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Abstract

Background

In 2015, Singapore had the first and only reported foodborne outbreak of invasive disease
caused by the group B Streptococcus (GBS; Streptococcus agalactiae). Disease,
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predominantly septic arthritis and meningitis, was associated with sequence type (ST)283,
acquired from eating raw farmed freshwater fish. Although GBS sepsis is well-described in
neonates and older adults with co-morbidities, this outbreak affected non-pregnant and
younger adults with fewer co-morbidities, suggesting greater virulence. Before 2015 ST283
had only been reported from twenty humans in Hong Kong and two in France, and from one
fish in Thailand. We hypothesised that ST283 was causing region-wide infection in South-
east Asia.

Methodology/Principal findings

We performed a literature review, whole genome sequencing on 145 GBS isolates collected
from six Southeast Asian countries, and phylogenetic analysis on 7,468 GBS sequences
including 227 variants of ST283 from humans and animals. Although almost absent outside
Asia, ST283 was found in all invasive Asian collections analysed, from 1995 to 2017. It
accounted for 29/38 (76%) human isolates in Lao PDR, 102/139 (73%) in Thailand, 4/13
(31%) in Vietnam, and 167/739 (23%) in Singapore. ST283 and its variants were found in
62/62 (100%) tilapia from 14 outbreak sites in Malaysia and Vietnam, in seven fish species
in Singapore markets, and a diseased frog in China.

Conclusions

GBS ST283 is widespread in Southeast Asia, where it accounts for a large proportion of
bacteraemic GBS, and causes disease and economic loss in aquaculture. If human ST283
is fishborne, as in the Singapore outbreak, then GBS sepsis in Thailand and Lao PDR is pre-
dominantly a foodborne disease. However, whether transmission is from aquaculture to
humans, or vice versa, or involves an unidentified reservoir remains unknown. Creation of
cross-border collaborations in human and animal health are needed to complete the epide-
miological picture.

Author summary

An outbreak due to a bacterium called Streptococccus agalactiae in Singapore in 2015 was
caused by a clone called ST283, and was associated with consumption of raw freshwater-
fish. It was considered unique as it was the only reported foodborne outbreak of this bac-
terium. Our new data show that invasive ST283 disease is far from unique. ST283 has
been causing disease in humans and farmed fish in SE Asian countries for decades.
Reports of ST283 are almost absent outside Asia. We suspect that human ST283 is fish-
borne in other Asian countries, as it was in Singapore, but we haven’t looked at this yet.
We don’t know where ST283 originally came from; it may have been transmitted from
humans to fish, or come from another animal. More studies are needed to determine
ST283’s geographical extent and burden of disease, as well as its origin, how it is transmit-
ted, and what enables it to be so aggressive. We may then be able to interrupt transmis-
sion, to the benefit of fish, farmers, and the general public.
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Introduction

In 2015, there was an unprecedented outbreak of invasive disease due to the group B Strepto-
coccus (GBS; Streptococcus agalactiae) in Singapore. Disease, including septic arthritis and
meningitis, was associated with a GBS belonging to serotype III, subtype 4 (serotype II1-4),
and multilocus sequence type (MLST) 283 (ST283) [1]. Human disease was associated with
consumption of raw, farmed, freshwater fish: an official public advisory was issued, and bacter-
aemia rates promptly fell [2, 3]. Whereas GBS sepsis in neonates, post-partum adults, and
older adults with co-morbidities is well known, the ST283 outbreak was different as it affected
non-pregnant, younger adults with fewer co-morbidities [1], suggesting greater virulence.
Although GBS colonisation has previously been associated with fish consumption [4], and the
origin of GBS in late onset neonatal disease, while uncertain, may be enteric [5, 6], this was the
first report of an invasive GBS outbreak associated with foodborne transmission.

Previous reports of ST283 were limited to 20 cases in adults in Hong Kong between 1993
and 2003 [7], two cases in a survey of 119 osteoarticular GBS infections in France between
2002 and 2007 [8], and an infected tilapia (Oreochromis sp.) amongst samples collected in
Thailand between 2000 and 2010 [9]. Southeast (SE) Asia was, however, under-represented in
the literature, with MLST data reported for only a handful of human GBS from SE Asia
amongst thousands in global studies.

We hypothesised that fish-borne ST283 might be a regional problem, causing disease in
multiple SE Asian countries. As a prelude to studying transmission, we searched for ST283
and its variants, collectively called clonal complex 283 (CC283), in GBS collections from
humans and aquaculture. Our aim was achieved, as we verified the wide prevalence of ST283
in Southeast Asia, though whether human disease is fish-borne outside Singapore remains an
open question.

Methods

The study was approved by the Institutional Review Board of Tan Tock Seng Hospital
(TTSH), Singapore, NHG DSRB 2016/00202.

Literature search

We identified articles in English with searches of Medline, PubMed, and references from arti-
cles, with the terms “Streptococcus agalactiae” OR “ST283” AND “meningitis” OR “invasive”,
up to December 2017.

GBS collections

Institutions, selected through personal contacts and recommendations, were invited to con-
tribute GBS and/or datasets. There were no specified criteria other than the availability of iso-
lates or DNA from invasive GBS, or GBS from high vaginal swabs, over time, with metadata if
possible. Invasive disease was defined as isolation of GBS from normally sterile sites. Indica-
tions for testing patients and accompanying characterisation data were not standardised or
complete; rates of meningitis, osteoarthritis, and endocarditis may therefore be greater than
recorded. Country-specific regulations resulted in some contributors sending GBS isolates to
Singapore for processing while others contributed extracted DNA, whole genome sequencing
(WGS) data, or other data sets. GBS were screened with a ST283-specific PCR (Lezhava A.,
Sarma S., Chen S. and Barkham T.M.S. A method for the detection of Group B Streptococcus.
(2017) PCT Patent Application PCT/SG2017/050579). This PCR has been evaluated against
WGS on over 660 invasive GBS representing 27 MLST types collected over 18 years in
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Fig 1. Prevalence of clonal complex 283 in human and animal collections of group B Streptococcus showing their host, geographic origin, and period of collection.
This figure represents our new data, as well as the literature on Streptococcus agalactiae (GBS) that includes multi locus sequencing typing data up to December 2017.
The vertical bars on the left indicate human or animal origin and the geographical region, Southeast Asia (SEA) or outside SEA (Ex- SE Asia), where collections of GBS
originated. The horizontal bars delineate the time period of each collection of GBS, with reference to the central time bar; associated text shows the host, the country of
origin, and number of ST283/all GBS in each collection, except where other STs are shown. The figure shows the lack of reports, from humans and animals, in SEA
compared with outside SEA, both in terms of time periods and absolute numbers of GBS studied. It also shows that GBS CC283 is rare outside SEA, with only four
human and no animal CC283 reported, despite the large number of GBS studied. In contrast, CC283 is prevalent in all human and animal GBS collections from SEA.
*One of these 34 from a tilapia in Vietnam is ST1311, a double locus variant of ST283. ** Australia, Ghana, South America, North America, Israel and Kuwait.
Abbreviation: ND = not determined.

https://doi.org/10.1371/journal.pntd.0007421.9001

Singapore and found to be 100% sensitive and 99.8% specific. GBS identification, determina-
tion of serotype and WGS were performed as previously described [1]. All new sequencing
data were deposited in GenBank under BioProject PRINA293392. We expressed ST283 preva-
lence as simple proportions of all GBS in each collection (Fig 1).

Human GBS

Singapore. Invasive bacterial isolates are routinely saved: 331 invasive GBS isolates from
2001 to 2010 were retrieved from freezers in TTSH and Changi General Hospital. Data and
sequences for 408 invasive GBS ST283 isolated from 2011-2015 were publicly available [1].
Sequences of five GBS, isolated in Singapore General Hospital in 1998 from cases of meningi-
tis, are now available at GenBank accessions SRR6282417-SRR6282421 (under BioProject
PRJNA417692).

Thailand. 139 invasive GBS isolates were available from population-based surveillance for
blood stream infections conducted in all 20 hospitals in Nakhon Phanom and Sa Kaeo
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provinces from 2007-2015; these include paediatric patients. GBS isolates from the isolate
repository were screened with the ST283 PCR described above. A selection of positive isolates
were subjected to WGS on the MiSeq platform using the Nextera XT DNA Library Prep Kits
and the MiSeq Reagent Kit v3. In addition, sequences of seven GBS ST283 from invasive
human cases in Bangkok in 2015 were publicly available [1].

Lao PDR. This set comprised 38 GBS, available as isolates or as DNA extracts, obtained
from blood cultures and CSF samples at the Microbiology Laboratory of Mahosot Hospital,
Vientiane, Lao PDR between 2000-2017 during studies of the aetiology of fever and central
nervous system infections.

Vietnam. 13 invasive GBS isolated between 2015 and 2017 were retrieved from the Hospi-
tal for Tropical Diseases (HTD), Ho Chi Minh City (HCMC). HTD is a 550-bed hospital that
serves as a main primary and secondary facility for the surrounding local population in
HCMC and a tertiary referral center for infectious diseases for the southern provinces of Viet-
nam. Nearly 70% of HTD admissions live in HCMC, with the remainder residing in the sur-
rounding provinces. Neonates, patients without infectious diseases, including those with
surgical requirements, tuberculosis, cancer, primary hematological disorders or immunosup-
pression (other than HIV) are referred to other hospitals within HCMC. HIV-infected chil-
dren are often referred to local paediatric hospitals. Blood cultures were performed for
patients in whom an infection was suspected on the basis of a fever (>>38°C) or who had evi-
dence of sepsis on the basis of the presence of two or more of the following features: fever
(>38°C) or low temperature (<36°C); tachycardia (exact level according to age); tachypnea
(exact level according to age); an elevated white cell count (>12,000 cells/mm3) or depressed
white cell count (<4,000 cells/mm3). There was no systematic change in the application of
these criteria during the time course of the study. All data originating from consecutive
patients admitted to the hospital who had a blood culture performed for suspected blood-
stream infection between 2015 and 2017 were included. In addition, 38 GBS representing the
most recent high vaginal swab GBS isolates from women with colpitis, three of whom were
pregnant, were collected from outpatients at the National Hospital for Obstetrics & Gynaecol-
ogy (Phu San Hospital), Hanoi, between September 2016 and May 2017.

Cambodia. DNA from eleven GBS isolated from skin and umbilical swabs collected from
children presenting to Angkor Hospital for Children, a non-governmental paediatric referral
hospital in Siem Reap, between 2012 and 2016 were included.

Britain. WGS data were available from 1,017 invasive human GBS submitted to the Respi-
ratory and Vaccine Preventable Bacteria Reference Unit, Public Health England (PHE), as part
of the British Society for Antimicrobial Chemotherapy Resistance Surveillance Project over a
one year period bridging 2014 and 2015.

Piscine GBS

Singapore. Sequences of GBS ST283 isolated from fish in 2015 were publicly available [1,
10].

Malaysia. We sequenced 28 GBS, isolated between 2007 and 2008, from brain, eye or kid-
ney samples from 28 tilapia (Oreochromis sp.) from farms suffering streptococcosis outbreaks.
Ten of these 28 tilapia did not show any external or internal signs of disease. The fish were
obtained from nine farms separated by 20-250 km in Kedah and Terengganu states, Peninsu-
lar Malaysia.

Vietnam. We sequenced 34 GBS isolated in 2016 from the brains of sick fish from five
farms in the Mekong River running through An Giang Province and Can Tho District. GBS
was isolated directly from the brains of red or black tilapia (Oreochromis sp. and O. niloticus)
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that showed abnormal behaviour (erratic swimming pattern) or “pop eye” (exophthalmus),
both of which are recognized clinical signs of streptococcosis.

Other datasets. Other GBS MLST datasets were contributed by collaborators. All whole
genome data sets annotated as S. agalactiae in GenBank deposited as assemblies (as of June 07,
2017) and in the SRA database (as of November 10, 2017) were downloaded.

Genomic methods. We performed Illumina sequencing on 145 CC283 GBS strains. All
new sequencing data was deposited in GenBank under BioProject PRINA293392. All assem-
bled genomes (as of June 7, 2017) and short read data sets (as of November 10, 2017) anno-
tated as S. agalactiae in GenBank were also downloaded; this provided another 82 CC283
isolates, for a total of 227 CC283 isolates amongst 7,468 GBS. All primary sequence analysis
was performed by the Genome Institute of Singapore Efficient Rapid Microbial Sequencing
(GERMS) platform (https://www.a-star.edu.sg/gis/ Our-Science/Technology-Platforms/
GERMS). Reference-based analyses were performed using the SG-M1 genome [11] as the ref-
erence. FASTQ files were mapped using bwa (version 0.7.10) [12]; indel realignment and sin-
gle nucleotide polymorphism (SNP) calling were performed using Lofreq” (version 2.1.2) with
default parameters [13]. SNP positions for assembled genomes were inferred by using nucmer
and show-snps from the MUMmer package (version 3.23) [14]. MLST and resistance gene
predictions were made using SRST2 0.2.0 [15] for Illumina sequenced strains or using a cus-
tom BLASTN [16] based script for fully assembled reference sequences, using the recom-
mended MLST database (http://pubmlst.org/sagalactiae/) [17] and the ARG-ANNOT
resistance gene database [18] included with SRST2.

Recombination analysis. From an initial neighbour-joining tree made from all SNPs
called relative to the SG-M1 reference, a set of strains containing all CC283 strains and strains
from the nearest non-CC283 clade (consisting of 92 strains within CC10) was taken. We
excluded those strains which had no metadata for isolation date, leaving a total of 273 strains
(215 from the ST283 clade, 58 from the non-ST283 clade). We reconstructed an aligned
genome sequence for each of these 273 strains by introducing that strain’s SNPs into the
SG-M1 genome; gaps were also inserted where mapping coverage was below 10 as per Lofreq
default parameters. The BRATNextGen [19] (using a clustering cut off of 0.2 and a significance
cut off of 0.05) and ClonalFrameML [20] (using default parameters) programs were used to
call recombination on this set of 273 aligned genomes. We took the union of all recombined
segments called by either program in any of the 273 strains as the maximal recombination set
(in total, 608 kb or 28.7% of the total chromosome); these were removed for the subsequent
Bayesian analysis. We also took the union of all recombined segments called by either program
only in the 215 CC283 strains as a CC283-specific recombination set (totalling 62 kb or 3.0%
of the total chromosome); removal of these segments from the reconstructed genomes of the
original 227 CC283 strains (including those that had no available year or country metadata)
resulted in a recombination-free CC283 alignment which was used to generate the maximum-
likelihood tree shown in Fig 2B.

Phylogenetic trees. Approximately maximum-likelihood SNP trees were created using
FastTree 2.1.8 with the-gtr and-nt command line options [21] on reconstructed genome
sequences (relative to the SG-M1 reference genome). Fig 2A was constructed from 1,236
strains (all CC10 and CC283 strains; all strains described in Da Cunha, et al 2014 [22] that
were available in GenBank; and 23 complete genomes in the GenBank Refseq database as of
August 4, 2016) using all called SNPs (i.e., no removal of recombination). Fig 2B was created
from all CC283 strains after removal of CC283-specific recombination as described above
(Recombination analysis). All phylogenetic trees were visualised with GGTREE 3.2 [23] in R
(3.2.2) (https://www.R-project.org). Origins of the GBS CC283 WGS sequences used for phy-
logenetic analysis are given in Table 1.
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BEAST analysis. This was performed on all CC10 and CC283 strains described above in
the recombination section. Analysis of divergence times was performed using BEAST 2.4.8
[26] using a combination of site substitution models (HKY, GTR4), clock models (strict,
relaxed exponential, relaxed lognormal), and population change models (coalescent constant,
exponential, Bayesian skyline, and extended Bayesian skyline). MCMC runs were done in trip-
licate with 200,000,000 steps, using the first 20,000,000 as burn-in, sampling every 10,000
steps. Logcombiner was used to combine the three runs. Models were compared using AICM
analysis in Tracer V1.6 [27], from which the GTR4 substitution model with a strict clock and
exponential model was chosen as the best set of parameters. Treeannotator was used to gener-
ate a final tree. Visualization was done in FigTree 1.4.3 (http://tree.bio.ed.ac.uk/software/
figtree/). The divergence time reported was calculated after removing the maximal
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Table 1. New and Existing group B Streptococcus (GBS) clonal complex (CC) 283 sequences used for phylogenetic analysis. This gives an overview of the origins and
numbers of CC283. Further details are in Supporting Information.

Host | Country

New sequences
Human | Singapore

Human | Singapore
Human | Thailand

Human | Lao PDR

Human | Vietnam

Human | Vietnam

Human | Cambodia

Human | Britain
Tilapia | Malaysia
Tilapia | Vietnam
Existing sequences
Human | Singapore
Human | Thailand
Human | Hong Kong
Human | Netherlands
Fish Singapore
Fish Thailand
Fish Vietnam
Fish Thailand
Frog China

* = WGS was only performed on GBS positive by an ST283 specific PCR.

Site or reference Collection Sample GBS isolates screened for | GBS isolates with CC283 isolates with
Year type ST283 (No.) WGS data (No.) WGS data (No.)
Singapore General Hospital 1998 B 5 5 5
Tan Tock Seng Hospital & Changi | 2001-2010 B, CSF 331 331 21
General Hospital
Nakhon Phanom and Sa Kaeo 2007-2015 B 139 22° 22
provinces
Mahosot Hospital, Vientiane 2000-2017 B, CSF 38 38 30°
Hospital for Tropical Diseases, 2015-2017 B 13 13 4
Ho Chi Minh City
Phu San Hospital, Hanoi 2016-2017 HVS 38 0°
Angkor Hospital for Children, 2012-2016 S 11 0?*
Siem Reap
Multiple hospitals 2015 B ND 1,017 1
Kedah and Terengganu states 2007-2008 Br, E, K 28 28 28
An Giang and Can Tho 2016 Br 34 34 34
[1] 2011-2015 B, CSF ND 145 40
[1] 2015 B ND 7 6
[24] 1993-2012 SS ND 11 11
GenBank ND ND ND 1 1
[1,10] 2015 S,0,M ND 20 20
[9] 2000-2010 | ND ND 1 1
[9] 2006 ND ND 1 1
[25] 2012-2014 | ND ND 1 1
GenBank 2014 L ND 1 1

® = Included one technical replicate. Where sequences from the same site were identical (based on SNP calls), only one was used. Abbreviations: No. = number,

B = blood, CSF = cerebro-spinal fluid, HVS = high vaginal swab, S = superficial swabs, ND = not determined, SS = sterile site, Br = brain, E = eye, K = kidney,

O = organs, M = muscle, L = liver.

https://doi.org/10.1371/journal.pntd.0007421.t001

recombination set; since this was a significant fraction of the genome, we repeated the analysis
using a data set from which only the ST283-specific recombination regions were removed. The
95% highest posterior density for the maximal recombination data set fell entirely within that
for the ST283-specific recombination set, suggesting that the removal of additional recombina-
tion regions did not drastically bias this result. However, despite this technical agreement, the
opportunistic nature of the source data for these predictions must be kept in mind when inter-
preting these results.

Results
Human GBS CC283 in Asia

GBS ST283 accounted for 11% to 76% of invasive GBS per country, with the earliest known
example collected in 1995, in Hong Kong. Five GBS ST11, single locus variants (SLV) of
ST283, isolated from meningitis cases in Singapore in 1998 [28, 29] were recently corrected to
ST283 [30], leaving no known examples of ST11. In total, 29% of GBS were identified as ST283
(Fig 1, Table 2). The majority of patients with ST283 (345/357 (97%) were adults, and 36% to
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Table 2. Asian® Human group B Streptococcus (GBS) clonal complex (CC) 283 reported up to December 2017 as a proportion of invasive GBS by location and year.
All CC283 in this table are sequence type (ST) 283: other examples of CC283 were not found. This table shows that ST283 was found in the first year of all newly described
GBS collections in Southeast Asia, so it may have predated these collections, and that both GBS numbers available and ST283 proportions vary from year to year.

Year
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
Total

Vientiane, Lao PDR

GBS No.

1

=N RN W= =D O WO o= Oo O

w
o)

CC283 No. (%)

1 (100)
0
0
1 (100)
0
0
2(67)
5 (100)
0
1 (50)
5(71)
0(0)
1 (100)
3 (100)
1(50)
3(75)
5(71)
1 (100)
29 (76)

Nakhon Phanom and Sa Ho Chi Minh City, Vietnam Singapore Total
Kaeo provinces, Thailand

GBS No. | CC283 No. (%) | GBSNo. | CC283No. (%) | GBSNo. | CC283No.% | GBSNo. | CC283 No. (%)

ND
ND
ND
ND
ND
ND
ND
7
10
1
4
5
13
31
66
2
ND
ND
139

ND ND ND ND ND 1 1
ND ND ND 16 3(19) 16 3(19)
ND ND ND 13 2(15) 13 2(15)
ND ND ND 28 2(7) 29 3(10)
ND ND ND 32 7 (22) 32 7 (22)
ND ND ND 23 0 (0) 23 0 (0)
ND ND ND 36 2(6) 38 4(11)
3 (43) ND ND 41 2(5) 52 10 (19)
6 (60) ND ND 46 1(2) 54 7 (13)
0 ND ND 53 1(2) 55 2(4)
3 (75) ND ND 43 1(2) 52 9(17)
4(80) ND ND 38 0 (0) 44 4(9)
8 (62) ND ND 43 3(7) 57 12 (21)
27 (87) ND ND 58 9 (16) 92 39 (42)
50 (76) ND ND 77 15 (19) 145 66 (46)
1(50) 4 1(25) 110 61 (55)" 120 66 (55)
ND 8 3(38) 50 15 (30) 15 8 (53)
ND 1 0 (0) ND ND 2 1 (50)
102 (73) 13 4(31) 707 124 (18) 840 244 (29)

* Similarly detailed data for Hong Kong were not found.

® This Singapore data is from the only two institutions that had systematically saved GBS; Tan Tock Seng Hospital and Changi General Hospital.

“The outbreak year. Abbreviations: ND = not determined.

https://doi.org/10.1371/journal.pntd.0007421.t002

80% did not have comorbidities. Meningitis, endocarditis, and septic arthritis were noted in
10% to 35%, 4.5% to 10%, and 23% to 39% of adult patients with ST283, respectively (S1
Table).

Piscine GBS CC283 in Asia

All newly sequenced GBS isolated from tilapia in Peninsular Malaysia and Vietnam, during
outbreaks of streptococcosis, were CC283 (Fig 1, Table 3). Notably, ten of the 28 fish sampled
in Malaysia did not have signs of disease. ST283 was previously reported from 17/57 (30%)
GBS isolated from seven freshwater fish species, including tilapia, on sale for human consump-
tion in Singapore in 2015: these 17 ST283 were found in only 6/586 (1%) fish from ports, but
in 11/39 (28%) fish from markets [10]. Two previously reported ST283 were reported from
farmed tilapia in Thailand between 2000 and 2014 [9, 25]. One ST491 and one ST1311, (a new
SLV of ST491, and also a double locus variant of ST283) were isolated from tilapia in Vietnam
in 2006 [9] and 2016 respectively. An ST739, another SLV of ST283, was isolated in 2014 from
a diseased tiger frog (Hoplobatrachus chinensis) farmed for human consumption in Guang-
dong, China, about 100Km from Hong Kong; although frogs are not piscine, they are often
farmed in close proximity to fish and all known GBS infections in frogs are caused by clades
that are also found in fishes [9].
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Table 3. Asian Piscine group B Streptococcus (GBS) clonal complex (CC) 283 reported up to December 2017. All these CC283 were ST283, except for two variants, as
indicated.

Country/fish Data Date Locations |Sample GBS CC283 No.
source range type No. (%)

Singapore; Asian bighead carp, red tilapia, black tilapia, giant snakehead, common [10] 2015 Ports LS 27 6(22)

snakehead, grass carp and silver carp * Markets | LS 30 11 (36)

Peninsular Malaysia; red hybrid tilapia New data | 2007- 9farms | I 28 28 (100)
2008

Vietnam, tilapia [9] 2006 ND ND ND 1° (ND)

Vietnam, Can Tho and An Giang; tilapia New data | 2016 5 farms 1 34 34 € (100)

Thailand; tilapia [9] 2000- ND 1 8 1(12-5)
2010

Thailand; tilapia [25] 2012- ND ND ND 1 (ND)
2014

* A glossary of fish scientific names is in S2 Table.
® This is ST491, a single locus variant of ST283.

€ One of these 34 is ST1311, a double locus variant of ST283 (See S3 Table). Abbreviations: I = invasive (brain, organs, muscle), S = superficial, ND = not determined.

https://doi.org/10.1371/journal.pntd.0007421.t003

GBS CC283 outside Asia

Only four CC283, of human origin, were found: two from France, one from Britain, and one
from the Netherlands (Fig 1, Table 4). All four were ST283 and none had associated epidemio-
logical data. CC283 was otherwise absent from studies of over 4,000 human GBS from nine
countries, of over 1,200 bovine GBS from five continents, and from the aquaculture literature
from 6 continents, as of December 2017 (Fig 1 and S4 Table) [9, 22, 31-54]. Three human
ST751, although an SLV of ST283 and ST10, were distinguished from ST283 by over 2,000
SNPs, based on phylogenetic analysis, and clustered outside of CC283, in CC10 (Fig 2), so
ST751 is excluded from tables and figures referring to CC283. Other SLVs of ST283 listed in
the MLST database are ST690, a human isolate, and ST160, of unknown origin, but we could
not find WGS data for them. Three GBS serotype III-4 were not included as ST data were not
available, although ST283 is the only published ST within serotype III-4: they were reported,
without epidemiological data, amongst a collection from Australia and New Zealand in the
original description of this subtype [55].

Genomic analysis

A previous report, using Bayesian analysis of a smaller subset of mostly Singaporean isolates,
estimated the time of emergence of CC283 as 1994 (95% highest posterior density (HPD)
1991-1997) [1]. Analysis of our expanded set confirms that CC283 forms a monophyletic
clade that appears to have arisen from within CC10 (Fig 2A). Bayesian analysis of our current
set of CC283 and closely related CC10 strains suggests a slightly earlier predicted emergence

Table 4. Human group B Streptococcus (GBS) clonal complex (CC) 283 outside Asia.

ST, place/country, isolate No. Data source Date range Sample type GBS No. ST283 No. ST283%
ST283, Britain; ERR1742070 GenBank * 2014 Invasive 1017 1 <0-1
ST283, France; S80 & S81 [8] 2002-2007 Invasive 119 2 2
ST283, Netherlands; ERR1659855 GenBank ND ND ND 1 ND

* Originally Public Health England (V. Chalker, personal communication). Abbreviations: ST = sequence type, ND = not determined.

https://doi.org/10.1371/journal.pntd.0007421.t1004
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date of 1985 (95% HPD 1980-1990). Given that the original Bayesian analysis was done on a
data set that consisted largely of strains isolated from Singapore during 2015, the shift in the
predicted emergence date is perhaps not surprising. However, our current data set was also
not systematically collected, either by time, geography, or host, and these results should be
interpreted in this context. Additional systematic sampling may provide further insights into
emergence dates as well as the likely geographical and host origin of CC283. We found very lit-
tle recombination in CC283 isolates, 62 kb (3.0%) of the total chromosome, and little variation
in genome content, as indicated in the phylogenetic tree (Fig 2) and single nucleotide poly-
morphism (SNP) distances between CC283 pairs (S5 Table).

Discussion

GBS CC283 has been widespread in SE Asia for over two decades in humans, and at least a
decade in aquatic animals, but is rare outside SE Asia. As ST283 was found in the first year of
every available collection of invasive GBS from SE Asia (Lao PDR, Thailand, Vietnam and Sin-
gapore), it may have been present even earlier. The estimated date of emergence, of 1985, pre-
dates the first known human cases and is roughly contemporaneous with the start of the
expansion of aquaculture in SE Asia, based on reports from the Food and Agricultural Organi-
sation of the United Nations [56]. The 2015 human outbreak of GBS in Singapore was fish
borne; although our current study did not address transmission or consumption patterns,
human cases in other parts of Southeast Asia could potentially also be fish-borne, especially
since consumption of undercooked aquaculture foods is common in Asia, as shown by the
high rate of trematode infections [57, 58]. It is not known to what extent healthy fish may
carry ST283, or what the infectious dose for humans may be, but ST283 was isolated from
healthy looking fish in Malaysian farms and in Singapore ports and markets, so fish sold for
human consumption could be the source of exposure even if visibly diseased fish were
excluded from sale. The high proportions of ST283 in invasive human GBS collections suggest
that if human ST283 is acquired from aquaculture, or another undetermined food source, then
invasive GBS is primarily a foodborne infection in Thailand and Lao PDR, and largely food-
borne in Vietnam. The invasive human data from these three countries are all from areas bor-
dering the Mekong River, separated by up to 1,500 km. If the ST283 data is not representative
of each whole country, it may represent an epidemiology peculiar to the ecosystem surround-
ing the river.

Aquaculture and one health

The phylogenetic tree shows that where human and fish GBS were collected concurrently, they
are intermingled, whereas separate clustering of isolates of human and piscine origin tends to
reflect collections being from different countries or time periods. We found numerous exam-
ples of pairs of human and piscine GBS distinguished by few to zero SNPs. Of note, while strict
use of SNP distances is not fully reliable for determination of transmission, many of the exam-
ples have SNP distances smaller than 21 and are monophyletic in the ST283 tree. These criteria
both support a possible “match”, as recently defined [59], although any SNP number cutoft is
arbitrary, and the fewer the SNPs, the more likely is the linkage. GBS from the Singapore out-
break cluster with GBS from multiple countries, suggesting multiple sources contributed to
the outbreak; although this may not seem surprising, given that Singapore imports fish from
multiple countries, it leaves an unanswered question as to why imports from across the region
suddenly, and simultaneously, were associated with increased GBS incidence in 2015. Of note,
the 2015/2016 El Niflo broke warming records in the central Pacific [60], and higher
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temperatures are associated with increased GBS load [61] and outbreaks of streptococcosis
[62] in fish, and increased human cases [24].

GBS is known to affect fish species other than tilapia, including farmed and wild freshwater
and marine fishes [63, 64]. Our detection of CC283 in fish farms was from tilapia, which were
preferentially sampled because they are the most commercially important species affected by
GBS in SE Asia, but the involvement of other species remains uncertain. Although the out-
break in Singapore was linked to several freshwater fish species, it is unclear whether the fish
left the farms as carriers, or were contaminated during transport and handling. Cross contami-
nation and post-contamination bacterial amplification at ambient temperature might explain
the data, from Singapore, that showed that ST283 was recovered from 1% of fish taken from
ports, but 28% of fish from markets [10].

Fish account for up to 37% of protein consumed in SE Asia [65], and Lao PDR and Thailand
are among the top ten global tilapia producers [56]. Tilapia were introduced to SE Asia in the
1940s with repeated importations of fish fry: if these fry were contaminated at source, this could
explain the finding of ST283 across the region. Alternatively, ST283 may have evolved regionally,
from other animals, and acquired the ability to infect fishes through lateral gene transfer of viru-
lence elements from other piscine GBS, followed by onward transmission [66]. Interestingly,
GBS transmission from a tilapia hatchery into a new farm was reported in Malaysia where, in an
effort to prevent economic losses due to streptococcosis, farms were advised to source fry from
disease-free hatcheries [67]; GBS from these outbreaks in 2007/2008 were included in our study
and are ST283. However, a survey of invasive GBS isolated from 13 adults in Malaysia in 2010
did not find Serotype III GBS [68]; this was a small sample and the predominant Malay popula-
tion do not habitually eat raw fish, perhaps explaining this lack of human ST283.

There are a limited number of GBS clades that cause streptococcosis in fish, and ST283 and
its variants are the only known serotype III GBS that naturally affect tilapia [9]. This suggests
that ST283 caused streptococcosis in multiple sites across Thailand between 2003/2011, when
12% to 56% of GBS isolated from diseased tilapia were serotype III [69-71]; furthermore, some
were serotype III-4, and the only described example of serotype III-4 is ST283 [7]. Interest-
ingly, untyped GBS were reported as an emerging cause of septic arthritis, in humans, in Thai-
land between 1990 and 2010 [72].

The three predominant clades of GBS in fish are associated with different serotypes: ST7
with serotype Ia, CC552 (including ST260) with serotype Ib, and ST283 with serotype III [9].
Commercially available vaccines cover serotype Ib only, or serotypes Ia and III, but without
cross-protection between serotypes. Strain confirmation is therefore recommended prior to use
of vaccination, but diagnostic infrastructure is very limited in SE Asia, so fish farmers rely on
antimicrobial treatment rather than on strain typing and vaccination. Antibiotics, including tet-
racyclines, are commonly used in controlling streptococcosis [73]. Concentrations above maxi-
mum limits have been found in fish sold for consumption in Vietnam [74], which may explain
the high prevalence of tetracycline resistance genes found in ST283 from Vietnam. However,
although similar antimicrobial use is reported in Thailand [75], tetracycline resistance amongst
human ST283 from Thailand disappeared after 2012: this loss was also seen in human ST283
from Lao PDR and Singapore, possibly through three separate resistance gene loss events (Fig
2). In contrast, tetracycline resistance was 88% amongst 712 non-ST283 invasive human GBS,
isolated in Singapore from 2001 to 2018 (T. Barkham, personal communication).

Potential global dissemination

Whereas fish-associated CC7 and CC552 are geographically widespread, our literature review,
up to December 2017, showed that CC283 had only been confirmed from SE Asia, although
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serotype III GBS had been described as the cause of disease outbreaks that occurred in 2016 in
tilapia farms in Brazil [76]. Serotype III GBS isolates from Brazilian tilapia farms have now
been confirmed as ST283, while this paper was in revision, and cluster with ST283 from Asia
[25, 77]. This observation, in combination with import records of live Nile tilapia from Singa-
pore to Brazil in 2014, suggests that ST283 may have been introduced into South America
from Southeast Asia, underlining the potential threat of Southeast Asian ST283 to expanding
aquaculture worldwide. The global trade in tilapia has previously been reported to account for
the dissemination of GBS CC552 (ST260/261), from Israel to Australia, Africa (Ghana), Asia
(China) and America (USA) [78] but CC552 does not affect homeothermic species. If ST283
spreads in a similar manner, human disease may also occur beyond SE Asia.

Limitations and further studies

Our data is limited by the use of existing GBS collections. More extensive and systematic geo-
graphical sampling and transmission studies are needed. Future studies might specifically
address the prevalence of GBS in fish hatcheries, animal feed, humans (including healthy carri-
ers), and both healthy and diseased aquatic and non-aquatic animals, as well as the evolution-
ary origin and virulence mechanisms of ST283. Pathogenicity factors that explain the virulence
of ST283 in humans are yet to be described, although a recent report identified the bceR gene
as important for antibiotic resistance, biofilm formation, and lethality in a mouse model of
infection [79]. Humans have previously been implicated as the source of GBS that caused a
mass die-off of fish [80], so the interplay between aquaculture and human waste, which is com-
monly discharged into fish ponds and rivers in Asia, in part to recycle nutrients in the food
production system, might also be studied.

Summary

GBS ST283 is widespread in Southeast Asia, where it has been causing disease for over 25 years.
Human ST283 is almost absent outside Asia but accounts for over 70% of invasive human GBS
in collections from Thailand and Lao PDR. As both are significant producers of tilapia, and con-
sumption of raw fish is common in these countries, we hypothesise that their ST283 infections
are acquired from fish, as in the Singapore outbreak. ST283 has been detected in healthy and
diseased farmed fish in SE Asia and is estimated to have emerged in 1985, corresponding with
the beginning of the rapid expansion of the aquaculture industry. ST283 causing tilapia deaths
in Brazil since 2016 are thought to have been introduced with tilapia imported from Asia in
2014. Evolutionary origins and routes of transmission within and between host species need
further study, as it is possible that ST283 is transmitted from humans to aquaculture, or that
there is another common source. Creation of cross-border collaborations in human and animal
health are needed to complete the epidemiological picture, may lead to improved human and
fish welfare, and may contribute to safer economic development in affected countries.

Disclaimer

The findings and conclusions expressed by authors contributing in this manuscript do not
necessarily reflect the official position of the Centers for Disease Control and Prevention or
the institutions with which the authors are affiliated.
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Streptococcus clonal complex (CC) 283, from humans and animals. Examples were selected
to show minimum and maximum SNP differences found between pairs within and between
countries and hosts.

(DOCX)

Acknowledgments

The authors are grateful for the support of clinical and laboratory staff involved in supplying
bacteria and data. Potential conflicts of interest: TB and SLC are named applicants on a patent
for the ST283-specific PCR test used in this study.

Author Contributions
Conceptualization: Timothy Barkham, Ruth N. Zadoks, Swaine L. Chen.

Data curation: Timothy Barkham, Ruth N. Zadoks, David Dance, Elisabete Martins, Toni
Whistler, Swaine L. Chen.

Formal analysis: Timothy Barkham, Ruth N. Zadoks, Swaine L. Chen.

Funding acquisition: Timothy Barkham, Ruth N. Zadoks, Rama Narayana Deepak, Thean
Yen Tan, Toni Whistler, Swaine L. Chen.

Investigation: Timothy Barkham, Ruth N. Zadoks, Mohammad Noor Amal Azmai, Stephen
Baker, Vu Thi Ngoc Bich, Victoria Chalker, David Dance, H. Rogier van Doorn, Mark A.
Holmes, Lan Nguyen Phu Huong, Elisabete Martins, Kurosh Mehershahi, Nguyen Ngoc
Phuoc, Ornuma Sangwichian, Pongpun Sawatwong, Uraiwan Surin, Thean Yen Tan, Wen
Ying Tang, Toni Whistler, Swaine L. Chen.

Methodology: Timothy Barkham, Ruth N. Zadoks, Mohammad Noor Amal Azmai, Wen
Ying Tang, Toni Whistler, Swaine L. Chen.

Project administration: Timothy Barkham, Ruth N. Zadoks, Stephen Baker, David Dance,
Thean Yen Tan, Toni Whistler, Swaine L. Chen.

Resources: Timothy Barkham, Ruth N. Zadoks, Mohammad Noor Amal Azmai, Stephen
Baker, Vu Thi Ngoc Bich, Victoria Chalker, Man Ling Chau, David Dance, H. Rogier van

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007421  June 27, 2019 14/20


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0007421.s002
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0007421.s003
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0007421.s004
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0007421.s005
https://doi.org/10.1371/journal.pntd.0007421

@ PLOS | RSHCAE Biseases

S. agalactiae ST283 invasive disease in humans and fish in SE Asia

Doorn, Ramona A. Gutierrez, Tse Hsien Koh, Elisabete Martins, Paul Newton, Lee Ching
Ng, Nguyen Ngoc Phuoc, Thean Yen Tan, Nguyen Vu Thuy, Paul Turner, Manivanh
Vongsouvath, Defeng Zhang, Toni Whistler, Swaine L. Chen.

Software: Swaine L. Chen.

Supervision: Timothy Barkham, Ruth N. Zadoks, Stephen Baker, David Dance, H. Rogier van

Doorn, Thean Yen Tan, Toni Whistler, Swaine L. Chen.

Validation: Timothy Barkham, Ruth N. Zadoks, Toni Whistler, Swaine L. Chen.

Visualization: Timothy Barkham, Swaine L. Chen.

Writing - original draft: Timothy Barkham, Ruth N. Zadoks.

Writing - review & editing: Timothy Barkham, Ruth N. Zadoks, Mohammad Noor Amal

Azmai, Stephen Baker, Victoria Chalker, Man Ling Chau, David Dance, Rama Narayana
Deepak, H. Rogier van Doorn, Ramona A. Gutierrez, Mark A. Holmes, Tse Hsien Koh, Eli-
sabete Martins, Paul Newton, Lee Ching Ng, Thean Yen Tan, Wen Ying Tang, Paul Turner,
Toni Whistler, Swaine L. Chen.

References

1.

Kalimuddin S, Chen SL, Lim CTK, Koh TH, Tan TY, Kam M, et al. 2015 Epidemic of Severe Streptococ-
cus 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_2):S145-S52. Epub 2017/05/06. https://doi.org/10.1093/cid/cix021 PMID:
28475781.

Tan S, Lin'Y, Foo K, Koh HF, Tow C, Zhang Y, et al. Group B Streptococcus Serotype Il Sequence
Type 283 Bacteremia Associated with Consumption of Raw Fish, Singapore. Emerg Infect Dis. 2016;
22(11):1970-3. Epub 2016/10/22. https://doi.org/10.3201/eid2211.160210 PMID: 27767904; PubMed
Central PMCID: PMCPMC5088028.

Rajendram P, Mar Kyaw W, Leo YS, Ho H, Chen WK, Lin R, et al. Group B Streptococcus Sequence
Type 283 Disease Linked to Consumption of Raw Fish, Singapore. Emerg Infect Dis. 2016; 22
(11):1974—7. Epub 2016/10/22. hitps://doi.org/10.3201/eid2211.160252 PMID: 27767905; PubMed
Central PMCID: PMCPMC5088009.

Foxman B, Gillespie BW, Manning SD, Marrs CF. Risk factors for group B streptococcal colonization:
potential for different transmission systems by capsular type. Ann Epidemiol. 2007; 17(11):854-62.
Epub 2007/08/11. https://doi.org/10.1016/j.annepidem.2007.05.014 PMID: 17689259; PubMed Central
PMCID: PMCPMC2099698.

Carl MA, Ndao IM, Springman AC, Manning SD, Johnson JR, Johnston BD, et al. Sepsis from the gut:
the enteric habitat of bacteria that cause late-onset neonatal bloodstream infections. Clin Infect Dis.
2014;58(9):1211-8. Epub 2014/03/22. https://doi.org/10.1093/cid/ciu084 PMID: 24647013; PubMed
Central PMCID: PMCPMC3982840.

Jauneikaite E, Kapatai G, Davies F, Gozar |, Coelho J, Bamford KB, et al. Serial Clustering of Late-
Onset Group B Streptococcal Infections in the Neonatal Unit: A Genomic Re-evaluation of Causality.
Clin Infect Dis. 2018; 67(6):854—60. Epub 2018/03/07. https://doi.org/10.1093/cid/ciy174 PMID:
29509833; PubMed Central PMCID: PMCPMC6117446.

Ip M, Cheuk ES, Tsui MH, Kong F, Leung TN, Gilbert GL. Identification of a Streptococcus agalactiae
serotype |l subtype 4 clone in association with adult invasive disease in Hong Kong. J Clin Microbiol.
2006; 44(11):4252—4. Epub 2006/09/29. https://doi.org/10.1128/JCM.01533-06 PMID: 17005749;
PubMed Central PMCID: PMCPMC1698356.

Salloum M, van der Mee-Marquet N, Domelier AS, Arnault L, Quentin R. Molecular characterization and
prophage DNA contents of Streptococcus agalactiae strains isolated from adult skin and osteoarticular

infections. J Clin Microbiol. 2010; 48(4):1261-9. Epub 2010/02/26. https://doi.org/10.1128/JCM.01820-
09 PMID: 20181908; PubMed Central PMCID: PMCPMC2849610.

Delannoy CM, Crumlish M, Fontaine MC, Pollock J, Foster G, Dagleish MP, et al. Human Streptococ-
cus agalactiae strains in aquatic mammals and fish. BMC Microbiol. 2013; 13:41. Epub 2013/02/20.
https://doi.org/10.1186/1471-2180-13-41 PMID: 23419028; PubMed Central PMCID:
PMCPMC3585737.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007421  June 27, 2019 15/20


https://doi.org/10.1093/cid/cix021
http://www.ncbi.nlm.nih.gov/pubmed/28475781
https://doi.org/10.3201/eid2211.160210
http://www.ncbi.nlm.nih.gov/pubmed/27767904
https://doi.org/10.3201/eid2211.160252
http://www.ncbi.nlm.nih.gov/pubmed/27767905
https://doi.org/10.1016/j.annepidem.2007.05.014
http://www.ncbi.nlm.nih.gov/pubmed/17689259
https://doi.org/10.1093/cid/ciu084
http://www.ncbi.nlm.nih.gov/pubmed/24647013
https://doi.org/10.1093/cid/ciy174
http://www.ncbi.nlm.nih.gov/pubmed/29509833
https://doi.org/10.1128/JCM.01533-06
http://www.ncbi.nlm.nih.gov/pubmed/17005749
https://doi.org/10.1128/JCM.01820-09
https://doi.org/10.1128/JCM.01820-09
http://www.ncbi.nlm.nih.gov/pubmed/20181908
https://doi.org/10.1186/1471-2180-13-41
http://www.ncbi.nlm.nih.gov/pubmed/23419028
https://doi.org/10.1371/journal.pntd.0007421

@ PLOS | RSHCAE Biseases

S. agalactiae ST283 invasive disease in humans and fish in SE Asia

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

Chau ML, Chen SL, Yap M, Hartantyo SHP, Chiew PKT, Fernandez CJ, 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(12). Epub 2017/11/18. https://doi.org/10.3201/eid2312.170596
PMID: 29148967; PubMed Central PMCID: PMCPMC5708258.

Mehershahi KS, Hsu LY, Koh TH, Chen SL. Complete Genome Sequence of Streptococcus agalactiae
Serotype Ill, Multilocus Sequence Type 283 Strain SG-M1. Genome Announc. 2015; 3(5). Epub 2015/
10/27. https://doi.org/10.1128/genomeA.01188-15 PMID: 26494662; PubMed Central PMCID:
PMCPMC4616172.

Li H, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics.
2009; 25(14):1754—60. Epub 2009/05/20. https://doi.org/10.1093/bioinformatics/btp324 PMID:
19451168; PubMed Central PMCID: PMCPMC2705234.

Wilm A, Aw PP, Bertrand D, Yeo GH, Ong SH, Wong CH, et al. LoFreq: a sequence-quality aware,
ultra-sensitive variant caller for uncovering cell-population heterogeneity from high-throughput
sequencing datasets. Nucleic Acids Res. 2012; 40(22):11189-201. Epub 2012/10/16. https://doi.org/
10.1093/nar/gks918 PMID: 23066108; PubMed Central PMCID: PMCPMC3526318.

Kurtz S, Phillippy A, Delcher AL, Smoot M, Shumway M, Antonescu C, et al. Versatile and open soft-
ware for comparing large genomes. Genome Biol. 2004; 5(2):R12. Epub 2004/02/05. https://doi.org/10.
1186/gb-2004-5-2-r12 PMID: 14759262; PubMed Central PMCID: PMCPMC395750.

Inouye M, Dashnow H, Raven LA, Schultz MB, Pope BJ, Tomita T, et al. SRST2: Rapid genomic sur-
veillance for public health and hospital microbiology labs. Genome Med. 2014; 6(11):90. Epub 2014/11/
26. https://doi.org/10.1186/s13073-014-0090-6 PMID: 25422674; PubMed Central PMCID:
PMCPMC4237778.

Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, Bealer K, et al. BLAST+: architecture
and applications. BMC Bioinformatics. 2009; 10:421. Epub 2009/12/17. https://doi.org/10.1186/1471-
2105-10-421 PMID: 20003500; PubMed Central PMCID: PMCPMC2803857.

Jolley KA, Maiden MC. BIGSdb: Scalable analysis of bacterial genome variation at the population level.
BMC Bioinformatics. 2010; 11:595. Epub 2010/12/15. https://doi.org/10.1186/1471-2105-11-595 PMID:
21143983; PubMed Central PMCID: PMCPMC3004885.

Gupta SK, Padmanabhan BR, Diene SM, Lopez-Rojas R, Kempf M, Landraud L, et al. ARG-ANNOT, a
new bioinformatic tool to discover antibiotic resistance genes in bacterial genomes. Antimicrob Agents
Chemother. 2014; 58(1):212—20. Epub 2013/10/23. https://doi.org/10.1128/AAC.01310-13 PMID:
24145532; PubMed Central PMCID: PMCPMC3910750.

Marttinen P, Hanage WP, Croucher NJ, Connor TR, Harris SR, Bentley SD, et al. Detection of recombi-
nation events in bacterial genomes from large population samples. Nucleic Acids Res. 2012; 40(1):e6.
Epub 2011/11/09. https://doi.org/10.1093/nar/gkr928 PMID: 22064866; PubMed Central PMCID:
PMCPMC3245952.

Didelot X, Wilson DJ. ClonalFrameML: efficient inference of recombination in whole bacterial genomes.
PLoS Comput Biol. 2015; 11(2):e1004041. Epub 2015/02/13. https://doi.org/10.1371/journal.pcbi.
1004041 PMID: 25675341; PubMed Central PMCID: PMCPMC4326465.

Price MN, Dehal PS, Arkin AP. FastTree 2—approximately maximum-likelihood trees for large align-
ments. PLoS One. 2010; 5(3):€9490. Epub 2010/03/13. https://doi.org/10.1371/journal.pone.0009490
PMID: 20224823; PubMed Central PMCID: PMCPMC2835736.

Da Cunha V, Davies MR, Douarre PE, Rosinski-Chupin |, Margarit |, Spinali S, et al. Streptococcus aga-
lactiae clones infecting humans were selected and fixed through the extensive use of tetracycline. Nat
Commun. 2014; 5:4544. Epub 2014/08/05. https://doi.org/10.1038/ncomms5544 PMID: 25088811;
PubMed Central PMCID: PMCPMC4538795.

Yu G, Smith D, Zhu H, Guan Y, Lam T. ggtree: an R package for visualization and annotation of phylo-
genetic trees with their covariates and other associated data. Methods in Ecology and Evolution. 2017;
8:28-36. https://doi.org/10.1111/2041-210X.12628

Ip M, Ang |, Fung K, Liyanapathirana V, Luo MJ, Lai R. Hypervirulent Clone of Group B Streptococcus
Serotype Il Sequence Type 283, Hong Kong, 1993-2012. Emerg Infect Dis. 2016; 22(10):1800-3.
Epub 2016/09/21. https://doi.org/10.3201/eid2210.151436 PMID: 27648702; PubMed Central PMCID:
PMCPMC5038432.

Areechon N, Kannika K, Hirono |, Kondo H, Unajak S. Draft Genome Sequences of Streptococcus aga-
lactiae Serotype la and Ill Isolates from Tilapia Farms in Thailand. Genome Announc. 2016; 4(2). Epub
2016/03/26. https://doi.org/10.1128/genomeA.00122-16 PMID: 27013037; PubMed Central PMCID:
PMCPMC4807226.

Bouckaert R, Heled J, Kuhnert D, Vaughan T, Wu CH, Xie D, et al. BEAST 2: a software platform for
Bayesian evolutionary analysis. PLoS Comput Biol. 2014; 10(4):e1003537. Epub 2014/04/12. https:/
doi.org/10.1371/journal.pcbi.1003537 PMID: 24722319; PubMed Central PMCID: PMCPMC3985171.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007421  June 27, 2019 16/20


https://doi.org/10.3201/eid2312.170596
http://www.ncbi.nlm.nih.gov/pubmed/29148967
https://doi.org/10.1128/genomeA.01188-15
http://www.ncbi.nlm.nih.gov/pubmed/26494662
https://doi.org/10.1093/bioinformatics/btp324
http://www.ncbi.nlm.nih.gov/pubmed/19451168
https://doi.org/10.1093/nar/gks918
https://doi.org/10.1093/nar/gks918
http://www.ncbi.nlm.nih.gov/pubmed/23066108
https://doi.org/10.1186/gb-2004-5-2-r12
https://doi.org/10.1186/gb-2004-5-2-r12
http://www.ncbi.nlm.nih.gov/pubmed/14759262
https://doi.org/10.1186/s13073-014-0090-6
http://www.ncbi.nlm.nih.gov/pubmed/25422674
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1186/1471-2105-10-421
http://www.ncbi.nlm.nih.gov/pubmed/20003500
https://doi.org/10.1186/1471-2105-11-595
http://www.ncbi.nlm.nih.gov/pubmed/21143983
https://doi.org/10.1128/AAC.01310-13
http://www.ncbi.nlm.nih.gov/pubmed/24145532
https://doi.org/10.1093/nar/gkr928
http://www.ncbi.nlm.nih.gov/pubmed/22064866
https://doi.org/10.1371/journal.pcbi.1004041
https://doi.org/10.1371/journal.pcbi.1004041
http://www.ncbi.nlm.nih.gov/pubmed/25675341
https://doi.org/10.1371/journal.pone.0009490
http://www.ncbi.nlm.nih.gov/pubmed/20224823
https://doi.org/10.1038/ncomms5544
http://www.ncbi.nlm.nih.gov/pubmed/25088811
https://doi.org/10.1111/2041-210X.12628
https://doi.org/10.3201/eid2210.151436
http://www.ncbi.nlm.nih.gov/pubmed/27648702
https://doi.org/10.1128/genomeA.00122-16
http://www.ncbi.nlm.nih.gov/pubmed/27013037
https://doi.org/10.1371/journal.pcbi.1003537
https://doi.org/10.1371/journal.pcbi.1003537
http://www.ncbi.nlm.nih.gov/pubmed/24722319
https://doi.org/10.1371/journal.pntd.0007421

@ PLOS | RSHCAE Biseases

S. agalactiae ST283 invasive disease in humans and fish in SE Asia

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M,

42,

Drummond AJ, Suchard MA, Xie D, Rambaut A. Bayesian phylogenetics with BEAUti and the BEAST
1.7. Mol Biol Evol. 2012; 29(8):1969-73. Epub 2012/03/01. https://doi.org/10.1093/molbev/mss075
PMID: 22367748; PubMed Central PMCID: PMCPMC3408070.

Wilder-Smith E, Chow KM, Kay R, Ip M, Tee N. Group B streptococcal meningitis in adults: recent
increase in Southeast Asia. Aust N Z J Med. 2000; 30(4):462-5. Epub 2000/09/14. PMID: 10985511.

Jones N, Bohnsack JF, Takahashi S, Oliver KA, Chan MS, Kunst F, et al. Multilocus Sequence Typing
System for Group B Streptococcus. Journal of Clinical Microbiology. 2003; 41(6):2530-6. https://doi.
org/10.1128/JCM.41.6.2530-2536.2003 PMID: 12791877

Barkham T, Sheppard A, Jones N, Chen S. Streptococcus agalactiae that caused meningitis in healthy
adults in 1998 are ST283, the same type that caused a foodborne outbreak of invasive sepsis in 2015:
an observational molecular epidemiology study. Clin Microbiol Infect. 2018. Epub 2018/04/16. https:/
doi.org/10.1016/j.cmi.2018.04.006 PMID: 29655956.

Brochet M, Couve E, Bercion R, Sire JM, Glaser P. Population structure of human isolates of Strepto-
coccus agalactiae from Dakar and Bangui. J Clin Microbiol. 2009; 47(3):800-3. Epub 2008/12/26.
https://doi.org/10.1128/JCM.01103-08 PMID: 19109468; PubMed Central PMCID: PMCPMC2650903.

Huber CA, McOdimba F, Pflueger V, Daubenberger CA, Revathi G. Characterization of invasive and
colonizing isolates of Streptococcus agalactiae in East African adults. J Clin Microbiol. 2011; 49
(10):3652—5. Epub 2011/08/26. https://doi.org/10.1128/JCM.01288-11 PMID: 21865428; PubMed Cen-
tral PMCID: PMCPMC3187314.

Manning SD, Springman AC, Lehotzky E, Lewis MA, Whittam TS, Davies HD. Multilocus sequence
types associated with neonatal group B streptococcal sepsis and meningitis in Canada. J Clin Microbiol.
2009; 47(4):1143-8. Epub 2009/01/23. https://doi.org/10.1128/JCM.01424-08 PMID: 19158264;
PubMed Central PMCID: PMCPMC2668308.

Teatero S, Athey TB, Van Caeseele P, Horsman G, Alexander DC, Melano RG, et al. Emergence of
Serotype IV Group B Streptococcus Adult Invasive Disease in Manitoba and Saskatchewan, Canada,
Is Driven by Clonal Sequence Type 459 Strains. J Clin Microbiol. 2015; 53(9):2919-26. Epub 2015/07/
03. https://doi.org/10.1128/JCM.01128-15 PMID: 2613587 1; PubMed Central PMCID:
PMCPMC4540936.

Yang, LiuY, DingV, YiL, Ma Z, Fan H, et al. Molecular characterization of Streptococcus agalactiae
isolated from bovine mastitis in Eastern China. PLoS One. 2013; 8(7):€67755. Epub 2013/07/23.
https://doi.org/10.1371/journal.pone.0067755 PMID: 23874442; PubMed Central PMCID:
PMCPMC3707890.

Barato P, Martins ER, Melo-Cristino J, Iregui CA, Ramirez M. Persistence of a single clone of Strepto-
coccus agalactiae causing disease in tilapia (Oreochromis sp.) cultured in Colombia over 8 years. J
Fish Dis. 2015; 38(12):1083—7. Epub 2015/02/04. https://doi.org/10.1111/jfd.12337 PMID: 25643734.

Bjornsdottir ES, Martins ER, Erlendsdottir H, Haraldsson G, Melo-Cristino J, Kristinsson KG, et al.
Changing epidemiology of group B streptococcal infections among adults in Iceland: 1975-2014. Clin
Microbiol Infect. 2016; 22(4):379 e9—e16. Epub 2015/12/23. https://doi.org/10.1016/j.cmi.2015.11.020
PMID: 26691681.

Sadowy E, Matynia B, Hryniewicz W. Population structure, virulence factors and resistance determi-
nants of invasive, non-invasive and colonizing Streptococcus agalactiae in Poland. J Antimicrob Che-
mother. 2010; 65(9):1907—-14. Epub 2010/06/30. https://doi.org/10.1093/jac/dkq230 PMID: 20584746.

Martins ER, Pessanha MA, Ramirez M, Melo-Cristino J, Portuguese Group for the Study of Streptococ-
cal I. Analysis of group B streptococcal isolates from infants and pregnant women in Portugal revealing
two lineages with enhanced invasiveness. J Clin Microbiol. 2007; 45(10):3224—9. Epub 2007/08/19.

https://doi.org/10.1128/JCM.01182-07 PMID: 17699641; PubMed Central PMCID: PMCPMC2045366.

Martins ER, Melo-Cristino J, Ramirez M, Portuguese Group for the Study of Streptococcal I. Dominance
of serotype la among group B Streptococci causing invasive infections in nonpregnant adults in Portu-
gal. J Clin Microbiol. 2012; 50(4):1219-27. Epub 2012/01/06. https://doi.org/10.1128/JCM.05488-11
PMID: 22219307; PubMed Central PMCID: PMCPMC3318525.

Martins ER, Pedroso-Roussado C, Melo-Cristino J, Ramirez M, Portuguese Group for the Study of
Streptococcal I. Streptococcus agalactiae Causing Neonatal Infections in Portugal (2005-2015): Diver-
sification and Emergence of a CC17/PI-2b Multidrug Resistant Sublineage. Front Microbiol. 2017;
8:499. Epub 2017/04/13. https://doi.org/10.3389/fmicb.2017.00499 PMID: 28400757; PubMed Central
PMCID: PMCPMC5368217.

Lopes E, Fernandes T, Machado MP, Carrico JA, Melo-Cristino J, Ramirez M, et al. Increasing macro-
lide resistance among Streptococcus agalactiae causing invasive disease in non-pregnant adults was
driven by a single capsular-transformed lineage, Portugal, 2009 to 2015. Euro Surveill. 2018; 23(21).
Epub 2018/05/31. https://doi.org/10.2807/1560-7917.ES.2018.23.21.1700473 PMID: 29845930.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007421  June 27, 2019 17/20


https://doi.org/10.1093/molbev/mss075
http://www.ncbi.nlm.nih.gov/pubmed/22367748
http://www.ncbi.nlm.nih.gov/pubmed/10985511
https://doi.org/10.1128/JCM.41.6.2530-2536.2003
https://doi.org/10.1128/JCM.41.6.2530-2536.2003
http://www.ncbi.nlm.nih.gov/pubmed/12791877
https://doi.org/10.1016/j.cmi.2018.04.006
https://doi.org/10.1016/j.cmi.2018.04.006
http://www.ncbi.nlm.nih.gov/pubmed/29655956
https://doi.org/10.1128/JCM.01103-08
http://www.ncbi.nlm.nih.gov/pubmed/19109468
https://doi.org/10.1128/JCM.01288-11
http://www.ncbi.nlm.nih.gov/pubmed/21865428
https://doi.org/10.1128/JCM.01424-08
http://www.ncbi.nlm.nih.gov/pubmed/19158264
https://doi.org/10.1128/JCM.01128-15
http://www.ncbi.nlm.nih.gov/pubmed/26135871
https://doi.org/10.1371/journal.pone.0067755
http://www.ncbi.nlm.nih.gov/pubmed/23874442
https://doi.org/10.1111/jfd.12337
http://www.ncbi.nlm.nih.gov/pubmed/25643734
https://doi.org/10.1016/j.cmi.2015.11.020
http://www.ncbi.nlm.nih.gov/pubmed/26691681
https://doi.org/10.1093/jac/dkq230
http://www.ncbi.nlm.nih.gov/pubmed/20584746
https://doi.org/10.1128/JCM.01182-07
http://www.ncbi.nlm.nih.gov/pubmed/17699641
https://doi.org/10.1128/JCM.05488-11
http://www.ncbi.nlm.nih.gov/pubmed/22219307
https://doi.org/10.3389/fmicb.2017.00499
http://www.ncbi.nlm.nih.gov/pubmed/28400757
https://doi.org/10.2807/1560-7917.ES.2018.23.21.1700473
http://www.ncbi.nlm.nih.gov/pubmed/29845930
https://doi.org/10.1371/journal.pntd.0007421

@ PLOS | RSHCAE Biseases

S. agalactiae ST283 invasive disease in humans and fish in SE Asia

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Martins ER, Andreu A, Correia P, Juncosa T, Bosch J, Ramirez M, et al. Group B streptococci causing
neonatal infections in barcelona are a stable clonal population: 18-year surveillance. J Clin Microbiol.
2011; 49(8):2911-8. Epub 2011/06/24. https://doi.org/10.1128/JCM.00271-11 PMID: 216973383;
PubMed Central PMCID: PMCPMC3147731.

Luan SL, Granlund M, Sellin M, Lagergard T, Spratt BG, Norgren M. Multilocus sequence typing of
Swedish invasive group B streptococcus isolates indicates a neonatally associated genetic lineage and
capsule switching. J Clin Microbiol. 2005; 43(8):3727—-33. Epub 2005/08/06. https://doi.org/10.1128/
JCM.43.8.3727-3733.2005 PMID: 16081902; PubMed Central PMCID: PMCPMC1233917.

Bohnsack JF, Whiting A, Gottschalk M, Dunn DM, Weiss R, Azimi PH, et al. Population structure of
invasive and colonizing strains of Streptococcus agalactiae from neonates of six U.S. Academic Cen-
ters from 1995 to 1999. J Clin Microbiol. 2008; 46(4):1285-91. Epub 2008/02/22. https://doi.org/10.
1128/JCM.02105-07 PMID: 18287314; PubMed Central PMCID: PMCPMC2292926.

Sorensen UB, Poulsen K, Ghezzo C, Margarit |, Kilian M. Emergence and global dissemination of host-
specific Streptococcus agalactiae clones. MBio. 2010; 1(3). Epub 2010/09/09. https://doi.org/10.1128/
mBio.00178-10 PMID: 20824 105; PubMed Central PMCID: PMCPMC2932510.

Reyes J, Chaffer M, Rodriguez-Lecompte JC, Sanchez J, Zadoks RN, Robinson N, et al. Short commu-
nication: Molecular epidemiology of Streptococcus agalactiae differs between countries. J Dairy Sci.
2017; 100(11):9294-7. Epub 2017/09/18. https://doi.org/10.3168/jds.2017-13363 PMID: 28918144.

Zadoks RN, Middleton JR, McDougall S, Katholm J, Schukken YH. Molecular epidemiology of mastitis
pathogens of dairy cattle and comparative relevance to humans. J Mammary Gland Biol Neoplasia.
2011; 16(4):357-72. Epub 2011/10/05. https://doi.org/10.1007/s10911-011-9236-y PMID: 21968538;
PubMed Central PMCID: PMCPMC3208832.

Lyhs U, Kulkas L, Katholm J, Waller KP, Saha K, Tomusk RJ, et al. Streptococcus agalactiae Serotype
IV in Humans and Cattle, Northern Europe. Emerg Infect Dis. 2016; 22(12):2097—103. Epub 2016/11/
22. https://doi.org/10.3201/eid2212.151447 PMID: 27869599; PubMed Central PMCID:
PMCPMC5189126.

Jorgensen HJ, Nordstoga AB, Sviland S, Zadoks RN, Solverod L, Kvitle B, et al. Streptococcus agalac-
tiae in the environment of bovine dairy herds—rewriting the textbooks? Vet Microbiol. 2016; 184:64—72.
Epub 2016/02/09. https://doi.org/10.1016/j.vetmic.2015.12.014 PMID: 26854346.

Barony GM, Tavares GC, Pereira FL, Carvalho AF, Dorella FA, Leal CAG, et al. Large-scale genomic
analyses reveal the population structure and evolutionary trends of Streptococcus agalactiae strains in
Brazilian fish farms. Sci Rep. 2017; 7(1):13538. Epub 2017/10/21. https://doi.org/10.1038/s41598-017-
13228-z PMID: 29051505; PubMed Central PMCID: PMCPMC5648781.

Cobo-Angel C, Jaramillo-Jaramillo AS, Lasso-Rojas LM, Aguilar-Marin SB, Sanchez J, Rodriguez-
Lecompte JC, et al. Streptococcus agalactiae is not always an obligate intramammary pathogen: Molec-
ular epidemiology of GBS from milk, feces and environment in Colombian dairy herds. PLoS One.

2018; 13(12):e0208990. Epub 2018/12/12. https://doi.org/10.1371/journal.pone.0208990 PMID:
30532177; PubMed Central PMCID: PMCPMC6287850.

Bisharat N, Crook DW, Leigh J, Harding RM, Ward PN, Coffey TJ, et al. Hyperinvasive neonatal group
B streptococcus has arisen from a bovine ancestor. J Clin Microbiol. 2004; 42(5):2161-7. Epub 2004/
05/08. https://doi.org/10.1128/JCM.42.5.2161-2167.2004 PMID: 15131184; PubMed Central PMCID:
PMCPMC404684.

Mahmmod YS, Klaas IC, Katholm J, Lutton M, Zadoks RN. Molecular epidemiology and strain-specific
characteristics of Streptococcus agalactiae at the herd and cow level. J Dairy Sci. 2015; 98(10):6913—
24. Epub 2015/08/04. https://doi.org/10.3168/jds.2015-9397 PMID: 26233443.

Kong F, Gowan S, Martin D, James G, Gilbert GL. Serotype Identification of Group B Streptococci by
PCR and Sequencing. Journal of Clinical Microbiology. 2002; 40(1):216—26. https://doi.org/10.1128/
JCM.40.1.216-226.2002 PMID: 11773119

Rakocy JE. Cultured Aquatic Species Information Programme, Oreochromis niloticus http://www.fao.
org/fishery/culturedspecies/Oreochromis_niloticus/en#tcNAOOFE2018 [30/09/2018]. Available from:
http://www.fao.org/fishery/culturedspecies/Oreochromis_niloticus/en#tcNAOOFE.

Yoon HJ, Ki M, Eom K, Yong TS, Chai JY, Min DY, et al. Risk factors for Opisthorchis viverrini and min-
ute intestinal fluke infections in Lao PDR, 2009—2011. Am J Trop Med Hyg. 2014; 91(2):384-8. Epub
2014/07/02. https://doi.org/10.4269/ajtmh.13-0596 PMID: 24980495; PubMed Central PMCID:
PMCPMC4125266.

Newton PN, Rolain JM, Rasachak B, Mayxay M, Vathanatham K, Seng P, et al. Sennetsu neorickettsio-
sis: a probable fish-borne cause of fever rediscovered in Laos. Am J Trop Med Hyg. 2009; 81(2):190—4.
Epub 2009/07/29. PMID: 19635868.

Pightling AW, Pettengill JB, Luo Y, Baugher JD, Rand H, Strain E. Interpreting Whole-Genome
Sequence Analyses of Foodborne Bacteria for Regulatory Applications and Outbreak Investigations.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007421  June 27, 2019 18/20


https://doi.org/10.1128/JCM.00271-11
http://www.ncbi.nlm.nih.gov/pubmed/21697333
https://doi.org/10.1128/JCM.43.8.3727-3733.2005
https://doi.org/10.1128/JCM.43.8.3727-3733.2005
http://www.ncbi.nlm.nih.gov/pubmed/16081902
https://doi.org/10.1128/JCM.02105-07
https://doi.org/10.1128/JCM.02105-07
http://www.ncbi.nlm.nih.gov/pubmed/18287314
https://doi.org/10.1128/mBio.00178-10
https://doi.org/10.1128/mBio.00178-10
http://www.ncbi.nlm.nih.gov/pubmed/20824105
https://doi.org/10.3168/jds.2017-13363
http://www.ncbi.nlm.nih.gov/pubmed/28918144
https://doi.org/10.1007/s10911-011-9236-y
http://www.ncbi.nlm.nih.gov/pubmed/21968538
https://doi.org/10.3201/eid2212.151447
http://www.ncbi.nlm.nih.gov/pubmed/27869599
https://doi.org/10.1016/j.vetmic.2015.12.014
http://www.ncbi.nlm.nih.gov/pubmed/26854346
https://doi.org/10.1038/s41598-017-13228-z
https://doi.org/10.1038/s41598-017-13228-z
http://www.ncbi.nlm.nih.gov/pubmed/29051505
https://doi.org/10.1371/journal.pone.0208990
http://www.ncbi.nlm.nih.gov/pubmed/30532177
https://doi.org/10.1128/JCM.42.5.2161-2167.2004
http://www.ncbi.nlm.nih.gov/pubmed/15131184
https://doi.org/10.3168/jds.2015-9397
http://www.ncbi.nlm.nih.gov/pubmed/26233443
https://doi.org/10.1128/JCM.40.1.216-226.2002
https://doi.org/10.1128/JCM.40.1.216-226.2002
http://www.ncbi.nlm.nih.gov/pubmed/11773119
http://www.fao.org/fishery/culturedspecies/Oreochromis_niloticus/en#tcNA00FE2018
http://www.fao.org/fishery/culturedspecies/Oreochromis_niloticus/en#tcNA00FE2018
http://www.fao.org/fishery/culturedspecies/Oreochromis_niloticus/en#tcNA00FE
https://doi.org/10.4269/ajtmh.13-0596
http://www.ncbi.nlm.nih.gov/pubmed/24980495
http://www.ncbi.nlm.nih.gov/pubmed/19635868
https://doi.org/10.1371/journal.pntd.0007421

@ PLOS | RSHCAE Biseases

S. agalactiae ST283 invasive disease in humans and fish in SE Asia

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Front Microbiol. 2018; 9:1482. Epub 2018/07/26. https://doi.org/10.3389/fmicb.2018.01482 PMID:
30042741; PubMed Central PMCID: PMCPMC6048267.

Tim Stockdale MBaLF. The 2015/2016 El Nifio and beyond. ECMWF Newsletter [Internet]. 5th April
2018; (151). Available from: https://www.ecmwf.int/en/newsletter/151/meteorology/2015-2016-el-nino-
and-beyond.

Amal MNA, Zamri-Saad M, Zahrah AS, Zulkafli AR. Water quality influences the presence of Strepto-
coccus agalactiae in cage cultured red hybrid tilapia, Oreochromis niloticus x Oreochromis mossambi-
cus. Aquaculture Research. 2015; 46(2):313-23. https://doi.org/10.1111/are.12180

Amal MNA, Zamri-Saad M. Streptococcosis in Tilapia (Oreochromis niloticus): A Review. Pertanika J
Trop Agric Sci. 2011; 34(2):195-206.

Geng Y, Wang KY, Huang XL, Chen DF, Li CW, Ren SY, et al. Streptococcus agalactiae, an emerging
pathogen for cultured ya-fish, Schizothorax prenanti, in China. Transbound Emerg Dis. 2012; 59
(4):369-75. Epub 2011/12/08. https://doi.org/10.1111/j.1865-1682.2011.01280.x PMID: 22146014.

Bowater RO, Forbes-Faulkner J, Anderson IG, Condon K, Robinson B, Kong F, et al. Natural outbreak
of Streptococcus agalactiae (GBS) infection in wild giant Queensland grouper, Epinephelus lanceolatus
(Bloch), and other wild fish in northern Queensland, Australia. J Fish Dis. 2012; 35(3):173-86. Epub
2012/02/14. https://doi.org/10.1111/j.1365-2761.2011.01332.x PMID: 22324342.

Needham SF-S, S. J. The consumption of fish and fish products in the Asia-Pacific region based on
household surveys. RAP Publication. 2015; 12:87.

Delannoy CM, Zadoks RN, Crumlish M, Rodgers D, Lainson FA, Ferguson HW, et al. Genomic compar-
ison of virulent and non-virulent Streptococcus agalactiae in fish. J Fish Dis. 2016; 39(1):13-29. Epub
2014/11/18. https://doi.org/10.1111/jfd.12319 PMID: 25399660.

Amal MN, Zamri-Saad M, Siti-Zahrah A, Zulkafli AR. Transmission of Streptococcus agalactiae from a
hatchery into a newly established red hybrid tilapia, Oreochromis niloticus (L.) x Oreochromis mossam-
bicus (Peters), farm. J Fish Dis. 2013; 36(8):735-9. Epub 2013/01/26. https://doi.org/10.1111/jfd.12056
PMID: 23347250.

Eskandarian N, Neela V, Ismail Z, Puzi SM, Hamat RA, Desa MN, et al. Group B streptococcal bacter-
emia in a major teaching hospital in Malaysia: a case series of eighteen patients. Int J Infect Dis. 2013;
17(9):e777-80. Epub 2013/03/05. https://doi.org/10.1016/}.ijid.2013.01.011 PMID: 23453715.

Kannika K, Pisuttharachai D, Srisapoome P, Wongtavatchai J, Kondo H, Hirono |, et al. Molecular sero-
typing, virulence gene profiling and pathogenicity of Streptococcus agalactiae isolated from tilapia
farms in Thailand by multiplex PCR. J Appl Microbiol. 2017; 122(6):1497-507. Epub 2017/03/16.
https://doi.org/10.1111/jam.13447 PMID: 28295891.

Suanyuk N, Kong F, Ko D, Gilbert GL, Supamattaya K. Occurrence of rare genotypes of Streptococcus
agalactiae in cultured red tilapia Oreochromis sp. and Nile tilapia O. niloticus in Thailand—Relationship
to human isolates? Aquaculture. 2008; 284(1):35—40. https://doi.org/10.1016/j.aquaculture.2008.07.
034.

Dangwetngam M, Suanyuk N, Kong F, Phromkunthong W. Serotype distribution and antimicrobial sus-
ceptibilities of Streptococcus agalactiae isolated from infected cultured tilapia (Oreochromis niloticus) in
Thailand: Nine-year perspective. J Med Microbiol. 2016; 65(3):247-54. Epub 2015/12/25. https://doi.
org/10.1099/jmm.0.000213 PMID: 26701807.

Louthrenoo W, Kasitanon N, Wangkaew S, Hongsongkiat S, Sukitawut W, Wichainun R. Streptococcus
agalactiae: an emerging cause of septic arthritis. J Clin Rheumatol. 2014; 20(2):74-8. Epub 2014/02/
25. https://doi.org/10.1097/RHU.0000000000000071 PMID: 24561409.

Thi Kim Chi T, Clausen JH, Van PT, Tersbel B, Dalsgaard A. Use practices of antimicrobials and other
compounds by shrimp and fish farmers in Northern Vietnam. Aquaculture Reports. 2017; 7:40-7.
https://doi.org/10.1016/j.aqrep.2017.05.003.

Pham DK, Chu J, Do NT, Brose F, Degand G, Delahaut P, et al. Monitoring Antibiotic Use and Residue
in Freshwater Aquaculture for Domestic Use in Vietnam. Ecohealth. 2015; 12(3):480-9. Epub 2015/01/
07. https://doi.org/10.1007/s10393-014-1006-z PMID: 25561382; PubMed Central PMCID:
PMCPMC4623066.

Rico A, Oliveira R, McDonough S, Matser A, Khatikarn J, Satapornvanit K, et al. Use, fate and ecologi-
cal risks of antibiotics applied in tilapia cage farming in Thailand. Environ Pollut. 2014; 191:8—-16. Epub
2014/05/02. https://doi.org/10.1016/j.envpol.2014.04.002 PMID: 24780637

Chideroli RT, Amoroso N, Mainardi RM, Suphoronski SA, de Padua SB, Alfieri AF, et al. Emergence of
a new multidrug-resistant and highly virulent serotype of Streptococcus agalactiae in fish farms from
Brazil. Aquaculture. 2017; 479:45-51. https://doi.org/10.1016/j.aquaculture.2017.05.013.

Leal CAG, Queiroz GA, Pereira FL, Tavares GC, Figueiredo HCP. Streptococcus agalactiae Sequence
Type 283 in Farmed Fish, Brazil. Emerg Infect Dis. 2019; 25(4):776-9. Epub 2019/03/19. https://doi.
org/10.3201/eid2504.180543 PMID: 30882311.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007421  June 27, 2019 19/20


https://doi.org/10.3389/fmicb.2018.01482
http://www.ncbi.nlm.nih.gov/pubmed/30042741
https://www.ecmwf.int/en/newsletter/151/meteorology/2015-2016-el-nino-and-beyond
https://www.ecmwf.int/en/newsletter/151/meteorology/2015-2016-el-nino-and-beyond
https://doi.org/10.1111/are.12180
https://doi.org/10.1111/j.1865-1682.2011.01280.x
http://www.ncbi.nlm.nih.gov/pubmed/22146014
https://doi.org/10.1111/j.1365-2761.2011.01332.x
http://www.ncbi.nlm.nih.gov/pubmed/22324342
https://doi.org/10.1111/jfd.12319
http://www.ncbi.nlm.nih.gov/pubmed/25399660
https://doi.org/10.1111/jfd.12056
http://www.ncbi.nlm.nih.gov/pubmed/23347250
https://doi.org/10.1016/j.ijid.2013.01.011
http://www.ncbi.nlm.nih.gov/pubmed/23453715
https://doi.org/10.1111/jam.13447
http://www.ncbi.nlm.nih.gov/pubmed/28295891
https://doi.org/10.1016/j.aquaculture.2008.07.034
https://doi.org/10.1016/j.aquaculture.2008.07.034
https://doi.org/10.1099/jmm.0.000213
https://doi.org/10.1099/jmm.0.000213
http://www.ncbi.nlm.nih.gov/pubmed/26701807
https://doi.org/10.1097/RHU.0000000000000071
http://www.ncbi.nlm.nih.gov/pubmed/24561409
https://doi.org/10.1016/j.aqrep.2017.05.003
https://doi.org/10.1007/s10393-014-1006-z
http://www.ncbi.nlm.nih.gov/pubmed/25561382
https://doi.org/10.1016/j.envpol.2014.04.002
http://www.ncbi.nlm.nih.gov/pubmed/24780637
https://doi.org/10.1016/j.aquaculture.2017.05.013
https://doi.org/10.3201/eid2504.180543
https://doi.org/10.3201/eid2504.180543
http://www.ncbi.nlm.nih.gov/pubmed/30882311
https://doi.org/10.1371/journal.pntd.0007421

@ PLOS | RSHCAE Biseases

S. agalactiae ST283 invasive disease in humans and fish in SE Asia

78.

79.

80.

Kawasaki M, Delamare-Deboutteville J, Bowater RO, Walker MJ, Beatson S, Ben Zakour NL, et al.
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(16).
Epub 2018/06/20. https://doi.org/10.1128/AEM.00859-18 PMID: 29915111; PubMed Central PMCID:
PMCPMC6070751.

Yang Y, Luo M, Zhou H, Li C, Luk A, Zhao G, et al. Role of Two-Component System Response Regula-
tor bceR in the Antimicrobial Resistance, Virulence, Biofilm Formation, and Stress Response of Group
B Streptococcus. Front Microbiol. 2019; 10:10. Epub 2019/02/08. https://doi.org/10.3389/fmicb.2019.
00010 PMID: 30728810; PubMed Central PMCID: PMCPMC6351488.

Evans JJ, Bohnsack JF, Klesius PH, Whiting AA, Garcia JC, Shoemaker CA, et al. Phylogenetic rela-
tionships 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—76. Epub 2008/10/18. https://doi.
org/10.1099/jmm.0.47815-0 PMID: 18927414,

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007421  June 27, 2019 20/20


https://doi.org/10.1128/AEM.00859-18
http://www.ncbi.nlm.nih.gov/pubmed/29915111
https://doi.org/10.3389/fmicb.2019.00010
https://doi.org/10.3389/fmicb.2019.00010
http://www.ncbi.nlm.nih.gov/pubmed/30728810
https://doi.org/10.1099/jmm.0.47815-0
https://doi.org/10.1099/jmm.0.47815-0
http://www.ncbi.nlm.nih.gov/pubmed/18927414
https://doi.org/10.1371/journal.pntd.0007421

