as having serotype Ia, with some ambiguity for two isolates (Supplementary Table S1). One isolate was attributed to serotype Ia or serotype VII by both methods, and one isolate to serotype Ia or serotype III-4 by GBS-SBG. In Vietnam, most isolates (n = 38) belonged to ST283 and serotype III (Metcalf)/serotype III-1 or III-4 (GBS-SBG), with a minority of isolates characterized as CC552 and serotype Ib (both methods; n = 3) or CC7 and serotype Ia (both methods; n = 2).



Geographically, CC7 and ST283 were quite widely dispersed in Thailand, with detections in 12 and 9 locations, respectively (Figure 1). In seven locations with multiple isolates, the two clades co-existed. Temporally, too, CC7 and ST283 showed wide and overlapping distributions, with CC7 isolates detected from 2007 to 2019 (inclusive) and ST283 from 2006 to 2019 (inclusive). Both clades were isolated from amphibians (frogs), barramundi, Nile tilapia, and red tilapia, whereas the single isolate from a Mekong giant catfish belonged to ST283. In Vietnam, CC7 and ST283 were both found along the Mekong River in two or three provinces, respectively (Supplementary Table S1). Isolates from CC552 were detected on two farms along the Perfume River, whereas no CC7 or CC283 isolates were detected in that area. Because all isolates were collected from tilapia in 2018–2019, host species variation and temporal trends could not be analyzed for Vietnamese isolates.



Within CCs, isolates are clustered by country, albeit with some genetic heterogeneity within countries (Figure 2). Virulence genes scpB-lmb were exclusively detected in isolates from Thailand (n = 13) and only in genomes that contained phage integrases (Figure 2), i.e., GBSInt3 in ST7 or GBSInt1 plus GBSInt7 in ST283 (Supplementary Table S1). Conversely, tetracycline resistance determinant tet(M) was almost exclusively found in isolates from Vietnam, and often without detection of a phage integrase. Thirteen isolates contained phage integrases in the absence of scpB-lmb, with GBSInt1 plus GBSInt7 found in ST7 (n = 2; Thailand) as well as ST283 (n = 9; both countries) and GBSInt1 plus GBSInt6.1 detected in ST283 (n = 2; Thailand). Because isolates from Vietnam were clustered by farm, statistical analysis of associations between countries and genetic features of interest was not attempted.




4. Discussion


We demonstrate the wide geographic, temporal, and host-species distribution of GBS ST7 and ST283 in farmed aquatic species in Thailand and Vietnam. Both ST have previously been associated with disease in humans [6,24], and severe invasive disease due to ST283 has specifically been attributed to fish consumption in Singapore [7] and Laos [41]. Serotype III and, more specifically, ST283 is also associated with invasive disease and meningitis in Thailand, where the incidence of invasive GBS disease is increasing but where a specific link to fish consumption has yet to be demonstrated [28,42,43]. In our current study, ST283 was detected in GBS isolates from Thailand dating back to 2007, and found in multiple host species and provinces, implying that it is well-established among aquaculture species in the country. In Vietnam, ST283 was by far the most common type detected in fish farms along the Mekong River, the country’s main finfish aquaculture region. It has also been reported as a cause of human GBS sepsis in Vietnam, although in a lower proportion of cases than in Thailand, with 4 of 13 (31%) and 73 of 102 (72%) of invasive human GBS cases, respectively [6]. Interestingly, Vietnamese ST283 isolates lack scpB-lmb, which has been associated with the virulence of GBS in humans [44].



In many locations, both in Thailand and Vietnam, ST283 co-occurred with ST7, indicating that multiple introductions of GBS have occurred, implying poor biosecurity. When growing fish in river-based cage systems or land-based ponds filled with river water, prevention of the introduction of pathogens may be difficult, especially if pathogens can survive in water. Wastewater and pond water can be reservoirs of GBS [45,46] and exposure of aquatic animals via contaminated surface water has been described on multiple occasions [17,47]. Interestingly, ST283 was commonly found in river cage-based tilapia farms in Thailand but not in earthen pond systems [48]. There is no evidence yet of ST283 in cage-based tilapia farms along the Perfume River. Thus, there is an opportunity to protect the Perfume River from this strain of GBS through biosecurity measures. This could include the use of locally produced fry and fingerlings or sourcing of fingerlings from GBS or ST283 free areas or facilities, as is the current practice.



Along the Perfume River, STs belonging to CC552 were identified. CC552 is the most widely distributed strain of GBS in fish globally and has been found in farmed, wild, and hobby fish from Africa, Australia, South America, Europe and Asia [17,23,49]. Due to reductive evolution, loss of virulence genes, and inability to grow at mammalian body temperature, members of this CC are not human pathogens [17,26]. Although CC552 is widespread globally [23], it was not detected in Thailand. This is unlikely to be an artefact of the methodology because the primary culture was conducted at 28 °C and both haemolytic, CAMP-positive (CC7, CC283) and non-haemolytic, CAMP negative (CC552) isolates were eligible for inclusion in the study.



The most common type of GBS isolated from aquatic species in Thailand was ST7. This is consistent with some previous reports from the country [17,29]. In contrast, other reports describe the predominance of ST283 [46,48]. ST7 is also the predominant strain of GBS mentioned in English-language literature about aquaculture species from China [50,51,52]. This includes several fish species that were ST7-positive in Thailand (tilapia, giant seaperch), as well as other fishes, including but not limited to mullet (Mugil cephalus), silver perch (Bidyanus bidyanus), Japanese sea perch (Lateolabrax Japonicus), Jade perch (Scortum barcoo), striped bass (Morone saxatilis) and brindle grouper (Epinephelus lanceolatus) [51]. In the Philippines, serotype Ia, which can be considered to represent CC7 when isolated from fish, was the predominant type among farmed tilapia, with occasional detection of serotype Ib, which corresponds to CC552 [53]. By contrast, ST7 is rare in Vietnam. Drivers behind the observed distribution are unknown. Considering that most scientific literature to date is based on passive rather than active surveillance, i.e., dependent on reporting outbreaks of disease and mortality in fish, a complete picture of the spatial distribution and evolutionary origins of the different clades is yet to be established.



The widespread occurrence of GBS in aquaculture species may have implications for human health for several reasons, including food security, food safety, and antimicrobial resistance (AMR) [31]. With the growth of the human population, increasing urbanization and, until the COVID-19 pandemic, a rise in average disposable income in many Asian countries, the demand for animal protein as a highly nutritious component of human diets increases. Intensification of food production is needed to meet the growing demand, but it also leads to high stocking densities and an increased risk of infection. Additional pressure on the production system is exerted by sand and water extraction from rivers and deltas, needed for cement to build accommodation for the growing human population, and by sea level rises, salination and extreme weather events associated with climate change. This confluence of stressors may contribute to host-species jumping and the emergence of new pathogens. Evolutionary spill-over of GBS between host species has occurred more commonly from people to fish than from fish to people [54], and may be followed by spill-back from fish to humans via food, as shown for ST283 [7,10]. Additional events of this nature could exacerbate the situation, e.g., if ST7 from fish acquired virulence genes that made it more pathogenic to humans or if additional human GBS strains acquired mobile genetic elements associated with adaptation of GBS to fish [17,54]. Considering the carriage of GBS in the human gastro-intestinal and urogenital tract; the limited sanitary infrastructure and wastewater treatment capacity that exists in many countries; and the volume of culture, capture, handling and consumption of fish, there are multiple and frequent routes for exposure and transmission in both directions. The widespread and often indiscriminate use of antimicrobials to control disease in aquaculture could contribute to the selection for AMR in aquatic and human pathogens and commensals, with hotspots for antimicrobial use identified in Southeast Asia [55,56]. In our study, resistance genes for tetracycline were observed in Vietnamese isolates but not in Thai isolates. This is consistent with previous findings but without an obvious link to selection pressure from the antimicrobial use [6].




5. Conclusions


Our primary concern when conducting this study was the possibility of widespread prevalence of human pathogenic GBS in aquaculture species in Southeast Asia. Although we document the occurrence of ST7 and ST283 across a wider range of host species, years and locations than reported before, we did not detect the presence of a key human virulence factor, scpB-lmb, in any ST7 isolates nor in any Vietnamese ST283 isolates. This is mirrored, to our knowledge, by a lack of reports of fish-borne cases of human ST7 infection or, in Vietnam, a limited number of reports of human invasive ST283 infections, which contrasts with the situation for ST283 in Thailand. It is conceivable that the original spill-over from humans to fish was followed by the acquisition of MGE (locus 3) that allowed expansion in the aquatic population and loss of MGE (scpB-lmb) that provided a survival advantage to human but not aquatic GBS, increasing the fitness in the spill-over host and reducing the risk of spill-back to the original host. Considering the high prevalence of commensal GBS in humans, the impact of GBS on aquaculture species, and the high genome plasticity of GBS [54], new strains of GBS with hybrid virulence characteristics may emerge, and active surveillance of GBS strains in aquaculture systems is recommended.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/pathogens12040525/s1, Table S1: Origin, typing characteristics and accession numbers of aquatic Group B Streptococcus isolates from Thailand and Vietnam.





Author Contributions


Conceptualization, R.N.Z.; formal analysis, S.C. and C.C.; investigation, W.S. and N.N.P.; data curation, W.S., N.N.P., S.C., C.C. and R.N.Z.; writing—original draft preparation, R.N.Z.; writing—review and editing, W.S., N.N.P., C.C., S.C. and R.N.Z.; visualization, C.C.; project administration, R.N.Z. All authors have read and agreed to the published version of the manuscript.




Funding


The collaboration culminating in this study was funded by the Academy of Medical Sciences, UK, through a Global Challenges Research Fund (GCRF) Networking Grant (to N.N.P. and R.N.Z.); by the University of Glasgow’s GCRF Small Grants Fund, an initiative supported by an allocation of Global Challenges Research Fund from the Scottish Funding Council under agreement SFC/AN/10/2018 (to R.N.Z.); and by the University of Glasgow College of Medical, Veterinary and Life Sciences Doctoral Training Programme 2017–2021 (to C.C.). S.C. was supported by the National Medical Research Council, Ministry of Health, Singapore (grants NMRC/CIRG/1467/2017 and CIRG19NOV-0024); the Temasek Foundation Innovates through its Singapore Millennium Foundation Research Grant Programme; and the Genome Institute of Singapore (GIS)/Agency for Science, Technology and Research (A*STAR).




Data Availability Statement


Sequence data are available in the European Nucleotide Archive Project PRJEB53664. Accession numbers for the ENA project and other supporting data are available in the Supplementary Materials.




Acknowledgments


We thank the Veterinary Aquatic Animal Research Healthcare Unit, Faculty of Veterinary Science, Mahidol University for staff and facilities support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Da Cunha, V.; Davies, M.R.; Douarre, P.E.; Rosinski-Chupin, I.; Margarit, I.; Spinali, S.; Perkins, T.; Lechat, P.; Dmytruk, N.; Sauvage, E.; et al. Streptococcus agalactiae clones infecting humans were selected and fixed through the extensive use of tetracycline. Nat. Commun. 2014, 5, 4544. [Google Scholar] [CrossRef] [PubMed]

	



Gonçalves, B.P.; Procter, S.R.; Paul, P.; Chandna, J.; Lewin, A.; Seedat, F.; Koukounari, A.; Dangor, Z.; Leahy, S.; Santhanam, S.; et al. Group B Streptococcus infection during pregnancy and infancy: Estimates of regional and global burden. Lancet Glob. Health 2022, 10, e807–e819. [Google Scholar] [CrossRef] [PubMed]

	



Skoff, T.H.; Farley, M.M.; Petit, S.; Craig, A.S.; Schaffner, W.; Gershman, K.; Harrison, L.H.; Lynfield, R.; Mohle-Boetani, J.; Zansky, S.; et al. Increasing burden of invasive group B streptococcal disease in nonpregnant adults, 1990–2007. Clin. Infect. Dis. 2009, 49, 85–92. [Google Scholar] [CrossRef] [PubMed]

	



Collin, S.M.; Shetty, N.; Guy, R.; Nyaga, V.N.; Bull, A.; Richards, M.J.; van der Kooi, T.I.; Koek, M.B.; De Almeida, M.; Roberts, S.A.; et al. Group B Streptococcus in surgical site and non-invasive bacterial infections worldwide: A systematic review and meta-analysis. Int. J. Infect. Dis. 2019, 83, 116–129. [Google Scholar] [CrossRef]

	



Ip, M.; Cheuk, E.S.; Tsui, M.H.; Kong, F.; Leung, T.N.; Gilbert, G.L. Identification of a Streptococcus agalactiae serotype III subtype 4 clone in association with adult invasive disease in Hong Kong. J. Clin. Microbiol. 2006, 44, 4252–4254. [Google Scholar] [CrossRef]

	



Barkham, T.; Zadoks, R.N.; Azmai, M.N.A.; Baker, S.; Bich, V.T.N.; Chalker, V.; Chau, M.L.; Dance, D.; Deepak, R.N.; van Doorn, H.R.; et al. One hypervirulent clone, sequence type 283, accounts for a large proportion of invasive Streptococcus agalactiae isolated from humans and diseased tilapia in Southeast Asia. PLoS Negl. Trop. Dis. 2019, 13, e0007421. [Google Scholar] [CrossRef]

	



Kalimuddin, S.; Chen, S.L.; Lim, C.T.; Koh, T.H.; Tan, T.Y.; Kam, M.; Wong, C.W.; Mehershahi, K.S.; Chau, M.L.; Ng, L.C.; et al. 2015 epidemic of severe Streptococcus agalactiae Sequence Type 283 infections in Singapore associated with the consumption of raw freshwater fish: A detailed analysis of clinical, epidemiological, and bacterial sequencing data. Clin. Infect. Dis. 2017, 64 (Suppl. S2), S145–S152. [Google Scholar] [CrossRef]

	



Wilder-Smith, E.; Chow, K.M.; Kay, R.; Ip, M.; Tee, N. Group B streptococcal meningitis in adults: Recent increase in Southeast Asia. Aust. N. Z. J. Med. 2000, 30, 462–465. [Google Scholar] [CrossRef]

	



van Kassel, M.N.; Janssen, S.; Kofman, S.; Brouwer, M.C.; van de Beek, D.; Bijlsma, M.W. Prevalence of group B streptococcal colonization in the healthy non-pregnant population: A systematic review and meta-analysis. Clin. Microbiol. Infect. 2021, 27, 968–980. [Google Scholar] [CrossRef]

	



Chau, M.L.; Chen, S.L.; Yap, M.; Hartantyo, S.H.; Chiew, P.K.; Fernandez, C.J.; Wong, W.K.; Fong, R.K.; Tan, W.L.; Tan, B.Z.; et al. Group B Streptococcus infections caused by improper sourcing and handling of fish for raw consumption, Singapore, 2015–2016. Emerg. Infect. Dis. 2017, 23, 2002. [Google Scholar] [CrossRef]

	



Rajendram, P.; Kyaw, W.M.; Leo, Y.S.; Ho, H.; Chen, W.K.; Lin, R.; Pratim, P.; Badaruddin, H.; Ang, B.; Barkham, T.; et al. Group B Streptococcus Sequence Type 283 disease linked to consumption of raw fish, Singapore. Emerg. Infect. Dis. 2016, 22, 1974–1977. [Google Scholar] [CrossRef] [PubMed]

	



Amborski, R.L.; Snider, T.G., 3rd; Thune, R.L.; Culley, D.D., Jr. A non-hemolytic, group B Streptococcus infection of cultured bullfrogs, Rana catesbeiana, in Brazil. J. Wildl. Dis. 1983, 19, 180–184. [Google Scholar] [CrossRef] [PubMed]

	



Evans, J.J.; Klesius, P.H.; Gilbert, P.M.; Shoemaker, C.A.; Al Sarawi, M.A.; Landsberg, J.; Duremdez, R.; Al Marzouk, A.; Al Zenki, S. Characterization of β-haemolytic Group B Streptococcus agalactiae in cultured seabream, Sparus auratus L., and wild mullet, Liza klunzingeri (Day), in Kuwait. J. Fish Dis. 2002, 25, 505–513. [Google Scholar] [CrossRef]

	



Duremdez, R.; Al-Marzouk, A.; Qasem, J.A.; Al-Harbi, A.; Gharabally, H. Isolation of Streptococcus agalactiae from cultured silver pomfret, Pampus argenteus (Euphrasen), in Kuwait. J. Fish Dis. 2004, 27, 307–310. [Google Scholar] [CrossRef] [PubMed]

	



Hernández, E.; Figueroa, J.; Iregui, C. Streptococcosis on a red tilapia, Oreochromis sp., farm: A case study. J. Fish Dis. 2009, 32, 247–252. [Google Scholar] [CrossRef]

	



Zamri-Saad, M.; Amal, M.N.; Siti-Zahrah, A. Pathological changes in red tilapias (Oreochromis spp.) naturally infected by Streptococcus agalactiae. J. Comp. Pathol. 2010, 143, 227–229. [Google Scholar] [CrossRef]

	



Delannoy, C.M.; Crumlish, M.; Fontaine, M.C.; Pollock, J.; Foster, G.; Dagleish, M.P.; Turnbull, J.F.; Zadoks, R.N. Human Streptococcus agalactiae strains in aquatic mammals and fish. BMC Microbiol. 2013, 13, 41. [Google Scholar] [CrossRef]

	



FAO. The State of World Fisheries and Aquaculture 2020: Sustainability in Action; Food and Agriculture Organization of the United Nations: Rome, Italy, 2020. [Google Scholar]

	



Jones, N.; Bohnsack, J.F.; Takahashi, S.; Oliver, K.A.; Chan, M.S.; Kunst, F.; Glaser, P.; Rusniok, C.; Crook, D.W.; Harding, R.M.; et al. Multilocus sequence typing system for group B Streptococcus. J. Clin. Microbiol. 2003, 41, 2530–2536. [Google Scholar] [CrossRef]

	



Tiruvayipati, S.; Tang, W.Y.; Barkham, T.M.S.; Chen, S.L. GBS-SBG—GBS Serotyping by genome sequencing. Microb. Genom. 2021, 7, 2021–2106. [Google Scholar] [CrossRef]

	



Kong, F.; Gowan, S.; Martin, D.; James, G.; Gilbert, G.L. Serotype identification of group B streptococci by PCR and sequencing. J. Clin. Microbiol. 2002, 40, 216–226. [Google Scholar] [CrossRef]

	



Barony, G.M.; Tavares, G.C.; Pereira, F.L.; Carvalho, A.F.; Dorella, F.A.; Leal, C.A.G.; Figueiredo, H.C.P. Large-scale genomic analyses reveal the population structure and evolutionary trends of Streptococcus agalactiae strains in Brazilian fish farms. Sci. Rep. 2017, 7, 13538. [Google Scholar] [CrossRef] [PubMed]

	



Kawasaki, M.; Delamare-Deboutteville, J.; Bowater, R.O.; Walker, M.J.; Beatson, S.; Zakour, N.L.B.; Barnes, A.C. Microevolution of Streptococcus agalactiae ST-261 from Australia indicates dissemination via imported tilapia and ongoing adaptation to marine hosts or environment. Appl. Environ. Microbiol. 2018, 84, e00859–e00918. [Google Scholar] [CrossRef] [PubMed]

	



Evans, J.J.; Bohnsack, J.F.; Klesius, P.H.; Whiting, A.A.; Garcia, J.C.; Shoemaker, C.A.; Takahashi, S. Phylogenetic relationships among Streptococcus agalactiae isolated from piscine, dolphin, bovine and human sources: A dolphin and piscine lineage associated with a fish epidemic in Kuwait is also associated with human neonatal infections in Japan. J. Med. Microbiol. 2008, 57 Pt 11, 1369–1376. [Google Scholar] [CrossRef] [PubMed]

	



Leal, C.A.G.; Queiroz, G.A.; Pereira, F.L.; Tavares, G.C.; Figueiredo, H.C.P. Streptococcus agalactiae Sequence Type 283 in farmed fish, Brazil. Emerg. Infect. Dis. 2019, 25, 776–779. [Google Scholar] [CrossRef]

	



Rosinski-Chupin, I.; Sauvage, E.; Mairey, B.; Mangenot, S.; Ma, L.; Da Cunha, V.; Rusniok, C.; Bouchier, C.; Barbe, V.; Glaser, P. Reductive evolution in Streptococcus agalactiae and the emergence of a host adapted lineage. BMC Genom. 2013, 14, 252. [Google Scholar] [CrossRef]

	



Evans, J.J.; Klesius, P.H.; Pasnik, D.J.; Bohnsack, J.F. Human Streptococcus agalactiae isolate in Nile tilapia (Oreochromis niloticus). Emerg. Infect. Dis. 2009, 15, 774–776. [Google Scholar] [CrossRef]

	



Aiewsakun, P.; Ruangchai, W.; Thawornwattana, Y.; Jaemsai, B.; Mahasirimongkol, S.; Homkaew, A.; Suksomchit, P.; Dubbs, P.; Palittapongarnpim, P. Genomic epidemiology of Streptococcus agalactiae ST283 in Southeast Asia. Sci. Rep. 2022, 12, 4185. [Google Scholar] [CrossRef]

	



Kayansamruaj, P.; Pirarat, N.; Kondo, H.; Hirono, I.; Rodkhum, C. Genomic comparison between pathogenic Streptococcus agalactiae isolated from Nile tilapia in Thailand and fish-derived ST7 strains. Infect. Genet. Evol. 2015, 36, 307–314. [Google Scholar] [CrossRef]

	



Tint, K.K.; Ngin, K.; Sapari, A.; Souliphone, K.; Suwannapoom, S.; Viron, J.G.; Thanh, V.T.P.; Chumchuen, S.V. Fish trade practices: Southeast Asian perspective. In Fish for the People; Southeast Asian Fisheries Development Center: Bangkok, Thailand, 2020; Volume 18, pp. 9–20. [Google Scholar]

	



FAO. Risk Profile—Group B Streptococcus (GBS)/Streptococcus Agalactiae Sequence Type (ST) 283 in Freshwater Fish; FAO: Bangkok, Thailand, 2021. [Google Scholar]

	



Palang, I.; Hirono, I.; Senapin, S.; Sirimanapong, W.; Withyachumnarnkul, B.; Vanichviriyakit, R. Cytotoxicity of Streptococcus agalactiae secretory protein on tilapia cultured cells. J. Fish Dis. 2020, 43, 1229–1236. [Google Scholar] [CrossRef]

	



Wood, D.E.; Lu, J.; Langmead, B. Improved metagenomic analysis with Kraken 2. Genome Biol. 2019, 20, 257. [Google Scholar] [CrossRef]

	



Inouye, M.; Dashnow, H.; Raven, L.A.; Schultz, M.B.; Pope, B.J.; Tomita, T.; Zobel, J.; Holt, K.E. SRST2: Rapid genomic surveillance for public health and hospital microbiology labs. Genome Med. 2014, 6, 90. [Google Scholar] [CrossRef] [PubMed]

	



Jolley, K.A.; Bray, J.E.; Maiden, M.C.J. Open-access bacterial population genomics: BIGSdb software, the PubMLST.org website and their applications. Wellcome Open Res. 2018, 3, 124. [Google Scholar] [CrossRef]

	



Metcalf, B.J.; Chochua, S.; Gertz, R.E., Jr.; Hawkins, P.A.; Ricaldi, J.; Li, Z.; Walker, H.; Tran, T.; Rivers, J.; Mathis, S.; et al. Short-read whole genome sequencing for determination of antimicrobial resistance mechanisms and capsular serotypes of current invasive Streptococcus agalactiae recovered in the USA. Clin. Microbiol. Infect. 2017, 23, 574.e7–574.e14. [Google Scholar] [CrossRef] [PubMed]

	



Sheppard, A.E.; Vaughan, A.; Jones, N.; Turner, P.; Turner, C.; Efstratiou, A.; Patel, D.; Walker, A.S.; Berkley, J.A.; Crook, D.W.; et al. Capsular typing method for Streptococcus agalactiae using whole-genome sequence data. J. Clin. Microbiol. 2016, 54, 1388–1390. [Google Scholar] [CrossRef] [PubMed]

	



Crestani, C.; Forde, T.L.; Zadoks, R.N. Development and application of a prophage integrase typing scheme for Group B Streptococcus. Front. Microbiol. 2020, 11, 1993. [Google Scholar] [CrossRef] [PubMed]

	



Tonkin-Hill, G.; MacAlasdair, N.; Ruis, C.; Weimann, A.; Horesh, G.; Lees, J.A.; Gladstone, R.A.; Lo, S.; Beaudoin, C.; Floto, R.A.; et al. Producing polished prokaryotic pangenomes with the Panaroo pipeline. Genome Biol. 2020, 21, 180. [Google Scholar] [CrossRef]

	



Nguyen, L.T.; Schmidt, H.A.; von Haeseler, A.; Minh, B.Q. IQ-TREE: A fast and effective stochastic algorithm for estimating maximum-likelihood phylogenies. Mol. Biol. Evol. 2015, 32, 268–274. [Google Scholar] [CrossRef]

	



Dance, D.; Zadoks, R.N.; Luangraj, M.; Simpson, A.; Chen, S.L.; Barkham, T. Community-acquired Group B streptococcal meningitis in adults. J. Infect. 2020, 81, 147–178. [Google Scholar] [CrossRef]

	



Paveenkittiporn, W.; Ungcharoen, R.; Kerdsin, A. Streptococcus agalactiae infections and clinical relevance in adults, Thailand. Diagn. Microbiol. Infect. Dis. 2020, 97, 115005. [Google Scholar] [CrossRef]

	



Vasikasin, V.; Changpradub, D. Clinical manifestations and prognostic factors for Streptococcus agalactiae bacteremia among nonpregnant adults in Thailand. J. Infect. Chemother. 2021, 27, 967–971. [Google Scholar] [CrossRef]

	



Sørensen, U.B.; Poulsen, K.; Ghezzo, C.; Margarit, I.; Kilian, M. Emergence and global dissemination of host-specific Streptococcus agalactiae clones. MBio 2010, 1, e00178–e00210. [Google Scholar] [CrossRef] [PubMed]

	



Jensen, A.; Berg, B. Wastewater and aquatic biotopes are potential reservoirs of group B streptococci. Dan. Vet. J. 1982, 65, 197–200. [Google Scholar]

	



Kayansamruaj, P.; Soontara, C.; Unajak, S.; Dong, H.T.; Rodkhum, C.; Kondo, H.; Hirono, I.; Areechon, N. Comparative genomics inferred two distinct populations of piscine pathogenic Streptococcus agalactiae, serotype Ia ST7 and serotype III ST283, in Thailand and Vietnam. Genomics 2019, 111, 1657–1667. [Google Scholar] [CrossRef] [PubMed]

	



Jafar, Q.A.; Sameer, A.Z.; Salwa, A.M.; Samee, A.A.; Ahmed, A.M.; Al-Sharifi, F. Molecular investigation of Streptococcus agalactiae isolates from environmental samples and fish specimens during a massive fish kill in Kuwait Bay. Pak. J. Biol. Sci. 2008, 11, 2500–2504. [Google Scholar]

	



Niu, G.; Khattiya, R.; Zhang, T.; Boonyayatra, S.; Wongsathein, D. Phenotypic and genotypic characterization of Streptococcus spp. isolated from tilapia (Oreochromis spp.) cultured in river-based cage and earthen ponds in Northern Thailand. J. Fish Dis. 2020, 43, 391–398. [Google Scholar] [CrossRef]

	



Verner-Jeffreys, D.W.; Wallis, T.J.; Cejas, I.C.; Ryder, D.; Haydon, D.J.; Domazoro, J.F.; Dontwi, J.; Field, T.R.; Adjei-Boteng, D.; Wood, G.; et al. Streptococcus agalactiae Multilocus sequence type 261 is associated with mortalities in the emerging Ghanaian tilapia industry. J. Fish Dis. 2018, 41, 175–179. [Google Scholar] [CrossRef]

	



Li, C.; Sapugahawatte, D.N.; Yang, Y.; Wong, K.T.; Lo, N.W.S.; Ip, M. Multidrug-resistant Streptococcus agalactiae strains found in human and fish with high penicillin and cefotaxime non-susceptibilities. Microorganisms 2020, 8, 1055. [Google Scholar] [CrossRef]

	



Chu, C.; Huang, P.Y.; Chen, H.M.; Wang, Y.H.; Tsai, I.A.; Lu, C.C.; Chen, C.C. Genetic and pathogenic difference between Streptococcus agalactiae serotype Ia fish and human isolates. BMC Microbiol. 2016, 16, 175. [Google Scholar] [CrossRef]

	



Pu, W.; Wang, Y.; Yang, N.; Guo, G.; Li, H.; Li, Q.; Rehman, N.U.; Zheng, L.; Wang, P.; Han, S.; et al. Investigation of Streptococcus agalactiae using pcsB-based LAMP in milk, tilapia and vaginal swabs in Haikou, China. J. Appl. Microbiol. 2020, 128, 784–793. [Google Scholar] [CrossRef]

	



Legario, F.S.; Choresca, C.H., Jr.; Turnbull, J.F.; Crumlish, M. Isolation and molecular characterization of streptococcal species recovered from clinical infections in farmed Nile tilapia (Oreochromis niloticus) in the Philippines. J. Fish Dis. 2020, 43, 1431–1442. [Google Scholar] [CrossRef]

	



Richards, V.P.; Velsko, I.M.; Alam, T.; Zadoks, R.N.; Manning, S.D.; Bitar, P.D.P.; Hasler, H.B.; Crestani, C.; Springer, G.; Probert, B.; et al. Population gene introgression and high genome plasticity for the zoonotic pathogen Streptococcus agalactiae. Mol. Biol. Evol. 2019, 36, 2572–2590. [Google Scholar] [CrossRef] [PubMed]

	



Schar, D.; Klein, E.Y.; Laxminarayan, R.; Gilbert, M.; Van Boeckel, T.P. Global trends in antimicrobial use in aquaculture. Sci. Rep. 2020, 10, 21878. [Google Scholar] [CrossRef] [PubMed]

	



Schar, D.; Zhao, C.; Wang, Y.; Larsson, D.G.J.; Gilbert, M.; Van Boeckel, T.P. Twenty-year trends in antimicrobial resistance from aquaculture and fisheries in Asia. Nat. Commun. 2021, 12, 5384. [Google Scholar] [CrossRef] [PubMed]








[image: Pathogens 12 00525 g001 550] 





Figure 1. Geographic distribution of clonal complexes of Group B Streptococcus (Streptococcus agalactiae) isolates from farmed aquatic species in Thailand (left) and Vietnam (right). Dark lines indicate major waterways, white lines indicate country borders. 
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Figure 2. Maximum likelihood phylogenetic tree based on a core genome alignment of 78 Group B Streptococcus (Streptococcus agalactiae) isolates from aquatic species collected in Thailand (2007 to 2019) and Vietnam (2018 and 2019). Leaf colour indicates clonal complex (CC; pink = CC7; cyan = CC283; green = CC552). Strips indicate country of origin, capsular type derived from genomic sequence data, and other genetic features of interest. Tree was rooted at the midpoint. 
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