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ABSTRACT
Streptococcus iniae is a significant pathogen in a variety of marine and freshwater 

cultured fish species. Previous investigations on S. iniae have been limited to a single 
virulence gene or genome. However, different strains are associated with varying 
pathogenicity and niche adaptation properties. For comprehensive characterization of 
the genetic variations in S. iniae, whole-genome sequencing of S. iniae DX09 (isolated 
from diseased catfish) was performed and comparative genome analysis with eight S. 
iniae strains conducted to determine the virulence evolution patterns. Comparative 
analysis of all sequenced S. iniae revealed genome-genome variations, mainly in two 
plasticity zones, within genes encoding specific functions, such as the Ess/type VII 
secretion system and phosphoenolpyruvate-carbohydrate phosphotransferase system, 
reflecting adaptation to colonisation of specific host habitats. The plasticity zones 
analyzed in the S. iniae genome may be a paradigm rather than a unique combination 
of horizontal gene transfer and underlie the emergence of pathogenic Gram-positive 
bacteria. 

INTRODUCTION

Streptococcus iniae, a Gram-positive bacterium, 
was initially isolated from freshwater Amazon dolphin 
(Inia geoffrensis) in the 1970s [1]. To date, S. iniae has 
been characterized as a global zoonotic pathogen that 
mainly infects a broad range of marine and freshwater 
fish, including bream, trout, tilapia, salmon, barramundi, 
yellowtail, Japanese flounder, hybrid striped bass, 
channel catfish and Amazon dolphin [2, 3]. The common 
histopathologic characteristics of infected fish are 
septicaemia and meningitis, resulting in high mortality in 
farmed fish and enormous economic losses in aquaculture 

[3]. The pathogen could also opportunistically infect 
elderly humans associated with the handling and 
preparation of infected fish [4]. While several studies have 
been conducted on S. iniae, attention to date has mainly 
focused on the so-called virulence factors SiM protein 
[2,5]. interleukin-8 protease [6], streptolysin S [7]. C5a 
peptidase [8], capsule [1, 9–11]. phosphoglucomutase 
[12], exopolysaccharide [13] and α-enolase [14, 15], which 
are potentially involved in the infection process. A number 
of candidate S. iniae vaccines have been developed 
based on these factors [2]. However, subsequent reports 
demonstrate that vaccines, such as those based on the well 
studied M-protein, SiMA, are not effective in farmed fish 
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[16]. Further research is therefore required to clarify the 
fundamental pathogenic mechanisms of S. iniae.

High-throughput and next-generation sequencing 
techniques have facilitated significant advances in 
bacteriology and enhanced our understanding of the 
biology, diversity and evolution of bacteria [17]. 
Sequence-based analyses have provided unexpected 
insights into bacterial diversity and allowed us to monitor 
the spread of infection and devise new drugs and vaccines 
[18]. By 2015, eight available genomes of S. iniae were 
recorded on the NCBI database: YSFST01-82, SF1, 9117, 
CAIM 527, ISET0901, IUSA1, KCTC 11634BP and 
ISNO (Table 1). While the complete genome sequence of 
S. iniae SF1 has been reported [19], comparative genomic 
analysis of closely related S. iniae species is yet to be 
conducted. In this study, we have reported the complete 
genome sequence of S. iniae DX09, a strain isolated from 
cultured catfish (Ictalurus punctatus) (Supplementary 
Figure 1) in the Guangxi region of China, for the first time 
and compared it to all known S. iniae genomes available 
in the NCBI database. Our collective data provide novel 
insights into the genomic features as well as adaptation 
and evolutionary mechanisms of S. iniae.

RESULTS AND DISCUSSION

Overview of the streptococcus iniae DX09 
genome sequence

S. iniae DGX07 (recently re-named DX09) was 
initially isolated from the spleen of diseased catfish 
in our laboratory. Fish infected with DX09 exhibited 
serious septicaemia. Intact bacterial cells were observed 
in macrophages of the spleen (Figure 1). Previous 
translocation assays in vitro demonstrated that S. iniae 
could successfully invade skin epithelial cells and exist 
freely in the cytoplasm [20]. The ability to survive 
intracellularly after invasion of fish cells is important for 
pathogenic S. iniae.

Next, we used the Illumina Miseq Sequencing 
platform to yield 22131 Mb paired-end reads that were 
assembled into 144 contigs and 122 scaffolds, giving 
1211-fold coverage of the S. iniae DX09 genome 
(Supplementary Table 1). Our results disclosed a 1.98 Mb 
chromosome with an average GC content of 36.6%, which 
represents the smallest genome among all sequenced 
Streptococcus iniae so far. The gene region accounted for 
87% of the genome and was composed of 1893 coding 
sequences (Supplementary Table 2). In total, 34 tRNA 
genes (Supplementary Table 3) representing 18 amino 
acids and 4 rRNA genes (Supplementary Table 4) were 
identified. Functional analysis based on Clusters of 
Orthologous Groups (COG) classification (Supplementary 
Figure 2) revealed that the three most abundant functional 
categories within the DX09 genome were ‘Amino acid 
transport and metabolism (E)’, ‘Carbohydrate transport 

and metabolism (G)’ and ‘Translation, ribosomal structure 
and biogenesis (J)’. The large number of coding sequences 
(CDS) identified suggests that the DX09 lifestyle requires 
the efficient uptake of nutrients from the host (fish) or 
environment (water).

A Clustered Regularly Interspaced Short 
Palindromic Repeats (CRISPR) locus identified within 
the genome of DX09 (contig 1: 92,487 bp to 100,254 
bp) exhibited a high level of sequence identity to those 
from other S.iniae (data not shown). This finding was 
in agreement with data from a previous study on the 
CRISPR/Cas systems of S.iniae SF1 [19].

The general genomic features of all sequenced 
Streptococcus iniae are summarized in Table 1 and the 
phylogenetic relationship is showed in Supplementary 
Figure 3. 

The PZ-I region with an ess locus is unique to S. 
iniae strains DX09, ISET0901, ISNO, CAIM 527, 
IUSA1 and SF1   

A complete nucleotide sequence-based pangenome 
was created from nine genomes (Table 1) with Gegenees 
and subsequently used as a reference for comparison 
with nine other S. iniae genomes (Table 1) using the 
BLAST Ring Image Generator (BRIG)28 (Figure 2A). 
The data revealed extremely high conservation amongst 
the lineages, with mobile genetic elements accounting 
for the majority of differences. We detected one specific 
region of genome plasticity in DX09, ISET0901, ISNO, 
CAIM 527, IUSA1 and SF1 strains, designated plasticity 
zone I (PZ-I), which was >18 kb in size and absent from 
YSFST01-82, KCTC 11634BP and 9117 (Figure 2A). 
Further investigation of the DX09 genome revealed 
that some genes (A7N10_RS03660– A7N10_RS03685, 
overlapping region between the red line and blue box in 
Figure 2A) specifically present in PZ-I are partially related 
to the Ess/type VII secretion system (T7SS). Additionally, 
a four-gene putative cluster (encoded by A7N10_
RS03635-A7N10_RS03650), O-glycosy[1] hydrolase 
(encoded by A7N10_RS03655) and several hypothetical 
proteins (encoded by A7N10_RS03610-A7N10_RS03630) 
were detected in the PZ-I region (Figure 2A, red line). 
Genes encoding DX09-T7SS were identified at the ess 
locus (Figure 2A, blue box), potentially representing all 
the T7SS genes in Firmicutes bacteria [21]. Organization 
and comparison of the ess loci within all sequenced S. 
iniae strains are presented in Figure 2B. The core regions 
of ess locus mostly retained gene synteny between DX09 
and other related strains. T7SS, specifically present in 
Gram-positive bacteria [21], is proposed to be involved 
in translocation of proteins (generally virulence factors) 
to the extracellular environment [22]. T7SS was initially 
described and termed the ‘ESX protein secretion system’ 
in pathogenic mycobacteria [23] belonging to the class 
Actinobacteria with high GC content. Subsequently, 
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a related secretion system (ESS protein secretion) 
was detected in some Firmicutes bacteria, including 
Staphylococcus aureus [24–29], Listeria monocytogenes 
[21, 30], Bacillus subtilis [21, 30] and Streptococcus 
agalactiae [21, 30]. We have identified an ESS secretion 
system in S. iniae, which also belongs to the low-GC 
Firmicutes bacterial group. Pathogenic mycobacteria 
generally possess up to five different T7SS (ESX-1, 
ESX-2, ESX-3, ESX-4 and ESX-5), which have possibly 
evolved via gene duplication [31]. Several studies suggest 
that ESX-1, the first T7SS identified, strongly influences 
host–pathogen interactions, in particular, the ability of 
bacteria to escape the phago-vacuole of infected cells 
(macrophages and dendritic cells) [23]. ESX-1 is partially 
missing in the vaccine strain Mycobacterium bovis 
Bacille Calmette-Guérin [32], indicating a contribution 
to virulence. Previous investigations have demonstrated 
a crucial role of T7SS in bacterial survival within the host 
[21, 23, 31, 32], consistent with transmission electron 
micrographs of interactions between S. iniae DX09 and 
spleen cells from diseased catfish. Moreover, considerable 
evidence is available supporting essential roles of the 
actinobacterial ESS protein secretion system in virulence 
[26–29].  

Analysis of genes within the ess locus in DX09 
validated their importance in substrate secretion. esxA 
(A7N10_RS03660), the first gene of the ess locus, may 
encode a virulence factor and is potentially secreted 
into the extracellular milieu. esxB (A7N10_RS03695) 
and esxC (A7N10_RS03690) possibly encode two 
other virulence factors (EsxB and EsxC) located in the 
ess locus. esxA, esxB and esxC are clustered with nine 
other genes, some of which may play essential roles in 
secretion of the translated EsxA, EsxB and EsxC proteins. 
Among these, esaA, essA, essB and essC (encoded by 
A7N10_RS03665, A7N10_RS03670, A7N10_RS03680 
and A7N10_RS03685, respectively) are membrane-
related components with transmembrane domains that 
have potential functions in secretion (Figure 2A, 2B; 
green arrows in the gene clusters). These results are in 
agreement with data obtained for T7SS in Staphylococcus 

aureus [26]. However, the functions of other genes within 
this locus remain to be established (Figure 2A, 2B; yellow 
arrows in the gene clusters). 

Comparison of different gene clusters encoding 
T7SS between Actinobacteria and Firmicutes 

Protein secretion has been most extensively 
investigated in Gram-negative bacteria, which possess 
six different specialized secretion systems, designated 
types I–VI [33]. In contrast, Gram-positive bacteria have 
developed T7SSs due to their complex cell envelope 
[21, 23, 32]. Various T7SSs appear to be present in 
both high-GC Gram-positive (Actinobacteria) and low-
GC Gram-positive (Firmicutes) bacteria [21, 26]. To 
further determine the relationship between T7SS from 
actinobacteria and firmicutes bacteria, we compared 
essDX09 with T7SS from actinobacteria Mycobacterium 
tuberculosis H37Rv (containing the ESX-1 secretion 
system) and firmicutes B. subtilis 168, L. monocytogenes 
EGD-e, S. agalactiae 2603V/R and S. aureus Newman. 
The results  illustrate the conserved core regions (Figure 
1C). The common features between actinobacteria ESX-1 
and firmicutes ESS secretion systems appear limited, with 
only two conserved components. One is an ATPase (Figure 
2C, blue arrows) with a FtsK/SpoIIIE domain encoded by 
essC in DX09 (dashed line represents homology) and the 
second is secreted proteins of the ESAT-6/CFP-10 family 
encoded by esxA/esxB in DX09 (Figure 2C, red/orange 
arrows; purple/pink region represents homology). Our 
results were in agreement with data from a previous study 
suggesting that T7SS of firmicutes belongs to a specific 
and distant subfamily [21, 23, 24, 26, 32]. Notably, 
B.subtilis lacked the CFP-10-like protein in its T7SS 
(Figure 2C).

Moreover, the essDX09 locus shares extensive 
similarity in terms of gene content and arrangement 
with T7SS-ess from L. monocytogenes and S. aureus. 
However, T7SS encoded by the ess locus has only been 
well documented in S. aureus to date [24–29, 34, 35]. In 
the human pathogen, S. aureus, a small EsxA belongs to a 

Table 1: Overview of the sequenced genomes of Streptococcus iniae

Strain GenBank accession Size 
(Mb) GC% Gene Host Geographical 

distribution
DX09 (this study) GCA_001654755 1.98 36.60 1878 Ictalurus punctatus China
YSFST01-82 [55] GCA_000831485 2.09 36.80 2029 Paralichthys olivaceus South Korea
SF1 [19] GCA_000403625 2.15 36.70 2196 Paralichthys olivaceus China
9117 [56] GCA_000300915 2.08 36.80 2034 Homo sapiens USA
CAIM 527 [57] GCA_001595425 2.10 36.50 1991 Inia geoffrensis USA
ISET0901 [58] GCA_000648525 2.07 36.80 1997 Oreochromis niloticus Israel
IUSA1 [59] GCA_000331915 2.22 36.30 2156 Sparus aurata Spain
KCTC 11634BP [60] GCA_000320965 2.06 37.00 1903 Paralichthys olivaceus South Korea
ISNO [53] GCA_000648555 2.07 36.80 1996 Oreochromis niloticus USA
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ESAT-6-like protein [27]. The small protein, ESAT-6, was 
initially identified as a virulence factor secreted by T7SS-
ESX of M. tuberculosis [21]. These protein members 
were characterised by a central tryptophan-variable-
glycine (WXG) motif [36]. To determine whether esxA 
from S.iniae DX09 contains this motif, we compared the 
protein sequences between actinobacteria and firmicutes 
bacteria (Figure 2C). As expected, the conserved WXG 
motif (Figure 2D, red inverted triangle) was identified in 
the centre of the sequence. Examination of the structure 
of esxADX09 revealed a helical hairpin with the WXG 
motif localized between the two α-helices (Figure 2E, red 
region), consistent with previous reports on the ESAT-6-
like protein structure [21, 36]. 

Protein secretion is critical for both pathogenic and 
nonpathogenic organisms to exploit nutrient resources 
within the host or specific niches and escape the immune 
system. Here, we have identified a T7SS encoded by the 
ess locus in S. iniae at the complete genome level for the 
first time. Based on the collective findings, we conclude 
that heterogeneity of T7SS-ess in different S. iniae strains 
is responsible for specific niches infect different hosts. 

The PZ-II region with a phosphoenolpyruvate-
carbohydrate phosphotransferase system (PTS) 
is unique to S. iniae strains YSFST01-82, 9117, 
CAIM 527, KCTC 11634BP and IUSA1

BRIG is a user-friendly program that generates 
genome comparisons for multiple prokaryotes [37]. 
Previous BRIG-based analyses only used target bacteria 
as the reference genome to compare closely related 
organisms [38, 39]. This comparative analysis has been 
effectively applied to identify all the regions contained 
by the target bacterial genome. However, the method 
sometimes overlooks specific zones harboured in closely 
related organisms that may be lost in the target bacterial 
genome. Therefore, in the current study, a pangenome 
created from nine genomes was used as the reference 
for comparison with nine S. iniae genomes to assess 
whether DX09 or closely related strains lack specific 
genomic regions. Consequently, we identified a 28 kb 
plasticity zone II (PZ-II) as a strain-specific region 
within YSFST01-82, 9117, CAIM 527, KCTC 11634BP 

Figure 1: Main symptoms and histopathological changes of infected Ictalurus punctatus. (A) Hyperemia swelling in 
spleen of Ictalurus punctatus infected with Streptococcus iniae; (B) Pathological changes in spleen were observed splenic sinus congestion 
(arrows); (C) Melano-macrophage center (*) in spleen; (D) Transmission electron micrographs (TEM × 17000) of primary I. punctatus 
spleen macrophages fixed after infection with S. iniae. Detailed analysis of S. iniae within vacuoles (arrowheads); bacteria (*:) were 
sequestered in vacuoles. (☆:) endoplasmic reticulum. Images were finally generated using CorelDRAW X6 software. Copyright (c) 2015–
2016 [Tao Liu] and CorelDRAW X6. All rights reserved.
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Figure 2: BLASTN-based sequence comparison of nine Streptococcus iniae strains against the S. iniae pangenome reference 
generated using Gegenees. (A) Circular representation of comparison between the pan-genome and the nine S. iniae genomes obtained with 
BRIG [37]. The image shows similarities between a central pan-genome and nine S. iniae genome sequences as a set of concentric rings, 
where BLAST matches are coloured on a sliding scale indicating a defined percentage identity (thresholds set at default 98% and 95%). 
The innermost rings represent GC content (black) and GC skew (purple/green) of the pan-genome. The positions of the plasticity regions 
are marked in the outer ring. Plasticity zone(PZ)- I with some gene clusters (using S. iniae DX09 as an example) is shown on the dashed 
line. The Ess locus is in the blue box (below). PZ-I was unique to S. iniae strains DX09, ISET0901, ISNO, CAIM 527, IUSA1 and SF1, 
and absent from the strains YSFST01-82, 9117 and KCTC 11634BP. PZ-II with a gat operon (red box) and putative bacteriocin-associated 
locus (purple box) is presented at the top of the olive dashed line (S. iniae YSFST01-82). PZ-II was unique to S. iniae strains YSFST01-82, 
9117, CAIM 527, KCTC 11634BP and IUSA1, and absent from the genomes of DX09, ISET0901, ISNO and SF1. ME, mobile elements 
including prophages, integrative and conjugative elements and insert sequences. (B) Detailed comparison of the Ess locus between DX09 
(blue box in Figure 2A) and other S. iniae possessing the Ess locus in Figure 2A. Regions with nucleotide identity >77% are connected by 
red windows using a colour intensity gradient based on the identity scores of BLASTN comparisons in WebACT. The Ess locus from the 
start of esxA to the end of a unknown component (such as A7N10_RS03715 in DX09) covers ~14 kb and is almost 100% identical between 
the DX09, ISET0901, ISNO, CAIM 527, IUSA1 and SF1 strains (only two differences over this region). Hallmark genes of the Ess locus 
are indicated in the top panel. Accession numbers of ISET0901, ISNO, CAIM 527, IUSA1 and SF1 are presented on the left. Accession 
numbers of DX09 are given on the top and omitted in subsequent comparisons. Arrows of the same colour indicate homologous genes 
among bacteria. Genes encoding secreted substrates are coloured in red, membrane components in green, cytoplasmic components in blue, 
and unknown components in yellow. Putative unrelated genes are shaded in grey. (C) Comparison of different type VII secretion systems 
(T7SS, encoded by the Ess locus) between DX09 with Ess-containing Gram-positive bacteria, including Actinobacteria (Mycobacterium 
tuberculosis strain H37Rv) and Firmicutes (Bacillus subtilis strain 168, Listeria monocytogenes strain EGD-e, Streptococcus agalactiae 
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and IUSA1, which was absent from DX09, ISET0901, 
ISNO and SF1 (Figure 2A). Four mobile elements exist 
in PZ-II of YSFST01-82, three of which are insertion 
sequences (IS) with the primary transposase sequence of 
each element encoded by SI82_01055, SI82_01060 and 
SI82_01065, and one encoding an integrase (SI82_01065) 
belonging to the rve superfamily (Figure 2A). This finding 
suggests that PZ-II is a horizontal gene transfer element 
that is unlikely to have been transferred in a single event 
and possibly incorporated into the host chromosome via a 
series of integration events. Comparative analysis of PZ-
IIYSFST01-82 with PZ-II regions from different S. iniae strains 
is presented in Figure 2F, which illustrates the remarkable 
conservation of the core regions. With the exception of the 
mobile elements, PZ-IIYSFST01-82 shared extensive similarity 
in DNA sequence (> 99%), gene arrangement and content 
with PZ-II9117, PZ-IICAIM 527, PZ-IIKCTC 11634BP and PZ-IIIUSA1, 
consistent with the gene synteny observed in Figure 2A. 
Analysis of genes within the PZ-II core, such as the gat 
operon, revealed critical roles in nutrient transport and 
metabolism. In enteric bacteria, the gat operon is involved 
in galactitol (Gat) transport and metabolism [40]. This 
process is often associated with the phosphoenolpyruvate-
carbohydrate phosphotransferase system (PTS), which 
takes up and phosphorylates carbohydrates and plays a 
key role in utilization of energy-efficient carbon sources 
in most bacteria [41]. The PTS is generally composed 
of three proteins, specifically, enzyme 1 (EI), histidine 
protein (HPr) and enzyme 2 complexes (EII) [41, 42]. 
During uptake of PTS carbohydrates, a phosphoryl 
group is transferred from phosphoenolpyruvate (PEP) 
via the EI and HPr to sugar-specific EII, which then 
phosphorylates the carbohydrate [41, 42]. Hence, 
different bacteria often possess variable EIIs usually 
consisting of one hydrophobic integral membrane domain 
(EIIC) and two hydrophilic domains (EIIA and EIIB) 
[42]. Within PZ-II, gatA, gatC and gatB encode EIIAGat, 
EIICGat and EIIBGat, respectively, which are specifically 
responsible for galactitol uptake and phosphorylation 
in S. iniae (Figure 2A, 2F). Importantly, gatR encodes a 

PRD-containing transcription regulator, denoted GatR 
(Figure 2G), which may act on the gat operon (discussed 
below). Notably, a tagatose-1,6-bisphosphate-aldolase 
encoded by gatY was identified in the gat operon in PZ-
II, suggesting that phosphoryl-Gat is further metabolized 
in the tagatose 6-phosphate pathway [40], the sole route 
of lactose and D-galactose metabolism in S. aureus. Four 
other genes encoded by galM, gatD, Tpi and YjbQ from 
PZ-II additionally belong to this metabolic pathway  
(Figure 2A, 2F). 

PZ-II carries additional genes capable of conferring 
survival benefits in niche-specific adaptations, including 
mccF_like and Abi_like involved in bacteriocin self-
immunity. Bacteriocins are ribosomally synthesized 
antimicrobial peptides active against other closely 
related bacteria [43]. The mccF_like gene belongs to the 
Peptidase_S66 superfamily and encodes a microcin C7 
self-immunity protein resistant to microcin C7 (MccF) 
[44]. The Abi _like protein belongs to the Abi family (also 
known as the CAAX prenyl protease family) consisting 
of putative membrane-bound metalloproteases [45]. 
In general, Abi is located downstream of bacteriocin 
structural genes, where it may be involved in self-
immunity [45]. Within PZ-II, a number of membrane-
related proteins containing several transmembrane 
regions and a PadR family transcriptional regulator were 
identified upstream of mccF_like and Abi_like proteins. A 
novel bacteriocin-like locus was identified in this region 
of PZ-II. Bacteriocin-associated genes can be effectively 
utilized as a means to determine unknown bacteriocins in 
sequenced bacterial genomes [45]. Other genes located 
in PZ-II, such as YbaK-like and Nramp, encode bacterial 
prolyl-tRNA synthetase and natural resistance-associated 
macrophage protein, respectively, both of which are 
potential contributors to bacterial survival.

Interestingly, esxA was located both in PZ-I and 
PZ-II. esxAPZ-I shared 86.6% DNA sequence identity with 
esxAPZ-II, both of which contained the WXG motif at the 
amino acid level (Supplementary Figure 4). Our results 
support a critical role of esxA in all strains of S. iniae. 

strain 2603V/R and Staphylococcus aureus strain Newman). Colour codes are presented in the key. Type VII secretion systems are indicated 
and all region-specific genes shaded in grey. Members of the FtsK/SpoIIIE and ESAT-6/WXG100 families are both present in all the 
different type VII secretion systems. The dashed line represents homology of FtsK/SpoIIIE (blue arrow) and purple/pink region  homology 
of the ESAT-6/WXG100 family. Other T7SS-related genes in each bacterial specimen are coloured in green. Putative unrelated genes are 
shaded in grey. (D) Protein sequence alignment of DX09 EsxA with ESAT-6/WXG100 proteins from other Gram-positive bacteria. All six 
proteins contain the tryptophan-variable-glycine (WXG) motif (red inverted triangle). (E) Predicted structure of the EsxA protein in DX09. 
The WXG motif is indicated in red. (F) Detailed comparison of the PZ-II loci between S. iniae YSFST01-82 and other S. iniae strains 
possessing PZ-II in Figure 2A. Regions with nucleotide identity > 77% are connected by red windows using a colour intensity gradient based 
on identity scores of BLASTN comparisons in WebACT. The Ess locus was almost 100% identical between the YSFST01-82, 9117, CAIM 
527, KCTC 11634BP and IUSA1 strains (only mobile elements with some transposase sequences are different over this region). Hallmark 
genes of PZ-II are indicated in the top panel. Accession numbers of 9117, CAIM 527, KCTC 11634BP and IUSA1 are presented on the 
left. Accession numbers of YSFST01-82 are presented at the top and omitted in subsequent comparisons. (G) PRD-containing regulators as 
multidomain proteins potentially containing EIIB-like and EIIA-like domains. Antiterminators BglG (from Escherichia coli) and licT (from 
B. subtilis) share similar domain structures, both containing the RNA binding domain (RBD) that can mediate antitermination activity. The 
PRD-containing transcriptional activator MtlR (from B. subtilis) and putative PRD-containing transcription activator GatR (from S. iniae) 
share similar domain structures. Both contain two DNA-binding domains, HTH and Mga, and EIIB-like and EIIA-like domains. Images 
were generated with the software CorelDRAW X6. Copyright (c) 2015–2016 [Tao Liu] and CorelDRAW X6. All rights reserved.
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Proposed mechanism of regulation of PTS 
regulatory domain (PRD)-containing transcriptional 
activators during uptake of galactitol in S. iniae

The gat operon encoding a PTS occupies a major 
region of PZ-II in the S. iniae strains discussed above. 
Therefore, Gat uptake and metabolism appear essential 
for YSFST01-82, 9117, CAIM 527, KCTC 11634BP 
and IUSA1 strains. Previous studies indicate that PTS 
can regulate usage of various carbon sources, which 
are involved in carbon catabolite repression  and self-
regulation of PTS [41, 42]. These regulatory processes 
allow bacteria make the most out of nutrients. Several 
operons participating in catabolism of PTS sugars are 
controlled by regulators that contain a PRD [46]. PRD-
mediated regulation has been extensively studied for the 
Escherichia coli antiterminator BglG [47], B. subtilis 
antiterminator licT [48, 49] and B. subtilis transcriptional 
regulator MtlR [50, 51]. To assess the functional 
relationships between the PRD-containing transcriptional 
activator of S.iniae, GatR, and the above regulators from 
E. coli and B. subtilis, we conducted a domain correlation 
analysis (Figure 2G). The antiterminator BglG regulates the 
bgl (β-glucoside) operon, which is involved in the uptake 
and utilization of β-glucosides [46]. BglG controls the bgl 
operon by inactivating terminators that frame this region, 
thereby allowing transcriptional elongation [41, 42]. The 
antiterminator licT modulates expression of the bglPH 
operon for uptake and utilisation of β-glucoside [49]. In 
fact, BglG and licT share similar mechanisms of regulation 
and present the same modular structures comprising three 
domains (N-terminal RNA-binding and two PTS regulatory 
domains, PRD1 and PRD2) (Figure 2G). In the absence 
of inducer, BglG and licT are inactivated via membrane 
sequestration and subsequent phosphorylation of PRD1 
mediated by phosphorylated EIIB (P-EIIB) [46, 49, 52]. In 
the presence of inducer (β-glucoside), the incoming inducer 
becomes phosphorylated and P-EIIB is dephosphorylated 
[42, 52]. Consequently, BglG and licT are also 
dephosphorylated at PRD1, released into the cytoplasm 
and activated [42, 52]. BglG and licT additionally require 
phosphorylation of PRD2 for activation [42]. However, 
GatR of S. iniae is distinct from these proteins, presenting 
a different modular structure. Interestingly, we observed 
that the B. subtilis transcriptional regulator (MtlR) shares 
a similar domain structure with S. iniae GatR (Figure 
2G). Both structures contain a HTH DNA-binding and 
Mga DNA-binding domain, clearly indicative of DNA 
binding rather than antiterminator activity. The DNA-
binding domain is followed by PRD as well as EIIB-like 
and EIIA-like domains, which are further absent in BglG 
and licT. One major difference is that MtlR possesses 
two PRDs (PRD1 and PRD2) while GatR only contains 
PRD2. In contrast to BglG and licT, MtlR from B. subtilis 
is activated via bacterial membrane sequestration mediated 
by its cognate membrane EIIBMtl [50–52]. B. subtilis 
MtlR controls expression of the mtlAFD operon, which 

mediates the utilization of mannitol [51]. In the absence of 
mannitol, intracellular P-EIIBMtl prevails, which does not 
interact with MtlR [52]. Consequently, MtlR is inactive 
and released into the cytoplasm [52]. In the presence of 
mannitol, P-EIIBMtl is dephosphorylated and sequesters 
MtlR to the bacterial membrane [52]. Interactions with the 
bacterial membrane rather than EIIBMtl appear important 
for MtlR activation. Based on these results, together 
with previous findings, we propose that GatR activation 
is regulated by Gat uptake and further metabolism 
occurs via a modified glycolytic pathway, known as the 
tagatose-6-phosphate pathway (Supplementary Figure 5). 
In S.iniae, EIIBGat may be phosphorylated in the absence 
of galactitol and thus unable to sequester GatR, which 
remains inactive in the cytoplasm. If galactitol is present, 
the compound is phosphorylated and taken up by EIIGat, 
resulting in dephosphorylation. EIIGat may subsequently 
interact with the cognate EIIFru-like or EIIBgl-like domain 
of GatR, leading to its sequestration into the bacterial 
membrane. Furthermore, PRD2 of GatR is generally 
phosphorylated by PTS-PEP, PTS-EI and PTS-Hpr for 
activation. Two conditions therefore need to be fulfilled 
to render GatR active: (a) phosphorylation at PRD2 by 
PTS and (b) interaction with unphosphorylated EIIBGat, 
which sequesters it into the bacterial membrane. In this 
way, in the presence of galactitol, the gat operon could 
be effectively expressed for galactitol uptake and further 
utilization. Therefore, S. iniae YSFST01-82, 9117, CAIM 
527, KCTC 11634BP and IUSA1 appear to have evolved a 
strategy to utilize galactitol sequentially, which may sustain 
a higher growth rate for these strains in a specific niche. 

PZ-I and PZ-II contribute to adaptation in 
different host niches 

We have illustrated the major functions encoded by 
genes within the PZ-I and PZ-II regions at the complete 
genome level. Briefly, PZ-I encodes a T7SS-ESS that 
allows the secretion of specific bacterial proteins into the 
environment while PZ-II potentially encodes PTSGat that 
may help bacteria make the most efficient use of galactitol 
and other available carbon sources. In this study on S. iniae, 
a critical question is why some strains of S. iniae have 
evolved PZ-I while others possess PZ-II. Here, we mainly 
focused on the different geographical distributions and 
hosts of the nine S. iniae strains under study. Four of these 
strains were from Asia, two from Europe and the Middle 
East and three from America (Table 1; Figure 3A, strains 
with PZ-I are coloured red, strains with PZ-II are blue, 
strains with both PZ-I and PZ-II are black). S. iniae ISNO 
is an attenuated vaccine strain selected using novobiocin 
[53]. Other than ISNO, the geographical distribution of 
the remaining strains does not appear to be associated with 
the existence of PZ-I and PZ-II. Interestingly, strains from 
different hosts contained different plasticity zones. DX09 
isolated from Ietalurus Punetaus and ISET0901 (also 
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including ISNO) from Nile tilapia (Oreochromis niloticus) 
only carried PZ-I. In contrast, 9117, YSFST01-82 and 
KCTC 11634BP were respectively isolated from Homo 
sapiens and olive flounder (Paralichthys olivaceus) and 
only carried PZ-II in their genome. CAIM 527 and IUSA1 
contained both PZ-I and PZ-II and were isolated from Inia 
geoffrensis and Sparus aurata, respectively. Unexpectedly, 
the strain SF1 isolated from Paralichthys olivaceus carried 
PZ-I but lacked PZ-II (Figure 3B; the red circle represents 
the PZ-I-containing strains, blue circle represents the PZ-
II-containing strains, and the overlapping part represents 

strains with both PZ-I and PZ-II). Considering this 
situation, we further used the complete genome of SF1 as 
the reference and that of DX09 as the background to assess 
whether genomic changes exist in SF1. We identified two 
prophages harbored in SF1, designated Prophage zones 1 
and 2, respectively, which were absent in DX09 (Figure 
3C), in agreement with a previous complete genome 
analysis of SF1. Importantly, we identified a specific PTS 
locus located downstream of Prophage zone 2 within the 
SF1 genome (Figure 3D). This PTS appears to contribute 
to trehalose uptake and includes a PRD-containing 

Figure 3: Plastcity zone (PZ)-I and PZ-II contribute to adaptation in different host niches. (A) Geographical distribution of 
all sequenced Streptococcus iniae. Strains with PZ-I are coloured red; strains with PZ-II are coloured blue; strains with both PZ-I and PZ-II 
are coloured black. (B) Strains isolated from different hosts present different genome features. PZ-I-containing strains with T7SS are in the 
red circle; PZ-II-containing strains with PTS and bacteriocin-related locus are in the blue circle; the overlapping region represents strains 
with both PZ-I and PZ-II. The arrows indicate different hosts for the above strains. (C) Signature analysis of S. iniae SF1 with Gegenees 
software [54]. A fragmented alignment was performed at 500/500 settings with BLASTN (BLAST+) using S. iniae DX09 as the target 
genome group and SF1 as the background. The ‘maximum background/average target’ setting was used for biomarker score calculation. 
Annotations are derived from S.iniae SF1 (GenBank: CP005941). Prophage zones 1 and 2 were identified in SF1. (D) Gene organization 
in Prophage zone 2 from SF1 and gene cluster with trehalose-PTS located downstream of Prophage zone 2. Images were generated with 
CorelDRAW X6 software. The base maps in Figure 3B were created using ChemDraw2010 and CorelDRAW X6. Copyright (c) 2015–2016 
[Tao Liu], CorelDRAW X6 and ChemDraw2010. All rights reserved. 
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transcriptional activator. It is therefore conceivable that 
transfer of Prophage zone 2 into the genome of SF1 affects 
the expression of specific PTS, resulting in SF1 gaining 
access to the potential trehalose in its host. In fact, several 
mobile elements are known to affect gene expression in 
prokaryotic genomes, including IS, repeat sequence, 
horizontal gene transfer and integrative conjugative 
elements. Therefore, SF1 without PZ-II may be able to 
infect Paralichthys olivaceus as a result of PTS-related 
specific sugar uptake. Taken together, our results clearly 
demonstrate that PZ-I mediated T7SS and PTS provide 
competitive advantages in bacterial evolution and influence 
the adaptation of bacterial populations or virulence of 
pathogenic strains.

MATERIALS AND METHODS

Ethics statement 

All animal experiments were reviewed and 
approved by the Committee of Ethics on Animal Care 
and Experiments at Sichuan Agricultural University. 
Experimental procedures were perfomed in accordance 
with the Guidelines for Experimental Animals maintained 
by the Chinese Ministry of Science and Technology.

Histopathological and transmission electron 
microscopy analyses of diseased fish infected 
with S. iniae DX09

Spleen tissue was sampled from naturally infected 
catfish in Guangxi, China, and prepared for histological 
examination. Sections of spleen were fixed in 10% 
formaldehyde and embedded in paraffin. Sections (4 mm 
in thickness) were stained with Harris haematoxylin-eosin 
(H&E) and examined under an Olympus light microscope 
(Japan). To characterize the intracellular presence of S. 
iniae within primary catfish macrophages, spleen tissue 
from infected catfish was further examined under a Jeol 
EX II transmission electron microscope (Jeol, Tokyo, 
Japan) at 80 kV.

S. iniae DX09 DNA extraction and sequencing

S. iniae DX09 was isolated from diseased I. 
punctatus in a reservoir cage culture farm (Guangxi, 
China) and routinely cultured in brain heart infusion 
(BHI) broth (Oxoid, Basingstoke, UK) at 28°C. Genomic 
DNA was isolated from 10 mL overnight culture using 
the TIANamp Bacteria DNA Kit (TIANGEN Biotech, 
Beijing, China). DNA was dissolved in TE buffer (10 
mM Tris-HCl, 1 mM EDTA, pH 8.0) and 400 bp genomic 
DNA libraries subsequently constructed using the 
Illumina Miseq platform according to the manufacturer’s 
instructions. Genome sequencing was performed by 
Novogene (Beijing, China).

Assembly of S. iniae DX09

Low-quality Illumina reads were filtered and high-
quality reads used for de novo assembly. Short reads were 
assembled using the SOAPdenovo alignment tool (version 
2.04), a genome assembler developed specifically for next-
generation short-read sequences. The SOAP GapCloser 
was additionally applied to close gaps where possible after 
assembly.

Sequence analysis and annotation of S. iniae 
DX09

Protein-coding genes were predicted using Glimmer 
3.02, and tRNAscan-SE and RNAmmer used to identify 
tRNA and rRNA, respectively. The genome sequence was 
also uploaded onto the Rapid Annotation using Subsystem 
Technology (RAST) server to check annotated sequences. 
The functions of predicted protein-coding genes were 
annotated through comparison with the NCBI-NR, COG, 
and GO databases. The evolutionary history was inferred 
using the Neighbor-Joining method based on DNA gyrase 
(gyrB gene).Evolutionary analyses were conducted in 
MEGA7.

Pan-genome assembly and genome comparison 
analysis

To facilitate comparative genomic analysis of all 
specific regions within all the nine S. iniae genomes, a 
pangenome was assembled using Gegenees from four 
complete genomes (YSFST01-82, SF1, ISET0901 and 
ISNO) and five draft genomes (DX09, this study; 9117, 
KCTC 11634BP, IUSA1 and CAIM 527). The resulting 
pangenome was employed as a reference for complete 
multiple genome BLAST comparisons and viewed using 
BRIG. Based on Gegenees, we used BRIG to map the 
signatures of PZ-I, PZ-II and mobile elements to the 
pangenome for further analysis. 

Bioinformatic analysis of PZ-I and PZ-II in 
genomes

We employed BRIG [37] to map the signatures of 
PZ-I and PZ-II in DX09 and YSFST01-82 for comparison 
with other S. iniae genomes. The PZ-I and PZ-II homolog 
regions in other bacterial genomes were detected with 
MegaBlast. Individual hits were retrieved and manually 
searched for the nearby presence of PZ-I/PZ-II hallmark 
genes, such as integrase, and a gene for O-glycosy[l] 
hydrolase located near the other end of the plasticity 
zones. The PZ-I/PZ-II regions of DX09 and YSFST01-82 
were isolated in silico from the host genome and pair-
wise compared with other S. iniae PZ-I/PZ-II sequences 
using WebACT (http://www.webact.org/WebACT/home). 
Regions with nucleotide sequence similarity >77% were 
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exported and displayed on the local gene map using 
CloningVectors software. The final display was edited for 
clarity in CorelDRAW X6 software. The ess locus from 
DX09 was further compared with the homologous T7SS 
regions from B. subtilis 168, L. monocytogenes EGD-e, 
S. agalactiae 2603V/R and S. aureus Newman using 
MicrobesOnline (http://www.microbesonline.org/). Editing 
and visualization of sequence alignments between DX09-
Ess and other T7SS sequences was conducted with Jalview. 
Three-dimensional structure prediction of EsxA-DX09 was 
performed with SWISS-MODEL (https://www.swissmodel.
expasy.org/) and the data visualized with Chimera 1.9.

Macrosynteny between S. iniae DX09 and S. 
iniae SF1

A software tool, Gegenees [54], that uses a fragmented 
alignment approach to facilitate the  comparative analysis of 
hundreds of microbial genomes was employed to compare 
S. iniae DX09 and S. iniae SF1 genomes based on 200 bp 
fragment length and step-size of 100 as standard values. 
The genomes were fragmented and compared, all against 
all, via a multithreaded BLAST control engine in Gegenees. 
Gegenees additionally provided a phylogenomic overview 
of the genomes. The alignment was subsequently mined 
for genomic regions with conservation patterns matching 
a defined target group and absent from the background 
group. SF1 was used as the background in this case. The 
‘maximum background/average target’ setting was used 
for biomarker score calculation. The resulting conservation 
pattern signatures, such as Prophage zone 1 and Prophage 
zone 2, could then be viewed and explored graphically.
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