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Abstract

:

Methicillin-resistant Staphylococcus aureus (MRSA) is a successful pathogen that has achieved global dissemination, with high prevalence rates in Southeast Asia. A huge diversity of clones has been reported in this region, with MRSA ST239 being the most successful lineage. Nonetheless, description of MRSA genotypes circulating in the Southeast Asia region has, until now, remained poorly compiled. In this review, we aim to provide a better understanding of the molecular epidemiology and distribution of MRSA clones in 11 Southeast Asian countries: Singapore, Malaysia, Thailand, Vietnam, Cambodia, Lao People’s Democratic Republic (PDR), Myanmar, Philippines, Indonesia, Brunei Darussalam, and Timor-Leste. Notably, while archaic multidrug-resistant hospital-associated (HA) MRSAs, such as the ST239-III and ST241-III, were prominent in the region during earlier observations, these were then largely replaced by the more antibiotic-susceptible community-acquired (CA) MRSAs, such as ST22-IV and PVL-positive ST30-IV, in recent years after the turn of the century. Nonetheless, reports of livestock-associated (LA) MRSAs remain few in the region.
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1. Introduction


The Southeast Asia region, consisting of 11 countries (Singapore, Malaysia, Thailand, Vietnam, Cambodia, Lao PDR, Myanmar, Philippines, Indonesia, Brunei Darussalam, and Timor-Leste) is well-known for its pristine beaches and tropical forests. Nevertheless, many cities in the region are densely populated areas that facilitate the spread of multidrug-resistant pathogens [1,2], such as methicillin-resistant Staphylococcus aureus (MRSA). MRSA is currently listed as one of the top pathogens in the region, and it is responsible for more than 100,000 deaths, contributing to the global antimicrobial resistance burden [3].



Since acquiring methicillin resistance, MRSAs have expanded widely across the globe in many hospitals, causing a variety of nosocomial infections, such as pneumonia, bacteraemia, and surgical-site infections via the carriage of virulence factors [4]. The pathogen carries SCCmec, a cassette of genes that encodes the methicillin-resistance conferring mecA gene and cassette chromosome recombinases (ccr). Different combinations of mec and ccr types in MRSAs give rise to the SCCmec genotype, where 13 distinct types of SCCmec elements (type I to XIII) have been described to date in global MRSAs [5]. This pathogen is also commonly characterized using the multi-locus sequence type (MLST) scheme, where lineages of MRSAs are categorised into sequence types (STs) based upon sequences in seven S. aureus housekeeping genes [6]. STs that share at least five out of seven alleles are further grouped into clonal complexes (CC) [7].



MRSA clones were first described in hospital patients and nosocomial in aetiology. These are now designated as “hospital-acquired” MRSAs (HA-MRSAs), where global HA-MRSA clones include CC5-SCCmecII (USA100), CC5-SCCmecIV (USA800), CC8-SCCmecIV (USA500), CC22-SCCmecIV (EMRSA-15), CC30-SCCmecII (EMRSA-16), CC45-SCCmecIV, and ST239-SCCmecIII [8] harboring SCCmec elements of types I, II, or III [5]. In the 1980s, reports of MRSA infections in the community (community-acquired MRSAs, CA-MRSAs) among healthy people and from patients within 48 to 72 h of hospital admission (with no medical history of MRSA infection or colonization and hospitalization) [9] began to surface [10]. Interestingly, CA-MRSA clones are mostly genotypically different from HA-MRSAs, where dominant clones include ST8-IV (USA300), ST1-IV (WA-1, USA400), ST30-IV (South West Pacific clone), ST59-V (Taiwan clone), and ST80-IV (European clone) [11]. Early CA-MRSA clones were also reported to carry the Panton–Valentine leukocidin (PVL) genes (lukS-PV and lukF-PV), though they were later found not to be characteristic of all CA-MRSAs [12,13]. More recently, MRSAs isolated from livestock (livestock-associated MRSA, LA-MRSA) with potential dissemination in humans have been reported [14], where prominent LA-MRSAs are mostly CC398 (including ST398, ST752, or ST753) [15].



Successful MRSA lineages have achieved global dissemination, where Asia records one of the highest prevalence in the world [16]. In countries such as Singapore, Malaysia, Philippines and Thailand, national-level antimicrobial resistance surveillance programs have been implemented to track the resistance trend of MRSA [17]. By contrast, diagnostic and antibiotic-susceptibility testing capacities in diagnostic laboratories remain limited in countries, such as Myanmar, Laos and Cambodia [18,19]. As there is no standardized surveillance protocol in Southeast Asia, it is difficult to determine the epidemiology of MRSA isolates in the region [19,20].



This review compiles results from MRSA epidemiological studies carried out in diagnostic laboratories and research institutes in Southeast Asian countries since the 1970s to provide a better understanding of the dissemination of MRSA clones in this region, together with their antibiotic resistance profile, antibiotic resistance gene determinants, and virulence factors. Overall, prevalence rates of MRSA differ widely throughout regions and countries. A list of historical and current MRSA clones circulating in Southeast Asian countries is shown in Table 1. The prevalence of MRSA infections in Southeast Asia ranged between 20% and 30% [20], and ST239-SCCmec III has been frequently reported as the predominant lineage circulating in many countries in this region.




2. Molecular Epidemiology and Distribution MRSA Clones


2.1. Singapore


The first MRSA strains in Singapore were reported in the 1970s [21]. Nevertheless, molecular profiling of MRSAs in Singapore only began later in the mid-1980s where the dominant MRSA population was identified as ST239-III, the oldest pandemic MRSA clone well-known with its multidrug-resistant profile [22,23]. Analysis of MRSA historical isolates from the 1980s and 1990s from Singapore General Hospital (SGH) demonstrated evidence of ST239 predominance [24,25], and in 2003, the first ST22-IV clone was discovered, where the ST22-IV clone was highly susceptible to several non–beta-lactam antibiotics compared to ST239-III. Only 33.5% were identified as ST22-IV [26], and the subsequent surveillance data revealed an increasing prevalence of ST22-IV ranging between 25% to 66.1%. This clone would later successfully establish itself in most Singaporean hospitals [25,27]. Later, genome sequencing of a large number of MRSAs from three general hospitals (SGH, Tan Tock Seng Hospital, and Changi General Hospital) isolated between 2000 to 2010 demonstrated that ST239 MRSA was often transferred within the healthcare setting and was introduced multiple times into the hospitals [25]. Later in 2013, a high proportion of ST22 MRSAs were found to exhibit high levels of mupirocin resistance, an antibiotic exclusively introduced in 1996 for MRSA decolonization [28]. In addition to the gradual replacement of ST239 with ST22, another major global MRSA lineage, ST45, was also soon found to be overtaking ST239 in prevalence [28], though the true dynamics of the ST45 spread could not be established yet. ST45 lineage is widely distributed throughout Africa, Australia, Asia, Europe, and North America [29].



Early reports of community-associated MRSA (CA-MRSA) in Singapore showed that these strains were only found sporadically. A study of MRSA isolates from SGH that fit the criteria for possible CA-MRSA, conducted from January 2001 to April 2004, revealed the presence of international CA-MRSA clones, such as the European clone (ST80-IV), Southwest Pacific clone (ST30-IV), Taiwanese clone (ST59-V), and a few other CA-MRSAs that harbored SCCmec type V (ST1-V and ST524-V) [30]. Following this, SGH and a few other public hospitals have conducted continuous surveillance to monitor CA-MRSA infection rates, where another six PVL-positive CA-MRSA cases were discovered between April and October 2004: four of the isolates were ST30 and the rest were ST59 [31]. CA-MRSA clones were suggested to be gradually establishing themselves in Singapore, and it was predicted that this successful CA-MRSA clone (ST30-IV) might become the dominant CA-MRSA clone in Singapore. This prediction was proven in another study conducted from May 2004 to June 2005 involving 37 CA-MRSA isolates of five different hospitals, where ST30-SCCmec type IVc was identified as the predominant clone [32].



Subsequently, the first CA-MRSA outbreak was reported in Singapore in 2010. An outbreak of 27 skin and soft tissue infections in an international school of 3800 students was involved where 8 out of 27 cases were due to ST8 [33]. Most cases presented with identical patterns of resistance to ciprofloxacin and erythromycin, where the isolates were resistant to no more than three types of antibiotics. ST8 (USA300) has been linked to outbreaks among sports teams, prisoners, military personnel, and childcare centers in many regions of the world [34]. Most of the students involved in the cases travelled to the US during their summer break and might have carried the CA-MRSA strain back to Singapore when they returned [13].



By contrast, the presence of LA-MRSA lineage ST398 SCCmec type V has also been documented in Singapore [35]. These ST398 were isolated from pigs and displayed resistance to ciprofloxacin, clindamycin, and tetracycline. The clone possessed the γ-haemolysin toxin gene. Interestingly, the predominant clone circulating in Singapore at the same period (ST22-IV) was also discovered in a pig imported from Indonesia (for research) and its attending scientist [35].




2.2. Malaysia


MRSA has been isolated in Malaysia since the mid-1970s [36]. The earliest known study of MRSA in Malaysia dates back to 1984 at the special care nursery of Kuala Lumpur Maternity Hospital, where 53 out of 858 babies were found to be colonized or infected by multidrug-resistant MRSA [37]. Later, in 1990, the prevalence of MRSA seemed to be growing steadily not only in nursery and pediatric wards but also in the orthopedics, surgical, and urology wards [36]. It is very difficult to uncover the dominant MRSA population before the 2000s as no molecular information has been published about these isolates.



The following decade, a significant number of studies began investigating the molecular profiles of Malaysian MRSAs isolated from the Klang Valley (central region in Peninsular Malaysia with the densest population) and identified ST239-III predominance in the country [38,39,40]. In 2006, Neela et al. reported ST239-III or IIIa with spa t037 as the most dominant clone circulating at one public hospital in the Klang Valley [41]. The same team continued to investigate MRSA epidemiology in one of Malaysia’s largest public hospitals (Hospital Kuala Lumpur) in late 2007, where the majority of the MRSA isolates also belonged to one MRSA clone, supporting the evidence of ST239 predominance [40]. ST239 MRSA demonstrated a high resistance to beta-lactam antibiotics and was very persistent within hospital settings, where Lim et al. reported it as the dominant clone in two different studies conducted in 2003 and 2008. [38].



During the same period, the presence of a few PVL-positive CA-MRSA clones, such as ST30-IV, ST1-V and ST188-V, were identified [40,42]. A few recent studies also reported CA-MRSA clones harboring SCCmec type V and the PVL gene; however, due to the limited number of studies, the true prevalence of this clone remains concealed. While ST239-III continued its dominance in the country, around 2010 the growing proportion of ST22-IV (EMRSA-15) in Malaysian hospitals hinted that the MRSA epidemiology in Malaysia might be changing, just like neighboring Singapore. This highly transmissible HA-MRSA clone was first reported in the country by Lim et al. in 2007, and subsequent studies over the next few years continued to report its prevalence in Malaysian hospitals [38,42,43,44]. It was observed that these SCCmec type IV clones consistently exhibited high resistance toward ciprofloxacin and susceptibility to four or more non–beta-lactam antibiotics [38]. Interestingly, Ghaznavi-Rad et al. reported that the ST22 carried higher superantigenic enterotoxin genes (seg, sei, sem, sen, seo), whereas ST239-III mostly harbored only sea [40]. Indeed, a recent report from 2016 to 2017 of MRSAs isolated from Kelantan, a state located at the north of Peninsular Malaysia just across the border from Thailand, revealed that majority of MRSA isolates were ST22 (68.2%), followed by ST239 (29.5%) [45]. Another molecular surveillance in a teaching hospital, Hospital Canselor Tuanku Muhriz (HCTM), conducted in 2017, reported clonal replacement of the previous dominant MRSA clone of SCCmec type III-SCCmercury (these clones were also found to carry sea+cna) with SCCmec type IV (which carried seg + sei) after an eight-year interval from the first molecular surveillance carried out in the hospital in 2009 [44,46]. This clonal replacement phenomenon has been observed in many countries, such as Singapore, the United States, and Germany [25,47,48]. Characterization of MRSA bacteraemia in another hospital located in the Klang Valley in 2011 to 2013, revealed diversity of SCCmec type IV MRSA clones of various STs (ST1, ST5, ST6, ST22, and ST1137), with resistance toward erythromycin, ciprofloxacin, clindamycin, and gentamicin. [43,49]. At that point, it seemed that most of the MRSAs circulating in Malaysia were SCCmec type IV.



Meanwhile, the prevalence of MRSA in livestock (pigs and poultry) and their handlers were reportedly low in the country [50,51,52]. Neela et al. identified the presence of multi-resistant ST9 and ST1 among pigs and pig handlers instead of the traditional LA-MRSA clone, ST398 [50]. Both STs carried SCCmec type V, bearing enterotoxin genes (seg, seb, see), fibronectin-binding protein (fnb) and collagen (cna; present only in ST1). A recent report on LA-MRSAs isolated from dairy cattle in Kelantan, a state located at the Thai-Malaysian border, reported a 17.89% prevalence and presence of mecC in bovine milk and cattle nasal swabs [52].




2.3. Thailand


The presence of MRSA in Thailand was recorded as early as 1988 from four patients from Siriraj hospital in central Thailand [53]. A year later, another MRSA case was also discovered from surgical wound infections in the gynaecology ward at another hospital in the same region [54]. From 1990 to 1991, an outbreak of MRSA occurred in the burn unit of Siriraj hospital, leading to a temporary ward closure due to difficulties in eradicating the outbreak [55]. According to the available literature, no further studies have been conducted to identify the MRSA clones that circulated the country in the 1990s except for a multinational surveillance by Chongtrakool et al., where a collection of MRSAs from 1998 to 1999 from central Thailand revealed the dominance of MRSA ST239 with SCCmec type III [22]. MRSA ST239 was still the prevailing clone in central Thailand five years later, as shown by surveillance conducted between 2004 to 2006, which also reported a HA-MRSA rate of 57% (180/316) with resistance to at least five types of antibiotics [22,56]. Aside from ST239-III, the presence of another pandemic MRSA lineage, ST5-II (New York /Japan clone) was also detected from early Srinagarind Hospital MRSAs between 2002 and 2003 [57,58]. Following this period, the majority of the Thai MRSA studies continued to document the predominance of ST239-III in Thailand, especially in MRSA isolates from hospitals located in the north eastern region, such as Srinagarind Hospital and Sappasithiprasong Hospital [57,59,60,61].



The first characterization of MRSA isolates in Thailand using whole genome sequencing (WGS) came from a prospective MRSA carriage study conducted in 2008 over 3 months in two intensive care units in the same hospital, which revealed a diverse MRSA ST239 population within the Asian clade [61]. The second WGS study of MRSA isolates recovered from the Thammasat University Hospital in central Thailand from 2012 to 2015 revealed the prevalence of ST764-II [62]. Interestingly, this ST belongs to the global ST5 lineage and was frequently found circulating mainly in Japan [63].



While ST239-III continued to dominate in certain Thai regions in 2015–2016 [64], SCCmec type IV was first noted in this same period from Hua Hin Hospital, a general hospital in western Thailand. Santimaleeworagun et al. reported this strain to be the first CA-MRSA of rare MRSA lineage ST2885, isolated from hospitalized patients, and without the PVL gene [65]. This clone was resistant to beta-lactam antibiotics but susceptible to tetracyclines, clindamycin, and trimethoprim-sulfamethoxazole, making it similar to typical CA-MRSA clones in an antibiogram profile. The prevalence of CA-MRSA cases in Thailand seemed to be low. Among 186 MRSAs isolated from Siriraj Hospital in 2005, only three isolates were identified as suspected cases of CA-MRSA infection [66]. These strains were isolated in two patients within 72 h of hospitalization; however, molecular characteristics of these isolates were not fully investigated. From 2004 to 2006, Song et al. reported a low CA-MRSA incidence of 2.5% (3/122), where MLST typing revealed these isolates to be the multidrug-resistant ST239-III [56]. Characterization of MRSA from the outpatients of Srinagarind Hospital in the same year also reported CA-MRSAs of ST239-III and ST9-IX [59]. SCCmec type IX was identified previously in an LA-MRSA clone, ST398 from a Thai participant at the 19th International Pig Veterinary Conference in Denmark [67]. ST398 MRSAs were also reported in later years from 2015 to 2017 among workers in the swine industry, where a majority of the isolates were multidrug-resistant and harbored resistant genes that are commonly found in a LA-MRSA clone (chloramphenicol–florfenicol resistance gene; cfr) [68]. By contrast, in most Asian countries, ST9 has been linked with the incidence of LA-MRSA in pigs, cattle, and poultry but not in humans [69]. This particular clone from northern Thailand, however, was isolated from a young boy with chronic impetigo with no hospitalization history. The clone was then reported again in 2019, isolated from a 49-year-old man with bacteraemia pneumonia in the same region. The MRSA carried multiple antibiotic resistance genes, including mecA, blaZ, aac(69)-aph(2″), aadD, ant(6)-Ia, lsa(E), dfrG, tet(M), fexA, and lnu (B) [59,70]. Indeed, several recent studies revealed the prevalence of ST9-IX among individuals working in pig farms [71,72], signalling the importance of the clone as the new CA-MRSA emerging in the Thai swine industry community.



A few MRSA studies conducted between 2012 to 2017 observed a low MRSA prevalence in central Thailand [73,74]. Due to limited studies, it remains to be determined if Thai MRSA prevalence has been declining or whether the dominant ST239-III clone has been supplanted by another emerging clone as observed in many other countries. The dominant MRSA genotype circulating in Thailand after 2016 remains to be determined.




2.4. Vietnam


Profiling studies of MRSAs in Vietnam revealed varied profiles of the bacteria according to different geographical regions: southern, central, and northern, with the majority of studies conducted in the southern and northern regions [75]. Early genotyping data on representative MRSAs from Ho Chi Minh City (southern region) between 1998 and 2003 uncovered the prevalence of ST239-III as well as the presence of ST241-III and ST346-II clones [22,23]. Both ST239-III and ST241-III clones exhibited resistance to approximately seven or eight antibiotics. Between 2004 to 2006, the MRSA isolation rate in Vietnam was significantly higher compared to other Asian countries [56]. This study reported ST239-III and ST59-IV as the predominant MRSA clones circulating in Vietnam. ST59, known as the Taiwan clone, is one of the early epidemic CA-MRSAs that emerged in 1974 in the country [76]. In May 2006, the dominant ST59 CA-MRSA clone (SCCmec type V) caused an outbreak of severe skin infections in nine healthy children in Ho Chi Minh City where the clone was discovered to have been transmitted by an asymptomatic healthcare worker during routine vaccination [77]. This ST59 clone harbored several virulence factors (PV-luk, seg, seb, hla, cap8) but was not multidrug resistant. It was also one of the prevalent CA-MRSA clones circulating among pediatric populations in China and Taiwan in the same period [78,79].



SCCmec typing of the MRSA isolates from four tertiary hospitals in the southern region, (Cho Ray Hospital, Gia Dinh People’s Hospital, 175 Military Hospital, and the Thong Nhat Hospital) isolated between 2008 and 2010 belonged to SCCmec type III [80]. Among the HA-MRSA isolates, only 13% were SCCmec type IV and V. In contrast, later studies conducted between 2011 to 2014 among pediatric patients in another hospital from southern Vietnam reported the low frequency of SCCmec type III and the prominence of MRSAs with SCCmec type IV, with the presence of ST45-IV, ST88-IV, and ST2808-IV clones that were multidrug-resistant with reduced susceptibilities to ciprofloxacin, erythromycin, gentamicin, and tetracycline [81]. The significant prevalence of SCCmec type IV was further supported by a study conducted in 175 General Hospital between 2013 and 2014 [75]. Meanwhile, approximately 29.8% of population in northern Vietnam carry nasal S. aureus, with a MRSA prevalence of 7.9% (80/1016) [82]. An investigation of the population structure of both carriage and invasive strains from the same region over the same study period revealed the prevalence of PVL-positive CC59 and other clonal complexes without the PVL genes, such as CC45 and CC188 [83]. These data further strengthened the evidence of ST59 predominance in this country. Between 2011 to 2014, a study reported that the predominance of a new clone, ST5 with SCCmec type II, circulating in the northern hospitals among pediatric patients [81]. This clone was resistant to gentamycin, ciprofloxacin, tetracycline, meropenem, and cephalosporins and habored mecA, aacA/aphD, ermA/B/C, and tetK/M. Of note, ST5-II or the New York/Japan clone is one of the international pandemic MRSA clones that is responsible for a high number of infections [84].



Concurrently (2011 to 2014), Son et al. further investigated MRSA isolated from hospitalized adult patients in three different regions of central, southern, and northern Vietnam [81]. The study revealed that MRSAs in all three regions were dominated by SCCmec type IV followed with type III and II; MLST typing further revealed the presence of ST188-IV/III and ST239-II isolates but not the ST59 clone. A majority of these STs contained genes conferring resistance to antibiotics, such as tetracycline (tetK, tetM), aminoglycosides (aacA/aphD), macrolides, and lincosamide (ermA, ermB, and ermC). Incidentally, the ST188 has been discovered in Singaporean and Malaysian communities earlier on and reported in 2004 and 2008, respectively [31,42]. More recently, Thuy et al. reported high MRSA colonization rates among adult patients in Vietnamese ICUs of 8.6% (72/838, CA-MRSAs) and 16.2% (59/364, HA-MRSAs) [85,86]. This data imply that MRSA may be a growing concern in Vietnam, which needs to be addressed. The high usage of antibiotics and inappropriate antibiotic prescriptions in most Vietnamese hospitals is also particularly worrying [87].




2.5. Cambodia


While most Asian countries reported an increasing prevalence of MRSA in the 2000s, a small surveillance in the Battambang region in 2002 did not report the presence of MRSA [88]. Cambodia has an microbiology laboratory capacity compared to its neighboring countries, Thailand and Vietnam, and has only recently started to expand their facilities [89,90]. Therefore, the true prevalence of MRSA prior the 2010s might be obscured, other than data from studies performed in northwest Cambodia.



Interestingly, most MRSAs studied in Cambodia were isolated from pediatric patients. The first MRSA infection was identified in the Angkor teaching hospital in Siem Reap, located at north western Cambodia in January 2006 [91] during the same period when the hospital diagnostics laboratory was just recently established. The study was extended from January 2006 to December 2007, and 16 additional cases of pediatric MRSA infections were reported from three different regions in northwest Cambodia. In all the above 17 suspected cases of CA-MRSA infections, eleven children had skin and soft tissue infections, while another six had invasive diseases. While genotyping of 15 MRSAs revealed the isolates to be ST834-IV, the remaining two MRSAs were the PVL-positive ST121-V clone, which was more susceptible to tested antibiotics (trimethoprim/sulphamethoxazole, ciprofloxacin, and rifampicin) compared to ST834. These infections appeared to be sporadic and associated with an endemic carriage of the causative strains. For unknown reasons, the ST834 genotype has been reportedly linked to pediatric patients and was rarely identified except in East and Southeast Asia and Australia [92,93]. By contrast, ST121 is a global hypervirulent clone disseminated primarily in Europe and Africa as well as in Asia [94]. Nickerson et al. conducted a one-month study in the following year to investigate the prevalence of MRSA carriage in children from the same hospital [95], which reported a low carriage rate of MRSA in children (3.5%, 93/2630). Similarly, MRSA prevalence among hospitalized children in another study from the same hospital also appeared low throughout a 10-year surveillance on antibiotic-resistant bacteria from 2007 to 2016 [96]. Despite the low MRSA rate, the majority of the isolates also belonged to the multidrug-resistant ST834, demonstrating the dominance of ST834 in Cambodia. The surveillance also revealed emergence of new CA-MRSA clones that had previously been reported in other countries, such as ST188, ST45, ST121, and ST9 [31,42,83].




2.6. Lao People’s Democratic Republic (PDR)


Reports of MRSA infections from Laos have been very few compared to other Southeast Asian countries due to a lack of a diagnostic microbiology and research infrastructure. Indeed, a few studies published in the 2000s reported the absence of MRSA in Laos. A study on community-acquired bacteraemia in hospitalized patients between 2000 and 2004 at the Mahosot Hospital, located in the capital Vientiane City, did not identify MRSA as the causative pathogen [97]. Similarly, another study of bacteraemia from infants from 2000 to 2011 also reported the absence of MRSA [98]. Nevertheless, Phetsouvanh et al. noted that only 11% of Laotians reside in the developed areas of Laos, such as Vientiane City; hence, the findings of these studies may not reflect the true prevalence of MRSA in Laos [97].



MRSA monitoring and mandatory reporting in hospitals has been implemented since 1993, yet surprisingly, no MRSA from patients or healthcare workers were reported until 2001, when the first two MRSA strains of the country were isolated from different hospitals in Vientiane City [99,100]. Since the genotype and phenotype of these strains differed, the isolates most probably originated from different sources. One isolate harbored SCCmec type III with a multidrug-resistant profile, whereas the other carried a new SCCmec type, which has not been designated at the time of isolation (presumably type IV), with a more susceptible antibiotic profile. The following year, another presence of SCCmec type IV with a similar antibiotic profile was reported in the country: three MRSA isolates from one hospital and one isolate from another hospital in the same region [100]. All MRSA isolates carried β-haemolysin and urease virulence genes, while enterotoxin genes (seb + sed or sed only) were found only in SCCmec type IV MRSA. Despite the identification of MRSA strains, documentation of the occurrences was incomplete, making it hard to elucidate the source of the infections. From July 2012 to June 2014, molecular epidemiology studies on S. aureus isolated from skin and soft tissue infections in Mahosot Hospital identified seven MRSA isolates [101]. Genotyping of these isolates revealed the existence of the ST239-III, CC59-V, ST2250-IV, ST2885-V, and CC398-V lineages, i.e., circulating MRSA clones in other countries in Southeast Asia [67,68,83], suggesting regional dissemination across borders. Virulence profiling revealed that ST59/952-V- and CC398-V-encoded PVL genes were linked with the associated patient’s history of abscess. The strains harbored blaZ, ermA, ermB, tetK, and cat. Exfoliative toxin A gene (etA) only was present in ST2885-V together with cap5 and sec, while sea was present in ST239, similar to other ST239s in the region.




2.7. Myanmar


S. aureus is reported to be one of the most frequently isolated healthcare-associated pathogens in Myanmar. Nevertheless, genotyping studies on S. aureus or MRSA remain limited [102]. A recent study from 2017 to 2019 described the predominance of ST772-V among the PVL-positive MRSA clinical isolates isolated from Yangon, the largest city in Myanmar [103]. This CA-MRSA clone, also known as the Bengal Bay clone, first appeared in the Indian subcontinent and has since rapidly spread to different continents, reaching Asia, Australasia, Africa, the Middle East, and Europe since the 1990s [104]. ST239-III MRSA and ST2507-III, a single-locus, were scarcely represented among the clinical isolates. In addition, another two well-known international clones, USA300 (ST8-IV) and EMRSA-15 (ST22-IV), were also present during the two-year study period of 2017–2019. ST772-V and ST22-IV were found to be resistant to approximately 7 to 11 tested antibiotics and harbored more virulence factors compared to other clones. Interestingly, prior to this, only ST239-III and ST5-IV were circulating in the country in 2007 and 2012 [102,105]. The clinical ST239-III isolated between 2007 to 2008 was multidrug-resistant, harboring more resistance genes, blaZ, tetK, tetM, ermA, ermB, aac(6′)–aph(2”), aph(3′)-IIIa, and ant(9)–Ia, compared to ST5-IV, which was isolated from healthy individuals and carried blaZ, tetK, ermC, aph(3′)-IIIa, and ant(6)–Ia [102]. Both STs did not harbor the PVL genes but carried adhesion-associated genes (fibronectin, elastin fibrinogen, biofilm production), leukocidins, and hemolysins genes. Interestingly, the cna gene (collagen-binding adhesin) responsible for necrotizing pneumonia was only present in ST239-III, whereas ST5-IV harbored more staphylococcal enterotoxin genes (seg, sei, sem, sen, seo and seu). Prevalence of isolated MRSAs between 2012 to 2013 was 8%, with the presence of SCCmec IV, ST88, ST6, and ST59 clones. These STs were more antibiotic susceptible, with the presence of virulence genes, such as clfA, eno, fnbA, fnbB, hld, hlg, hlg2, and ebpS-v. Interestingly, ST59-IV MRSA possessed the most resistance genes (blaZ, ermB, aac(60)-Ie-aph(200)-Ia) whereas ST6-IV only carried blaZ; PVL-positive ST88-IV was found to carry blaZ and tetK [105]. Collectively, these reports suggest that the epidemiology of MRSA throughout Myanmar is changing and might be dominated by CA-MRSA clones in the future.



In a follow-up study to investigate the clonal diversity and characteristics of MRSAs among pediatric patients in Yangon Children’s Hospital [106], MRSA prevalence was found to be higher (19.7%) than in 2017 (13.8%). PVL genes were detected in 35.4% of the MRSA isolates, where the majority belonged to ST772-V and ST361-V. Although ST361 is a rare MRSA clone, it has recently expanded steadily in the Arabian Gulf region, demonstrating its ability to disseminate [107]. Meanwhile, most MRSAs that lacked PVL genes belonged to the classic Asian MRSA clone, ST239-III, which was multidrug-resistant. Soe et al. also reported a higher prevalence of MRSA infections from nationwide data collected from different healthcare facilities in Myanmar during the same study period [108].




2.8. Philippines


MRSA is an important nosocomial pathogen in the Philippines. In 1985, only 3 (2.38%) of 126 S. aureus isolates from the Philippine General Hospital (PGH) showed resistance toward oxacillin [109]. MRSA was not considered an important nosocomial pathogen in PGH during the 1980s since the isolation rate was low, but it was later found to be rising to 53% from 1996 to 1998 [110]. From 1999 to 2003, Ontengo et al. collected S. aureus strains from three Manila hospitals and reported a five-year MRSA prevalence ranging from 5.9% to 21.7%, with a decreased susceptibility trend in the bacteria toward non–beta-lactam antibiotics (erythromycin, clindamycin, tetracycline, levofloxacin, and ciprofloxacin) between 1991 to 2001. Nonetheless, interestingly, there was a return to antibiotic susceptibility in the MRSAs isolated in 2002 to 2003 [111]. The number of MRSA cases in hospitals increased steadily throughout the following years, with several subsequent studies reporting rising MRSA prevalence [112,113]. A three-year study (2010 to 2012) in a tertiary hospital in Bacolod City recorded a total of 40.6% (38/94) MRSA isolates from the admitted patients with resistance only to chloramphenicol, tetracycline, and ciprofloxacin [112], and later in 2013, the MRSA prevalence from the clinical isolates in Makati Medical Center was 45.76% (108/236).



Early genotyping of MRSA strains collected between 1998 to 2003 revealed the predominance of ST241-III, a multidrug-resistant clone together with the presence of other MRSA clones, including ST254-IV and ST88-IV [23]. Both ST241-III and ST254-IV belong to the same clonal complex with ST239-III (CC8) while ST88-IV is widely disseminated in the African continent [7,114], Song et al. observed that major MRSA lineages circulating in the Philippines between 2004 and 2006 belonged to MRSA pandemic lineages, ST5-II (New York/ Japan clone) and ST30-IV (South West Pacific clone), both of which displayed distinct antibiotic resistance profiles and PVL gene carriage [52]. A MRSA surveillance at Makati Medical Center in 2013 showed that majority of MRSAs carried SCCmec type IV (96/108) and the PVL genes [23]. Nonetheless, the sequence types of circulating clones at the time of the study was not investigated. During the same year, another study was performed to investigate MRSA nasal carriage among healthcare workers in the pediatrics and surgery departments of the Philippine General Hospital. The prevalence of MRSA nasal carriage was 13%, with the circulating clones identified as ST5, ST30, ST1147, and ST97 [115]. The PVL-positive ST30-IV (South West Pacific clone) is of particular interest as this CA-MRSA clone caused an outbreak in UK neonatal ICUs, where the source was identified to be from a healthcare worker with travel history to Philippines. Notably, there were also a few other reports of travellers contracting CA-MRSA infections after returning from the Philippines [116,117]. Furthermore, ST97 has also been linked to hospital outbreaks and has been commonly found in livestock (LA-MRSA lineage) [118,119,120]. In the country’s first MRSA genomic surveillance conducted on isolates with broad geographic representation, Masim et al. discovered the predominance of clonal complex 30 (CC30) with SCCmec type IV and the PVL genes in MRSAs isolated from 2013–2014 [121]. A huge proportion of these isolates were resistant to penicillin (blaZ, mecA) and oxacillin (mecA), with additional resistance to sulfamethoxazole/trimethoprim (dfrG) or erythromycin (ermC, msrA). Only two isolates of ST30-IV were multidrug resistant with resistance to gentamicin (aacA-aphD), erythromycin (ermC, msrA), clindamycin (ermC), tetracycline (tetM, tetK), ciprofloxacin, levofloxacin (GyrA_S84L, GyrA_G106D, and GrlA_S80F mutations), and chloramphenicol (catA1). Several international epidemic clones, such as CC30-spa-t019-SCCmecIV-PVL+, CC5-SCCmec-typeIV and ST239-spa-t030-SCCmec-typeIII also constituted the MRSA population in the country.




2.9. Indonesia


Similar to many Southeast Asian countries, there is a scarcity of data on MRSA from Indonesia, and molecular profiling has only been performed on a limited basis. Early molecular typing of representative MRSA strains between 1998 to 2003 documented the predominance of multidrug-resistant ST239 with SCCmec type IIIA [23]. Despite the absence of data on MRSA genotypes, multiple studies have indicated that the prevalence of MRSA varied significantly over time across Indonesia’s various geographic areas.



Lestari et al. performed the first nasal carriage screening of S. aureus between 2001 and 2002 in two large cities, Surabaya (Dr. Soetomo Hospital and another two primary health centers) and Semarang (Dr. Kariadi Hospital and one primary health center), where only 2/361 (0.6%) of the S. aureus cases harbored mecA [122]. Similarly, another study during the same period identified only one MRSA out of 329 strains (0.3%, SCCmec type V) [123]. This suggests that MRSA was still not widespread in the Indonesian community in the early 2000s.



From 2007 until 2011, Santosaningsih et al. performed a screening on S. aureus carriage from discharged surgical patients in three different hospitals located in Denpasar (Sanglah Hospital), Malang (Dr. Saiful Anwar Hospital), and Semarang (Dr. Kariadi Hospital) [124], where higher MRSA carriage rates were reported in Semarang (5.9%) and Malang (8%). SCCmec type III (94.4%) was the most prevalent type distributed among the three regions, with a significantly high proportion of ST239-III in Semarang. Compared to the absence of MRSA in Semarang (Dr. Kariadi Hospital) reported by the study conducted from 2001 to 2002 [123], this suggested that ST239-III had become endemic at the study site in less than 10 years.



Clinical S. aureus isolates from the same three hospitals along with Dr. M. Djamil Hospital in Padang were characterized during a similar period (2008–2009), with only 6.6% MRSA [124]. The predominance of SCCmec type III was observed among the clinical isolates, with a subset of genotyped isolates assigned to ST239. Later, in 2011, the first report of MRSA infection in Denpasar (Sanglah Hospital) was published, with eight patients being admitted with severe HA-MRSA infections [125], albeit without genotype information. Most of these MRSA cases showed resistance to beta-lactam antibiotics, but remained susceptible to non–beta-lactam groups. The endemicity of ST239-III continued to spread in Indonesia and was also reported subsequently in Malang (Dr. Saiful Anwar hospital) between 2012 and 2013 [126].



Another intriguing phenomenon was the continuous reporting of high-incidence PVL-positive methicillin-susceptible S. aureus (MSSA) in various Indonesian hospitals that were mostly resistant only to penicillin and tetracycline [124,127,128], which might have been a harbinger of PVL-positive MRSAs in the region. The emergence of CA-MRSA clones was observed through the reports of SCCmec type V in several locations: MRSA ST672-V in Semarang (Dr. Kariadi Hospital) [126] and ST772-V in Malang (Saiful Anwar Hospital) [127]. ST672-V exhibited resistance to fluoroquinolones, gentamicin, tetracycline, and trimethoprim-sulfamethoxazole and does not express any PVL genes unlike ST772-V. Interestingly, the same clones were reported as emerging CA-MRSA clones in Indian hospitals [129].



To determine MRSA prevalence in the community setting, Santosaningsih et al. conducted another study of S. aureus isolated from skin and soft tissue infections (SSTI) in Malang, Surabaya City, and Denpasar City from 2009 to 2010 [130]. Only 8/257 (3.1%) of the isolates were MRSA, where seven isolates were found in Surabaya (all were SCCmec type III with resistance to multiple antibiotics) and only one in Denpasar (SCCmec type IV with susceptibility to all tested non–beta-lactam antibiotics). MLST profiling revealed that the isolates with SCCmec type III were ST239, while SCCmec type IV isolates were ST1 (USA400), another highly virulent CA-MRSA clone [131]. Later, in 2012, a study conducted in two hospitals in another region (Jakarta) reported the presence of three CA-MRSA isolates with SCCmec type II, with resistance to ciprofloxacin, levofloxacin, clindamycin, Fosfomycin, and cotrimoxazole [132].



Following this, Kuntaman et al. discovered that 52 out of 643 (8.1%) patients from surgical and non-surgical wards in Surabaya (Dr Soetomo Hospital) carried MRSA prior to their hospital admission [133]. In contrast, the MRSA carriage rate was lower (0.8%) in surgical patients from Jakarta (Cipto Mangunkusumo Hospital) [134]. Given that Indonesia is a large country, the MRSA prevalence may vary across cities and much remains to be discovered about MRSAs circulating in the country.




2.10. Brunei and Timor-Leste


There are currently no published data about the molecular epidemiology of MRSA in Brunei. An 11-year surveillance study from 2000 to 2010 in RIPAS Hospital reported that the presence of MRSA among nosocomial infections was 6.4% [135]. Another study in 2013 investigated the prevalence of S. aureus and MRSA nasal carriage among young healthy adults [136]. The prevalence of S. aureus nasal carriage was approximately 22%, while MRSA carriage was not identified during the study period.



There are currently no published data on MRSA from Timor-Leste, which gained independence from Indonesian occupation in Mar 2002.
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Table 1. The distribution of MRSA genotypes from 1980 to 2010 in Southeast Asian countries*.
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Country

	
HA/CA MRSA

	
Year of Isolation/ST-SCCmec Type

	
MDR STs

	
Antibiotic-Resistant Gene Profile

	
Antibiotic Resistance

(Phenotype)

	
Virulence Gene Profile

	
Location

	
References




	
1980

	
1990

	
2000

	
2010






	
Singapore

	
NA (1980, 1990, 2000–2010)

	
ST239-III

	
ST239-III

	
ST239-III

	
ST239-III

	
ST239-III

	
ileS-2, aphA-3, aadD, aacA-aphD, tetK, tetM, dfrG, ermA

	
CLI, ERY, TET, GEN CIP, SXT

	
NA

	
Singapore General Hospital,

Tan Tock Seng Hospital,

Changi General Hospital,

	
[25]




	
ST8-I

	

	

	

	
ermA, tetK, aacA-aphD

	
CLI, ERY TET, GEN




	

	

	
ST22-IV

	
ST22-IV

	
ermC, tetK

	
CLI, ERY, TET, CIP




	

	

	
ST45-V

	
ST45-V

	

	
NA




	

	

	
ST78-IV

	

	

	
NA




	

	

	
ST5-II

	

	

	
NA




	
NA

(1998,1999)

	

	
ST239-III

	

	

	
NA

	
NA

	
NA

	
NA

	
National University of Singapore

	
[22]




	
ST614-II




	
ST363-NT




	
NA (1998–2003)

	

	
ST239-III

	
ST239-III

	

	
ST239

	
NA

	
PEN, CIP, CLR, CXM, GEN, AMC, LEV, SXT

	
NA

	
National University of Singapore

	
[23]




	
CA

(2001–2004)

	

	

	
ST80-IV

	

	
NA

	
NA

	
NA

	
PVL + ve

	
Singapore General Hospital

	
[30]




	
ST30-IV

	
PVL + ve, LukD-LukE −ve




	
ST1-V

	
LukD-LukE, seb,seh, γ2-hemolysin




	
ST59-V

	
sek, γ2/β-hemolysin




	
ST524- V

	
egc, γ2-hemolysin




	
HA, CA (2004)

	

	

	
ST571-IV

	

	
ST239-III, ST22-IV, ST5-II

	
NA

	
susceptible to CIP, ERY

	
PVL − ve

	
Singapore General Hospital, Changi General Hospital, KK Women’s and Childrenʼs Hospital

	
[31]




	
ST59-IV

	
PVL + ve




	
ST30-IV

	
PVL + ve




	
ST78-IV

	
PVL − ve




	
ST239-III

	
PVL + ve




	
ST22-IV

	
PVL + ve




	
ST5-II

	
PVL + ve




	
HA

(1997–2004)

	

	
ST239-III

	
ST239-III

	

	
ST239-II

	
NA

	
ERY, CIP, SXT, GEN

	
NA

	
Singapore General Hospital,

National University of Singapore

	
[24]




	
ST5-II

	
ERY, CIP, TET, susceptible CLI, GEN




	
ST22-IV

	
ERY, CIP, susceptible to TET, CLI, GEN




	
HA, CA

-2005

	

	

	
ST239-III

	

	
NA

	
ermA, ermC (ST22)

	
ERY, CIP, CLI, GEN, SXT TET

	
NA

	
5 Singapore public hospital

	
[26]




	
ST22-IV

	
NA

	
CIP, ERY, CLI




	
ST30-IV

	
NA

	
NA




	
ST59-V

	
NA

	
TET




	
ST88-V

	
NA

	
NA




	
CA

(2004–2005)

	

	

	
ST30-IV

	

	
NA

	
NA

	
susceptible to CIP, FA RIF, VAN

	
PVL + ve, egc, γ-hemolysin, lukE

	
Singapore General Hospital and local public hospitals

	
[32]




	
ST8-V

	
susceptible to CIP, FA RIF, VAN

	
PVL + ve




	
ST45-V

	
ERY CLI GEN, susceptible to CIP, FA, RIF, VAN

	
PVL + ve




	
ST59-V

	
ERY, TET, susceptible to CIP, FA, RIF, VAN

	
PVL + ve




	
ST573-V

	
ERY CLI TET, susceptible to CIP, FA, RIF, VAN

	
PVL − ve




	
ST571-IV

	
susceptible to CIP, FA RIF, VAN

	
PVL − ve




	
ST524-V

	
NA

	
PVL + ve




	
ST188-V

	
SXT, TET, susceptible to CIP, FA, RIF, VAN

	
PVL − ve




	
ST80-IV

	
NA

	
PVL + ve




	
ST88-V

	
susceptible to CIP, FA, RIF, VAN

	
PVL + ve




	
ST78-IV

	
ERY, CLI, susceptible to CIP, FA, RIF, VAN

	
PVL − ve




	
ST7-V

	
ERY, CLI, susceptible to CIP, FA, RIF, VAN

	
PVL − ve




	
LA (2005)

	

	

	
ST398-V

	

	
ST398-V

	
NA

	
CIP, CLI, TET, ERY

	
γ-hemolysin

	
Pigs imported from Pulau Bulan, Indonesia, NUS slaughterhouse

	
[35]




	
ST22-IV

	

	

	
ERY, CIP, CLI

	
NA




	
CA (outbreak)

2010

	

	

	

	
ST8-IV

	
NA

	
NA

	
CIP, ERY, CLOX except for one case

	
PVL + ve

	
Singapore International School

	
[33]




	
HA, CA

2013

	

	

	

	
ST22-IV

	
NA

	
ileS-2 (ST22, ST45, ST239, ST772)

	
high-level mupirocin-resistant MRSA (ST239, ST22, ST45)

	
NA

	
7 public sector hospitals

	
[28]




	
ST45-IV/V




	
ST239-III




	
ST5-V




	
ST6-IV




	
ST30-IV




	
ST59-IV




	
ST772-IV




	
ST80-IV




	
ST88-IV




	
ST188-IV




	
ST217-IV




	
ST2718-III




	
HA, CA

-2014

	

	

	

	
ST22

	
NA

	
NA

	
NA

	
NA

	
acute care hospitals, intermediate- and long-term care facilities

	
[27]




	
ST45




	
ST239




	
ST188




	
ST239




	
ST622




	
ST59




	
ST30




	
ST72




	
ST105




	
ST398




	
ST573




	
ST361




	
ST1178




	
Malaysia

	
NA

(2003, 2008)

	

	

	
ST239-III

	

	
ST239-III, ST22-IV, ST772-V

	
NA

	
CIP, CLI, ERY, GEN, SXT, NET

	
NA

	
University Malaya Medical

Centre

	
[38]




	
ST772-V

	
CIP, ERY, GEN, SXT

	
PVL-ve




	
ST22-IV

	
CIP, ERY, CLI, SXT and more non-beta lactam

	
NA




	
ST6-IV

	
susceptible to all agents tested

	
NA




	
ST1178-IV

	
CIP, GEN, SXT

	
NA




	
HA, CA

(2006–2007)

	

	

	
ST239-III/IIIA

	

	
NA

	
NA

	
NA

	
PVL − ve

	
Public hospital Klang Valley

	
[41]




	
ST1-V

	
PVL + ve




	
ST772-V

	
PVL + ve




	
NA

(2006–2008)

	

	

	
ST30-IV

	

	
NA

	
NA

	
susceptible to four or more non-b-lactam antibiotics

	
PVL + ve

	
Institute for Medical Research, KL

(4 major referral hospitals)

	
[42]




	
ST22-IV

	
PVL + ve




	
ST45-IV

	
PVL − ve




	
ST80-IV

	
PVL − ve




	
ST101-IV

	
PVL − ve




	
ST188-IV

	
PVL − ve




	
ST1284-IV

	
PVL − ve




	
ST1285-IV

	
PVL − ve




	
ST1286-IV

	
PVL − ve




	
ST1287 -IV

	
PVL − ve




	
ST1288-IV

	
PVL − ve




	
NA (2007–2008)

	

	

	
ST239-III/IIIA

	

	
NA

	
NA

	
NA

	
PVL + ve (0.7%), sea, icaA/D, cna, fnbA

	
Kuala Lumpur Hospital (HKL)

	
[40]




	
ST1-V

	
PVL+ve, sea, seh, icaA/D, cna, fnbA




	
ST188-V

	
PVL+ve, sea, icaA/D, cna, fnbA




	
ST22-IVh

	
PVL−ve, sec, seg, sei icaA/D, cna, fnbA




	
ST7-V

	
PVL−ve, sea, icaA/D, cna, fnbA




	
ST1283-IIIA

	
PVL−ve, sea, icaA/D, cna, fnbA




	
NA (2008–2010)

	

	

	
ST239-III

	

	
NA

	
NA

	
NA

	
PVL − ve, sea, ica, cna, fnbA, efb

	
Hospital Sultanah Nur Zahirah (HSNZKT)

	
[39]




	
ST772-V

	
PVL − ve, sec, fnbA




	
ST239-II

	
PVL − ve




	
ST30-IV

	
PVL − ve




	
ST1178-IV

	
PVL − ve




	
ST772-V

	
PVL + ve




	
NA (2009)

	

	

	
ST239-III

	

	
NA

	
NA

	
NA

	
NA

	
Hospital Canselor Tuanku Muhriz (HCTM)

	
[44]




	
ST1178-IV




	
LA (2009)

	

	

	
ST9-V

	

	
ST9-V, ST1-V

	
NA

	
ERY, CFX, FOX, CIP, GEN, TET, SXT, CLI, TGC, Q/D

	
PVL − ve, seb, see, seg, fnb

	
Pig farms in Selangor

	
[50]




	
ST1-V

	

	
PVL − ve, seb, see, seg, fnb, cna




	
NA (2011–2012)

	

	

	

	
ST239-III

	
NA

	
NA

	
NA

	
PVL − ve

	
University Malaya Medical

Centre (UMMC)

	
[43]




	
ST22-IV

	
PVL − ve




	
ST6-IV

	
PVL − ve




	
ST5-V

	
PVL − ve




	
ST508- NT

	
NA




	
ST772-V

	
PVL + ve




	
ST1- IV

	
PVL − ve




	
ST1137- IV

	
PVL − ve




	
NA (2013)

	

	

	

	
ST239-III

	
ST239-III

	
NA

	
PEN, FOX, ERY, CIP, CLI, GEN

	
PVL − ve

	
University Malaya Medical (UMMC)

	
[49]




	
ST152-I

	
CMX, PEN, FOX

	
PVL − ve




	
ST6-IV

	
PEN, FOX

	
PVL − ve




	
ST22-IV

	
PEN, FOX, CIP

	
PVL − ve




	
ST30-IV

	
PEN, FOX, CIP

	
PVL − ve




	
ST1179-IV

	
PEN, FOX

	
PVL − ve




	
ST1-V

	
PEN, FOX, ERY, GEN, CLI

	
PVL − ve




	
ST45-V

	
PEN, FOX, ERY, CIP, CLI

	
PVL − ve




	
ST772-V

	
PEN, FOX, ERY, CIP, GEN

	
PVL − ve




	
ST951-V

	
PEN, FOX, ERY, CLI

	
PVL − ve




	
ST5-NT

	
PEN, FOX, GEN, ERY, CIP CLI

	
PVL − ve




	
NA (2016–2017)

	

	

	

	
ST22

	
NA

	
NA

	
NA

	
NA

	
Hospital Universiti Sains Malaysia (HUSM)

	
[45]




	
ST239

	
sasX




	
ST4649

	
sasX




	
Thailand

	
NA

(1998–1999)

	

	
ST239-III

	

	

	
NA

	
NA

	
NA

	
NA

	
Mahidol University, Bangkok

	
[22]




	
NA (1998–2003)

	

	

	
ST241-III

	

	
ST241-III

	
NA

	
PEN, CIP, LEV, CLR, CXM, SXT, GEN, AMC

	
NA

	
Mahidol University, Bangkok

	
[23]




	

	

	

	
ST239-III

	

	
ST239-III

	

	
PEN, CIP, LEV, CLR, GEN, AMC, SXT




	
NA (2002–2003)

	

	

	
ST239-III

	

	
ST239-III

	
NA

	
CFZ, ERY, GEN, OFX, TET

	
NA

	
Srinagarind Hospital,

Khon Kaen University

	
[57]




	
ST5-II

	
ST5-II




	
HA, CA (2004–2006)

	

	

	
ST239-III

	

	
ST239-III

	
NA

	
high multidrug resistance rate

	
PVL − ve

	
Chulalongkorn University, Bangkok

	
[52]




	
HA, CA

(2005–2006)

	

	

	
ST239-III

	

	
ST239-III, ST9-IX, ST1429-III

	
mecA, tetM

	
CFZ, OXA, FOX, TET, ERY, OFX

	
PVL − ve, −ve eta, etb, etd, tst

	
Srinagarind Hospital, Khon Kaen University

	
[59]




	
ST9-IX

	
tetM, copB




	
ST1429-III

	
NA




	
HA

	

	

	
ST239

	

	
NA

	
NA

	
NA

	
NA

	
Sappasithiprasong Hospital

	
[60]




	
NA

-2008

	

	

	
ST239

	

	
NA

	
adD, ileS-2

	
NA

	
sea

	
Sappasithiprasong Hospital

	
[61]




	
LA (2010–2011)

	

	

	
ST764-II

	

	
ST764-II, ST9-IX

	

	
OXA, FOX, GEN, ERY, TET, CFZ, OFX

	
PVL − ve, hla

	
Pig farms

	
[71]




	
ST9-IX

	
OXA, FOX, GEN, TET, OFX, CFZ




	
NA (2015–2016)

	

	

	

	
ST239-III

	
ST239-III

	
ermA, ermB, ermC

	
PEN, OXA, FOX, ERY, CLI, GEN, CIP

	
NA

	
Chiangrai Prachanukroh Hospital

	
[64]




	
CA

(2015–2016)

	

	

	

	
ST2885-IV

	
NA

	
blaZ/mecA, Inu(A), tet(K), dfrG

	
susceptible to TET, CLI, SXT but not β-lactam

	
eta, hlgA, hlgB, hlgC, lukD, lukE

	
Hua Hin Hospital

	
[65]




	
HA

(2012–2015)

	

	

	

	
ST764-II

	
NA

	
NA

	
CPR, CLI

	
PVL − ve, lukE-lukD, hla, hld, hlgA, seg, sei, sem, sen, seo, set6 to set16, icaA, cna, fnbA, fnbB, ebpS, clfA, clfB, sdrC, sdrD, sdrE

	
Thammasat University Hospital

	
[62]




	
ST22-III

	
NA




	
ST239-III

	
NA




	
LA (2015–2017)

	

	

	

	
ST398-V

	
ST398-V, ST9-IX, ST4576-IX

	
mecA, blaZ, tet(K), tet(M), ant(4′)-Ia, ant(6)-Ia, dfrG, erm(C), lnu(B), lsa(E), spw

	
PEN, FOX, TET, STR, TMP, ERY, CLI, TIA, CIP, Q/D

	
NA

	
Pig farms central Thailand

	
[68]




	

	

	

	

	
ST9-IX

	
mecA, blaZ, ant (4)-Ia, tet(L), tet(M), aac(6″)-Ie aph(2″)-Ia, dfrG, erm(B), vga(A), cfr, fexA, str

	
PEN, FOX, TET, GEN, KAN, STR, TMP, CLI, TIA, CHL, CIP, ERY, SXT, LZD, Q/D




	

	

	

	

	
ST4576-IX

	
mecA, blaZ, tet, aac(6)-Ie aph(2″)- (M)- Ia, dfrG, vga, cat, str

	
PEN, FOX, TET, GEN, KAN, STR, TMP, CLI, TIA, Q/D, CHL, CIP




	
LA (2017–2018)

	

	

	

	
ST9-IX/NT

	
ST9-IX/NT, ST398-V, ST779-IV, ST5639-IX

	
NA

	
AMP, OXA, FOX, CHL, CLI, ERY, CIP, ENR, GEN, TET, SXT

	
NA

	
Pig slaughterhouse, market

	
[72]




	
ST398-V

	
AMP, OXA, FOX, CLI, ERY, CIP, ERY, TET




	
ST779-IV

	
AMP, OXA, FOX, CHL, CLI, CIP, ERY, GEN, TET




	
ST5639-IX

	
AMP, OXA, FOX, CHL, TET




	
HA (2019)

	

	

	

	
ST9-IX

	

	
mecA, blaZ, aac(69)-aph (20), aadD, ant(6)-Ia, lsa(E), dfrG, tet(M), fexA, lnu(B

	
NA

	
aur, seg, sei, sem, sen, seo, seu, hlgA, hlgB, hlgC

	
Northern Thailand

	
[70]




	
Vietnam

	
HA

(1998–1999)

	

	
ST239-III

	

	

	
NA

	
NA

	
NA

	
NA

	
University of Medicine and Pharmacy, Ho Chi Minh

	
[22]




	
ST241-III




	
ST346-II




	
NA

(1998–2003)

	

	
ST239-III

	
ST239-III

	

	
ST239-III

	
NA

	
PEN, CIP, LEV, CLR, CXM, GEN, AMC

	
NA

	
Nhi Dong 2 Children’s Hospital, Ho Chi-Minh

	
[23]




	
ST241-III

	
ST241-III

	
ST241-III

	

	
PEN, CIP, LEV, CLR, CXM, SXT, GEN, AMC




	
HA, CA

(2004–2006)

	

	

	
ST239-III

	

	
ST239-III

	
NA

	
high multidrug resistance rate

	
PVL − ve

	
University of Medicine and Pharmacy, Ho Chi Minh

	
[52]




	
ST59-IV

	
ST59-IV

	
high resistance rates to non–beta-lactam antibiotics

	
NA




	
CA (outbreak)

-2006

	

	

	
ST59-IV/V

	

	
NA

	
blaZ

	
susceptible to most other agents tested

	
PVL + ve, hla, hlagACB, hld, seg, seb, clfAB, sdrDE, cap8

	
Pediatric Hospital, Ho Chi Minh

	
[77]




	
ST1-IV

	
blaZ

	
PVL + ve, hla, hlagACB, hld, seg,sea, sak, sek, seccna, clfAB, sdrDE, cap8




	
HA, CA

(2009–2012)

	

	

	
ST59

	
ST59

	
NA

	
NA

	
NA

	
PVL + ve (ST59, ST88, ST121)

PVL − ve (ST239, ST188, ST8, ST45, ST25)

	
Dong Da and Ba Vi districts (northern Vietnam)

National Hospital of Tropical Diseases (NHTD), Hanoi.

	
[83]




	
ST188

	
ST188




	
ST45

	
ST45




	
ST8

	
ST239




	
ST834

	
ST88




	
ST25

	
ST121




	
HA, CA

(2011–2012)

	

	

	

	
ST239-II/III

	
ST5-II, ST239-II/III, ST45-IV, ST59-IV, ST88-IV, ST2808-IV

	
mecA, aacA/ aphD, ermA/B/C, tetK/M

	
CIP, ERY, GEN, TET

	
NA

	
National Hospital of Pediatric, Hanoi

Children’s Hospital No. 2, Ho Chi Minh City

	
[81]




	
ST5-II




	
ST319-IV




	
ST45-IV




	
ST2808-IV




	
ST59-III




	
ST88-IV




	
HA

(2013–2014)

	

	

	

	
ST188-III/V

	
ST188-III/IV, ST239-II

	
mecA, tetK/M, aacA/aphD, ermA/B/C

	
CIP, ERY, GEN, TET

	
NA

	
Bach Mai General Hospital

103 Military Hospital

Hue General Hospital

175 General Hospital

	
[75]




	
ST239-II

	




	

	




	

	




	
Cambodia

	
CA (sporadic)

(2006–2007)

	

	

	
ST834-IV

	

	

	

	
CIP, SXT, RIF

	
PVL − ve

	
Angkor Hospital for Children, Siem Reap

	
[91]




	
ST121-V

	
NA

	
NA

	
susceptible to CIP, SXT, RIF

	
PVL + ve




	
CA

-2008

	

	

	
ST834

	

	
NA

	
NA

	
ERY, TET, SXT, RIF

	
NA

	
Angkor Hospital for Children, Siem Reap

	
[95]




	
ST121




	
ST188




	
ST45




	
ST9




	
Laos

	
HA, CA

(2012–2014)

	

	

	

	
ST239-III

	
ST239-III

	
blaZ, ermA, tetK, tetM, aacA-aphD

	
PEN, ERY, TET, GEN, SXT, CIP

	
PVL − ve, cap8, sea, sek/q, agrI, scn+ sak

	
Mahosot Hospital, Vientiane

	
[101]




	
ST2885-V

	

	
blaZ, tetK

	
PEN, TET

	
PVL − ve, cap5, etA, agrIV, scn+ sak




	
ST59/952-V

	

	
blaZ, ermB, tetK, cat

	
PEN, ERY, TET, CHL

	
PVL + ve, cap8, seb, sek/q, agrI, scn+ chp




	
ST2250-IV

	

	
blaZ

	
PEN, TET

	
PVL − ve, scn+ sak




	
CC398-V

	

	
blaZ, ermA, tetK

	
PEN, ERY, TET

	
PVL + ve, cap5, scn+ chp+ sak




	
Myanmar

	
HA, CA

	

	

	
ST239-III

	

	
ST239-III

	
blaZ, tetK, tetM, ermA, ermB, aac(6′)–aph (2″), aph(3′)-IIIa, ant(9)–Ia

	
OXA, FOX, GEN, ERY, TET, CIP

	
PVL − ve, lukE-lukD, hemolysins hlah, hlb, hlg, hlg–v, hld, sea, selk, selq, set8/9, set10, set13, icaA, icaD, can, eno, fnbA, fnbB, ebpS, clfA, clfB, fib, sdrC, sdrD, sdrE

	
general hospital in Yangon

	
[102]




	
(2007–2008)

	
ST5-IV

	
ST5-IV

	
blaZ, tetK, ermC, aph (3′)-IIIa, ant(6)–Ia

	
OXA, AMP, FOX, TET, ERY

	
PVL − ve, lukE-lukD, hlah, hlb, hlg, hlg–v, hld, seg, sei, selm, seln, selo, seluicaA, icaD, eno, fnbA, fnbB, ebpS, clfA, clfB, fib, sdrC, sdrD

	
hotel workers in Yangon




	
HA (2012–2013)

	

	

	

	
ST88-IV

	
NA

	
blaZ, tetK

	
OXA, AMP, GEN, ERY

	
PVL + ve, lukE-lukD, hld, hlg, hlg2, sei, sek, seq, fnbA, fnbB, ebpS, clfA,clfB, fib, sdrC, sdrD, sdrE, eno

	
North Okkalapa General Hospital, Yangon

	
[105]




	
ST6-IV

	
blaZ

	
PVL − ve, lukE-lukD, hld, hlg, hla, hlg2, sea, fnbA, fnbB, ebpS, clfA, fib, sdrC, sdrD, sdrE, eno, cna




	
ST59-IV

	
blaZ, ermB, aac(6)-Ie-aph(2)-Ia

	
PVL − ve, hld, hlg, hla, hlg2, seb, sek, seq, fnbA, fnbB, ebpS, clfA, fib, sdrC, sdrD, sdrE, eno




	
HA, CA

(2017–2019)

	

	

	

	
ST772-V

	
ST772-IV, ST8-IV

	
NA

	
OXA, FOX, AMP, CFZ, GEN, ERY, CLI, SXT, LEV

	
PVL + ve, seg, sei, sem, sen, seo

	
Pinlon Hospital, Yangon

	
[103]




	
ST4599-V

	
OXA, FOX, AMP, GEN, SXT, LEV

	
PVL + ve, seg, sei, sem, sen, seo




	
ST88-IV

	
OXA, FOX, AMP

	
PVL + ve




	
ST8-IV

	
OXA, FOX, AMP, CFZ, ERY, CLI, LEV

	
PVL + ve




	
ST22-IV/V

	
OXA, FOX, AMP, CLI, ERY, GEN, LEV, SXT

	
PVL − ve, seg, sei, sem, sen, seo




	
NA

	

	

	

	
ST239-III

	
ST239-III

	
NA

	
high multidrug resistance rate

	
PVL − ve

	
Yangon Children’s Hospital

	
[106]




	
ST361-V

	

	
PVL + ve




	
ST772-V

	

	
PVL + ve




	
Philippines

	
NA

	

	
ST241-III

	

	

	
NA

	
NA

	
NA

	
NA

	
Research Institute for Tropical Medicine, Manila

	
[22]




	
(1998–1999)

	
ST254-II




	
NA

	

	
ST241-III

	
ST241-III

	

	
ST241-III

	
NA

	
PEN, CIP, CFX, SXT, GEN, AMC, LEV, CLA

	
NA

	
Research Institute for Tropical Medicine, Manila

	
[23]




	
(1998–2003)

	
ST88-IV

	
ST88-IV

	
PEN, GEN, AMC




	
HA, CA

	

	

	
ST30-IV

	

	

	
NA

	
Susceptible to non–beta-lactam antibiotics

	
PVL + ve

	
Research Institute for Tropical Medicine, Manila

	
[52]




	
(2004–2006)

	
ST5-II

	
ST5-II

	
high multidrug resistance rate

	
PVL − ve




	
HA (2013)

	

	

	

	
ST30-I/IV

	
NA

	
NA

	
NA

	
PVL + ve

	
Philippine General Hospital

	
[115]




	
ST97-IV

	
PVL + ve




	
ST1147-I

	
PVL − ve




	
ST5-IV

	
PVL − ve




	
HA, CA

(2013–2014)

	

	

	

	
ST30-IV

	
NA

	
blaZ, mecA, aacA_aphD, ermC, tetM, tetK, GyrA_S84L, GyrA_G106D, GrlA_S80F, catA1, sdrM, ileS_2, sdrM, dfrG, msrA

	
PEN, OXA with resistance to SXT, ERY

	
PVL + ve

	
Collection by DOH-ARSP

	
[121]




	
ST5-IV

	
NA

	
NA

	
NA

	
PVL − ve (ST239)




	
ST239-III




	
ST1-IV




	
ST121




	
ST1456-IV




	
ST1457-IV




	
ST1649-IV




	
ST834-IV




	
ST97-IV




	
ST5-IV




	
ST30-IV




	
ST508-IV




	
ST88




	
Indonesia

	
NA

(1998–1999)

	

	
ST239-III

	

	

	
NA

	
NA

	
NA

	
NA

	
University of Indonesia, Jakarta

	
[22]




	
NA

(1998–2003)

	

	
ST239-III

	
ST239-III

	

	
ST239-III

	
NA

	
PEN, CIP, CFX, SXT, GEN, AMC, LEV

	
NA

	
University of Indonesia, Jakarta

	
[23]




	
NA (2007–2011)

	

	

	
ST239-III

	
ST239-III

	
NA

	
NA

	
NA

	
PVL − ve

	
Sanglah Hospital, Dr. Kariadi Hospital, Dr. Saiful Anwar Hospital

	
[124]




	
NA (2008–2009)

	

	

	
ST239-III

	

	
ST239-III

ST672-V

	
NA

	
PEN, CIP, LEV, GEN, TOB, TET

	
PVL − ve

	
Sanglah Hospital, Dr. Kariadi Hospital, Dr. Saiful Anwar Hospital, Dr. M. Djamil Hospital

	
[127]




	
ST672-V

	
PEN, CIP, LEV, GEN, TET, SXT




	
HA, CA

(2009–2010)

	

	

	
ST239-III

	

	
ST239-III

	
NA

	
CIP, LEV, TET, SXT, GEN, ERY

	
PVL − ve, eta etb-ve

	
Malang, Surabaya city, Denpasar city

	
[130]




	
ST1-IV

	
Susceptible to all non–beta-lactam antibiotics




	
HA, CA

(2012–2013)

	

	

	

	
ST239-III

	
NA

	
NA

	
NA

	
PVL+ve (ST722-V)

	
Dr. Saiful Anwar Hospital

	
[126]




	
ST772-V








* NT: Non-typeable; NA: Not available in the literature; AMC, amoxicillin/clavulanic acid; AMP, ampicillin; CHL, chloramphenicol; CFX, ceftriaxone; CFZ, cefazolin; CPR, cefpirome; CIP, ciprofloxacin; CLI, clindamycin; CLR, clarithromycin; CXM, cefuroxime; CLOX, cloxacillin; CXM, cefuroxime; ERY, erythromycin; FA, fusidic acid; FOX, cefoxitin; GEN, gentamicin; Q/D, quinupristin/dalfopristine; TGC, tigecycline; LEV, levofloxacin; STR, streptomycin; SXT, trimethoprim/sulfamethoxazole; KAN, kanamycin; TET, tetracycline; TOB, tobramycin; PEN, penicillin; TIA, tiamulin; TMP, trimethoprim; NET, netilmicin; OFX, ofloxacin; LZD, linezolid.













3. Conclusions


This review highlights the molecular epidemiology and distribution of MRSA in Southeast Asia. MRSA epidemiology was found to have shifted over the years from the 1970s until recent years, and widespread distribution of various MRSA clones can be observed throughout the region. It remains difficult to uncover the true prevalence and predominant MRSA genotypes in the region due to differences in laboratory and surveillance capacities of each country. Notably, while antibiotic selection pressure has been reported to hypothetically bring about the pandemic spread of ST239, fitter clones, such as the ST22, have come to dominate in Southeast Asia, even though it exhibited less resistance to non–beta-lactam and non-fluoroquinolone antibiotics. Nonetheless, studies on LA-MRSA remains significantly few. Given that clones of the pathogen have successfully achieved pandemic spread, it is probable that MRSAs in the region will continue to evolve and disseminate, mirroring the situation on other continents. Prudent antibiotic stewardship by clinicians, pharmacists, and other healthcare professionals, together with periodical genome surveillance of MRSA in both humans and livestock by epidemiologists will be crucial to monitor, understand, and predict the pathogen’s dissemination and transmission into the future.
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