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Abstract

Researchers used to focus on analyzing single gene or protein expression of the
microbes. But recently, genome, transcriptome, proteome and metabolome have
gained more and more attention. Based on technologies of omics, including
genomics, transcriptomics and metabolomics, a large quantity of information
about cells, microbes and human, such as the information about phylogeny,
virulence, antibiotic resistance and other aspects, has been revealed. Genus
Streptococcus is one of the most invasive groups of bacteria that cause both
human and animal diseases, threatening public health. In this review, we

summarize the application of omics to analyze this genus-Streptococcus.
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Introduction

Over the past century, biotechnology has developed rapidly and provided
possibilities to determine the function of micro composition of life and describe life
phenomena in a micro or macro perspective. Omics, which is a multiple
biotechnology based on the genomics, focuses on global and high-throughput
analytical methods to investigate the mechanisms of life evolution and the role of
genes (Yan et al, 2015). Saving genomics, omics includes proteomics,
transcriptomics, and metabolomics. Meanwhile, a large quantity of information,
such as the information about phylogeny, virulence, antibiotic resistance and
other aspects of microbes, has been revealed about cells, microbes, and human
in the past two decades. With abundant data and increasing accuracy, omics is
applied in many life science aspects including microorganism. Genus
Streptococcus is one of the most invasive groups of bacteria that causes both
human and animal's disease, threatening human’s health, especially
Streptococcus pneumoniae, Streptococcus pyogenes, Streptococcus agalactiae,
Streptococcus mutans and Streptococcus suis. Taking this genus as the research
object, omics and bioinformatics tools provide a systematic path to cognize the

law of biological activities of microorganisms.

In 1995, the first complete genomic sequence, as also the first completed
bacterial genome sequence, was obtained from Haemophilus influenzae Rd
(Fleischmann et al., 1995). Subsequently, researchers have completed
sequencing of hundreds of microbes. With the improvement of sequencing
technology and accuracy of computer model analysis, omics enables us to
understand the mechanism of molecular function and interaction. As for
Streptococcus, the known genome of Streptococcal strains varies in size from
about 0.36 to 9.62 Mbp. The genus Streptococcus possesses relatively low GC
content, which may attribute to mutation and various selections (Gao et al., 2014).
Related to genomics, proteomics mainly focuses on the bacterial surface
proteome, a major source for identifying vaccine targets and relating to serological
assays. For example, Jimenez-Munguia et al. (2015) found that a kind of cell wall

surface anchor family protein was significantly lower in pneumococcal pneumonia
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children compared to those in controls. However, Kreth et al. (2011) found that
the balance of transcriptome expression of Streptococcus was regulated by

special genes.

Overall, omics technology has been applied to many fields of microbe
investigation, such as molecular function, identification and immune response to
drugs. Simultaneously, the development of omics has advanced the development
of researches on the origin of life, evolution, disease occurrence and drug industry.
However, there are still plentiful challenges, such as the need of standard
database and convenient analysis software, systematic research processes and
macroscopic application. In this review, we summarize the systematic application

of omics technology to analyze genus-Streptococcus (Figure 1).

DNA Genomics

mRNA Transcriptomics

1 _ Integrated omics
protein Proteomics
metabolite Metabolomics

Figure 1. Schematic diagram of different omics tools targeting different molecular layers of

Streptococcus.

Genomics

Genomics, a branch of genetics, is a popular subject based on whole gene
sequencing (WGS) technology and bioinformatic tools. Since the first complete
genome of free-living organism, Haemophilus influenzae Rd, was sequenced in
1995 (Fleischmann et al., 1995), DNA sequencing technology has experienced a
rapid development over the next few decades. In 2005, a profound revolution had
been brought about by a new technology in this filed, namely “next-generation
sequencing (NGS)”, also called high-throughput sequencing, which made

genomic sequencing much more accessible with relatively lower expense and
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higher efficiency since then. Nowadays, many new companies and equipments
in this field have sprung up, including lllumina, Oxford Nanopore, Pacific
Biosciences, and etc. (Levy and Myers, 2016). They can not only provide
genome organization of a selected subject, but also make a comprehensive
analysis based on the sequencing data. Thanks to it, genomics can be widely
implemented to explore the secret of different lives on earth, including

microorganisms, human, plants, and etc.

Genome Characteristics of genus Streptococcus

With the development of sequencing, new whole genomes are sequenced
completely and reported almost weekly with higher speed and lower cost. Today,
the completed genomes of nearly 12,500 Streptococcal strains can be found at
the National Center for Biotechnology Information (NCBI) website, with frequent
data update. The genome of Streptococcal strains varies in size from about 0.36
to 9.62 Mbp. The genus Streptococcus possesses relatively low GC content,
which may attribute to mutation and various selection (Gao et al., 2014). The pan-
genome (all genes present in the genomes of the genus) size increases with the
addition of newly sequenced strains, indicating that this genus has an open pan-
genome. Conversely, the core-gene size (common genes shared by all

Streptococcal strains) size tends to reduce (Gao et al., 2014; Liu et al., 2013b).

Comparative genomics

With an increasing number of sequenced Streptococcal whole genomes,
comparative genomics is widely conducted to illustrate the functions of genes by
comparing the genome of interested isolates with the reference genomes
available in public database and using bioinformatic tools. Through comparing
intraspecies variations or closely related species variations (Gao et al., 2014), it
can provide us with comprehensive understanding of this genus and its
connections between distinct phenotype and genetic characteristics, including the
evolutionary relationship of Streptococcus, virulence determinants, as well as the
genetic basis underlying adaptive changes to selective pressure and different

hosts. Analysis of genome sequences reveal the dynamic nature of genetic
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material, and existence of multiple genetic events, such as genome decay,
genome rearrangement and acquisition of new genes by horizontal gene transfer
(HGT) (Fraser-Liggett, 2005; Lefébure and Stanhope, 2007; Muzzi and Donati,
2011), which have a profound influence on the evolutionary process and decide

the phenotype to some extent.

Environmental adaptation

The environment that bacteria live in has a strong impact on the bacterial
evolution over time, and genomics tools can help to investigate the genetic basis
of their adaptation to habitat (Papadimitriou et al., 2014; Prajapati, 2013). A
representative example of environmental adaptation is about the dairy starter
strain and the nutritious dairy they live in. For instance, Streptococcus
thermophilus, a common dairy starter with outstanding fermentation capacity, is
widely used in dairy industry. The mechanism of fermentation property and food
safety attracts significant attention and has been explored genetically. S.
thermophilus, as a member of salivarius group, shows certain differences in
genomic characteristics compared with other two genetically similar group
members, Streptococcus salivarius and Streptococcus vestibularis. The S.
thermophilus has a smaller genome size of about 1.7Mb and a relatively low level
of nucleotide variability (Delorme et al., 2015). Notably, most Streptococcal
virulence-associated genes are either presented as pseudogenes or missing in
this species (Bolotin et al., 2004; Prajapati, 2013), suggesting that it is
nonpathogenic. For instance, antibiotic resistance is an importance character of
pathogenicity, but there is no antibiotic resistance genes detected in S.
thermophilus genome. Similarly, genome decay and absence of classical
Streptococcal virulent factors are detected in Streptococcus infantarius subsp.
infantarius and the Streptococcus macedonicus isolated from fermented dairy
(Jans et al., 2013; Papadimitriou et al., 2014). It seems that narrow and nutritious
dairy habitat induces Streptococcal genome to experience a reductive evolution
(Delorme et al., 2015; Papadimitriou et al., 2014). Meanwhile, S. thermophilus
possesses some functional genes that seem to be beneficial to human when the

bacteria adapt to milk. This species is reported to possess encoding genes for
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probiotic features, like adhesion, acid resistance, producing bacteriocin and
utilizing lactose (Prajapati, 2013). Recently, an isolate that has a novel eps gene
cluster can produce the highest level of exopolysaccharide (EPS) among this
species and produce both capsular and ropy EPS, making the viscosity and
texture of dairy better (Wu et al., 2014). Four separate clustered regularly
interspaced short palindromic repeats (CRISPR)/Cas loci found in its genome
enable it to resist unwanted bacteriophage infection. These researches support
the use of S. thermophilus in manufacture of yogurt and cheese and probably

wider use in biotechnological applications (Wu et al., 2014).

Conversely, the adaption to environment of pathogens always involves in complex
regulation of virulence rather than merely attenuation of virulence. Lefebure et al.
(2012) compared genomes of S. pyogenes, a common human pathogen, with
several closely related species, Streptococcus dysgalactiae, Streptococcus equi,
and Streptococcus canis. It turned out that the S. pyogenes gained 113 genes
during evolution and about 14 genes were related to virulence, including sal
antibiotic locus, speB gene, rgg gene, and etc. The rgg can regulate the
expression of speB and interact with it, and this interaction may be beneficial to
S. pyogenes colonization in human pharynx without dispersing to cause invasive
diseases (Dmitriev et al., 2006). Both the acquisition of virulence genes and the
establishment of regulation network contribute to the bacterial adaption to human
host (Lefebure et al., 2012).

Virulence factors

Many species of genus Streptococcus are critical pathogens in both human and
animal diseases, and their virulence plays an important role in infection. Through
comparing the genome of interested strains with the annotated sequences in
public database by using bioinformatics tools, a number of virulence genes may
be detected in the interested strains. The identified conserved Streptococcal
virulence determinates are mainly involved in adhesion, invasion, spreading, and
other related regulatory genes, which can be inferred in virulence-related public

database, such as Virulence Factors of the Pathogenic Bacteria Database (Gao
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et al., 2014; Olson et al., 2013). Some other genetic elements derived from HGT
also belong to Streptococcal virulence. For instance, 12 characterized prophages
in S. suis probably contribute to the pathogenicity of S. suis for carrying putative
virulence-related genes, like toxin—antitoxin system, Clp protease and DNA
methyltransferase (Tang et al., 2013). A virulent Streptococcus zooepidemicus
strain, Sz35246, is reported to acquire four pathogenicity islands (PAls) through
HGT, including three toxin-antitoxin (TA) systems PAls and a restriction
modification system (RM system) PAI (Ma et al., 2013).

Arecent research compared genomes of 3615 M1 Group A Streptococcus (GAS)
strains isolated within about the last 100 years all around the world, revealing that
the contemporary epidemic strain experienced a series genetic evolutionary
events to form a high virulent strain. The precursor cell just contained one phage
carrying an extracellular DNase gene, and then it acquired a phage encoding
SpeA1. After that, it experienced a single-nucleotide change to form SpeA2
variant. Next, the species obtained a 36-kb region encoding secreted toxins
NAD+-glycohydrolase and streptolysin O through HGT, shaping the high-
virulent strain, MGAS5005-like M1 strains that spread worldwide recently (Nasser,
2014). However, Fiebig et al. (2015) found that the hypervirulence of S. pyogenes
M1 is not restricted to the MGAS5005-like genotype. They compared a
MGAS5005-like strain, 5884, with AP1. Although the AP1 is not MGAS5005-like
strain, it can cause systemic infection and a quick death in infectious mouse
(Oehmcke et al., 2009; Oehmcke et al., 2013). Compared to the 5448 strain, the
higher virulent strain AP1 had its CRISPR-Cas system destroyed by the phage
insertion, which attenuated its defense capacity against intrusive genetic element
and caused an enrichment of phages. Besides, the AP1 genome has an additional
protein H encoding gene and a mutation of rofA gene, which may influence its
regulatory networks and virulence, but whether these characteristics contribute to
its virulence deserves further researches (Fiebig et al., 2015). All these results
suggest that the virulence determinants are dynamics and influenced extensively

by the gene gain, gene loss and genetic recombination events.
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Genomics analysis can be used to compare genome sequence focusing on
different virulence determinants and may explain the genetic basis of distinct
virulence and pathogenesis of different strains to some extent. However, this does
not work every time. Sometimes, different clinical outcomes cannot be explained
by the bacterial genetic differences associated with virulence. For instance, no
clear difference of gene content was detected from The Streptococcus Anginosus
Group (SAG) strains isolated from both respiratory and invasive infections (Olson
et al., 2013). Likewise, Argimon et al. (2014) compared the genome of S. mutans
from severe early childhood caries (S-ECC) and caries-free (CF) child using a
new genome-scale in silico subtractive hybridization. Although they quickly
identified the genetic loci unique to strains associated with S-ECC, they failed to
find any specific genes related to caries, suggesting that there is no virulence
determinants difference of S. mutans from S-ECC or SF children responsible for
the distinct clinical outcomes. Moreover, Hossain et al. (2015) compared
genomes of virulent and avirulent Streptococcus uberis strains and found that the
potential virulence genes are detected in both strains and highly variable with high
level of SNPs, indicating that the presence of virulence genes merely is hardly to
explain the virulence capacity and infection status. There is a more complex
dynamic that determines the infection status and clinical outcomes, and this is
more than one simple genetic component. More comprehensive analysis of
multiple factors need to be carried out, including genetic transcription, protein

translation, environmental effect, interaction of various microorganisms, and etc.

Antibiotic resistance

With the increasing use of antibiotics, many strains that are susceptible to
antibiotics primitively become resistant and widespread, making it difficult to
control of the epidemics of infection. A bacterial resistance surveillance in USA
shows that the S. pneumoniae isolated from patient infection site shows increased
rates of insusceptibility to several antibiotics, including amoxicillin/clavulanate,
erythromycin, and levofloxacin (Pfaller et al., 2012). Analysis of bacterial genome
sequences enables us to identify the putative antibiotic resistance genes and may

provide guidance for clinical treatment. Several antibiotic resistance gene
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databases have been established, including ARGO, MvirDB, ARDB, Resfinder,
CARD and ARG-ANNOT, of which the last three are relatively detailed and
comprehensive. The powerful and versatile ARG-ANNOT, released in 2013,
contains more than 1600 antibiotic resistance genes and is widely used in
bacterial drug resistance researches (Gupta et al., 2014). Metcalf et al. (2017)
used short-read whole genome sequencing combined with ARG-ANNOT and
ResFinder databases to detect multiple resistance determinants in invasive group
B Streptococci (iGBS), and this was highly accurate, economical and practical for

large-scale analysis compared to phenotypic testing.

Bacteria can obtain resistance genes mainly through mutations and HGT from
other microbes over the course of evolution, especially under the selection
pressure of antibiotics (Blair et al., 2015; Huddleston, 2014). The main types of
HGT include conjugation, natural transformation and transduction (Huddleston,
2014). S. pneumoniae is a common pathogen that shows high rate of
recombination. The Molecular Epidemiology Network clone 1 (PMEN1), a multi-
drug resistant S. pneumoniae lineage, is reported to possess multiple genetic
elements related to antibiotic resistance, including integrative and conjugative
element (ICE), plasmids and other element with resistance genes (Croucher et
al., 2009). Croucher et al. (2011) analyzed 240 sequenced strains of this lineage
from all over the world and found distinguished different ways of resistance genes
acquisition. The fluoroquinolone and rifampicin resistance mainly resulted from
gene mutation, while resistance to non-fB-lactam derived from recombination.
Three different genetic elements were integrated into the Tn916 transposon,
including Tn917 transposon (containing an ermB gene), mega element
(containing a mefimel gene) and omega element (containing an ermB gene and
an aminoglycoside phosphotransferase). Those elements encode products
involved in methylation of target ribosomal RNA, drug efflux pump system, and
enabling the PMEN1 insensitive to macrolide. These elements are acquired by
the strains across the established phylogeny more than once, and the macrolide-
sensitive strains are replaced by the insusceptible strains, suggesting a genetic
plasticity of this lineage during adaption to the selection pressure of clinical

intervention.
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Phylogeny

Phylogenetic analysis uses substantial genomic data and various analysis
software to build a phylogenetic tree, describing the phylogenetic relationships of
target species visually. In general, phylogenetic tree is built based on certain
genetic loci, such as housekeeping genes or some genes of interest (Olson et al.,
2013; Teng et al., 2014) as well as multiple genetic loci or even the whole genome
sequences. The tree built on single gene, such as virulence genes, and this can
throw light on the evolutionary history of the specific factor at species or genus
level (Argimon et al., 2013; Gao et al., 2014). Glucosyltransferases (Gtfs) is an
important enzyme in Streptococcus to catalyze the synthesis of glucans. The GtfB
catalysate, a type of water-insoluble glucans (WIG), is beneficial for the formation
of dental plaque and the adhesion of bacteria. Thus, it influences the development
of dental caries and periodontitis (Mattos-Graner et al., 2004; Munro et al., 1991).
Researchers conducted phylogenetic analysis among the gtfs genes of strains
isolated from oral cavity of human, chimpanzees and macaque monkeys. They
found that the gene duplication of gtfB and gtfC and the divergency of primates
took place almost at the same period. Besides, the divergency of viviparous
occurred before the expression of S. mutans gtfB and gtfC, which regulates the
WIG synthesis. This phenomenon indicates that the gifs diversification precedes

human, and it is unrelated to the changes in human diet (Argimon et al., 2013).

16S rRNA is a popular marker used in phylogenetic analysis, and the majority of
Streptococcal species are clustered into six major clades based on the 16S rRNA
gene phylogenetic tree accordingly. Those species are classified into six “species
group”, named: “Pyogenic”, “Mitis”, “Anginosus
(Gao et al., 2014; Richards et al., 2014; Stackebrandt et al., 2002). Yet, there are

limitations in this analysis and classification. For instance, sometimes different

” o« LTS

, “Bovis”, “Mutans” and “Salivarius”

species may share identical 16S rRNA sequence, like the Streptococcus mitis and
Streptococcus oralis (Suzuki et al., 2005). This identical 16S rRNA sequence

makes it difficult to distinguish different species, and besides, the exist of
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horizontal transfer of segments of the 16S rRNA genes among species of the
anginosus group makes the result inaccurate (Schouls et al., 2003). Hence, an
established database based on larger volume of molecular data is needed.
Phylogenomic analysis, a preferable method, is widely adopted by scientists.
Phylogenomic analysis is based on multiple locus and possesses advantages of
discriminate different species over other single locus analysis. Olson et al. (2013)
compared the phylogenetic trees based on single locus 16S rRNA, housekeeping
genes (rpoB, cpn60) and in-house core-SNP pipeline, respectively. Although
these trees have similar overall topology, the multilocus approaches acquired
longer branch lengths and a greater degree of statistical certainty; conversely, the
16S rRNA possesses a lower discriminatory power. Moreover, the multilocus
analysis is particularly suitable for defining location of some ambiguous species.
For instance, Streptococcus sinensis turned out to be equally close to both the
anginosus and mitis groups in the phylogenetic tree built on 16S rRNA gene (Teng
et al.,, 2014). The accurate location of S. sinensis on the phylogenetic trees
remains ambiguous merely according to the single locus analysis. Teng et al.
(2014) used phylogenomic analysis based on concatenated genes and whole
genomes, and at the same time, they also used matrix-assisted laser desorption
ionization-time of flight mass spectrometry to analyze the phylogenetic clade of S.
sinensis, Streptococcus oligofermentans and Streptococcus cristatus. By these
approaches, they found those three species formed a distinct phylogenetic clade,
thus they proposed a new group of the three species, named “sinensis group”.
These results indicate that the multilocus phylogenomic analysis plays an
important role in the taxonomy and identification of Streptococcus, and the
multilocus approach possesses distinct advantages over the single genetic locus

approach.

The phylogenomic tools and the genomic data have also been extensively used
in the genetic and evolutionary relationship investigation at both strain and
species levels. Watanabe et al. (2013) used BEAST with a post-probabilistic
approach to construct a phylogenetic tree based on whole genomes of

Streptococcus dysgalactiae subsp. equisimilis (SDSE) strains and estimated the

caister.com/cimb 337 Curr. Issues Mol. Biol. (2019) Vol. 32



Omics and Bioinformatics Liao et al

ages of the subclade, and the result revealed that the most recent common
ancestor of the selected SDSE strains appeared 446 years ago. Meanwhile, the
results of analysis based on a core set of genes after omitting the phage regions
exhibit a remarkable consistency. A recently published global phylogenomic
analysis of core genome identified distinct lineages among nonencapsulated S.
pneumoniae (non-Ec-Sp) and encapsulated S. pneumoniae (Ec-Sp) strains. Most
non-Ec-Sp isolates clustered to form a separate (deep-branching classic) lineage
and few non-Ec-Sp strains sporadically joined in the lineage of Ec-Sp on the
phylogenetic tree. Most isolates from this separate non-Ec-Sp lineage showed
highly insensitive to antibiotics and possessed more mobile elements that might
contribute to the increased ability of adherence, revealing that non-Ec-Sp isolates
react differently under the selection pressure of clinical intervention, such as the

use of vaccines and antimicrobial (Hilty et al., 2014).

Genome editing

CRISPR/Cas system was first characterized over a decade ago as an adaptive
immune system in genomes of various bacteria and archaea to eliminate extrinsic
plasmid or phage (Barrangou and Horvath, 2017). The host is able to integrate
the invading genes on its CRISPR loci as “spacer”, although the mechanism of
incorporation remains unclear (Marraffini, 2016). Afterwards, this sequence is
transcribed to RNA, namely small-interfering CRISPR RNA (crRNA). The crRNA
hybridizes with the transactivating CRISPR RNA (tracrRNA) to form a guide RNA
(gRNA), guiding the Cas nuclease to specifically cleave invading cognate
sequences with the help of protospacer-adjacent motif (PAM) located
downstream of the target sequence (Makarova et al., 2015; Steinert et al., 2015;
Xu et al., 2015). To date, it has developed into a versatile and powerful tool widely
applied to manipulate almost any genomes in biology, including yeast, human
cells, plant, mice, drosophila, zebrafish, and etc. (DiCarlo et al., 2013; Gratz et al.,
2013; Hwang et al., 2013; Li et al., 2013b; Muller et al., 2016; Sander and Joung,
2014). Realization of gene editing including specific gene knock-out as well as
integration of desired genes requires introducing or expressing the Cas9 and

engineered gRNA in the target cells or organisms. (Sander and Joung, 2014). The
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most frequently studied and used type of this system is the S. pyogenes CRISPR-
Cas9 (SpCas9). It can generate sequence-specific double stand DNA break (DSB)
at multiple sites more precisely, compared to other editing tools such as zinc-
finger or TALE nucleases (Kleinstiver et al., 2015; Marraffini, 2016).
CRISPR/Cas9 systems from different bacteria possess different Cas proteins of
distinct sizes and various PAM requirements (Steinert et al., 2015). The other
widely used Cas9 system is from S. thermophilus, which recognizes longer PAM
sequences and shows relatively lower off-target mutagenesis compared to the
SpCas9 system (Muller et al., 2016).

Although the CRISPR/Cas system has been widely and successfully used, the
system still has drawbacks that need to be optimized, particularly, the high
frequency off-target effect that may lead to DNA cleavage at wrong sites. A
recently published research used T7 endonuclease | (T7EIl) assay to unveil
multiple off-target sites of the VEGFA, EMX1 genes and its high frequency at
genomic level in human U20S.EGFP cells. The off-target cleavage can lead to
various mutations, including insertions, deletion and point mutations, and the
rate of mutations is reported to reach up to 125% (Cradick et al., 2013; Fu et
al., 2013). Therefore, several approaches of reducing the off-target effect have
been designed, including using cas9 nickase (Shen et al., 2014), truncating the
sgRNA (Fu et al., 2014), constructing fusions of catalytically inactive Cas9 and
Fokl nuclease (fCas9) (Wishart, 2016), and etc. However, these methods can only
solve part of the problem. Recently, researches constructed a SpCas9-HF1
variant, of which four Spcas9 residues (N497A, R661A, Q695A, and Q926A) were
substituted by alanine. The SpCas9-HF 1 was able to significantly minimized the
genome-wide off-target effects to undetectable levels with the on-target activities
remaining high compared to wide type, and this might provide a general approach
to optimize other CRISPR-RNA-guide nucleases (Kleinstiver et al., 2016).

Metagenomics
Oral microenvironment is a pool of more than 700 species of microbes. It not only

affects the oral health and diseases, but also affects systematic diseases, such
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as infective endocarditis, bacterial pneumonia, and etc. (Brown, 2007; Paik et al.,
2005; Xu et al., 2007; Xu and Gunsolley, 2014). To gain insight in the microbial
related diseases requires comprehensive study of entirety of microbes in a niche.
Metagenomics has emerged in recent years and has been applied in analyzing
the total genomes in a selected microenvironment (Figure 2). It is a preferred
method of investigating the microbial community and its diversity, without isolating
and cultivating the enormous organisms (Martinez-Porchas and Vargas-Albores,
2017). Belda-Ferre et al. (2012) analyzed the oral metagenome under different
oral health conditions by 454 pyrosequencing. Interestingly, they found that
Streptococcus sanguinis and Aggregatibacter were abundant in the caries-free
individuals, while a plenty of Streptococcus gordonii and Leptotrichia buccalis
were detected in the caries affected individuals. Besides, S. mutans was not
prominent in the carious cavities, although it was thought to be the principle
pathogenic factor of caries. Instead, there was an intricate bacterial community,
indicating that the caries is a polymicrobial disease, and the S. mutans may trigger

the carious and cooperate with other bacteria to promote the development of

caries.
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Figure 2. Schematic view of application of genomics in Streptococcus. By comparing with the
genome of genetically similar group members in database, S. thermophilus shows a lack of most
Streptococcal virulence-associated genes. Besides, it possesses encoding genes for probiotic

features, enabling it to serve as diary starter. Genomics can also unveil the conserved virulence
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genes and the putative virulence-associated genes acquired over the course of evolution, which
may be attribute to the environment adaptation and partly explain the pathogenicity and infection
status of host. Some genes acquired is related to antibiotic resistance, which might provide
guidance for clinical treatment. Through phylogenetic analysis, a phylogenetic tree based on single
gene or multiple genes can be made to illustrate the evolutionary history of the Strepfococcus and
contribute to the classification of some species. Moreover, the CRISPR/Cas system of
Streptococcus is a powerful genome editing tool to realize gene knock-out or integration. As for a
niche, the metagenomics can be used to analyze the total genomes of all microorganisms in the

microenvironment and gain insight in the microbial community and its diversity.

Transcriptomics

Transcriptomics is a discipline that analyzes the transcription of genes in cells and
the laws of transcription regulation on the whole. Briefly, transcriptomics studies
the gene expression at the RNA level. Transcriptomics plays an important role in
bridging genomics and proteomics. The transcriptome is defined as the sum total
of all MRNA molecules of an organism (McGettigan, 2013). Since a human EST
(expression sequence tag) database that retained 609 cDNA clones was firstly
reported by a group from National Institutes of Health (NIH) in 1991 (Adams et al.,
1991), transcriptomics, which has become an important method in the field of cell
phenotype and function research, enables us to unveil the gene expression under
a certain condition and provides us information about the strength of the gene

expression relative to a reference (Afzal et al., 2015a).

For many years, researchers thought that the structure of bacterial transcriptome
was less complicated compared to the structure of a eukaryote (Sharma and
Vogel, 2014; Stazic and Voss, 2016). However, with the development of
sequencing technologies, the interests in bacterial transcriptomics has increased
recently due to the discovery of dense transcriptions on the bacterial chromosome,
abundant small regulatory RNAs (sRNAs) and antisense transcripts (Sorek and
Cossart, 2010; Thomason and Storz, 2010). Based on the next-generation
sequencing technologies, the process of bacterial transcriptomics includes total
RNA extraction, target RNA enrichment, library preparation and sequencing,

reads mapping, analysis, and etc. It is acknowledged that microarray, containing
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abundant probes that can perform multiple genetic tests at the same time, is a
reliable, rapid and comparatively economical method in bacterial transcriptomics
(Afzal et al.,, 2015a; Conway and Schoolnik, 2003). However, compared with
microarrays, the advantages of high-throughput RNA sequencing (RNA-seq)
includes single base pair resolution, low background signal, a large dynamic
range of expression levels, higher levels of reproducibility, smaller sample
requirements for starting RNA and no limitation in detecting. Those advantages
make it a powerful approach for assaying bacterial transcriptomes (McClure et al.,
2013; Wang et al., 2009). Although it is stil a developing technology,
transcriptomics provides a novel approach of studying bacterial diversification at

the genetic level.

Advances in Streptococcus transcriptomics

Virulence and Pathogenicity

In transcriptomic studies, a large number of genes have been shown to be
involved in the expression of Strepfococcus virulence and pathogenicity. For
instance, in the absence of the two-component control of virulence regulator-
sensor (CovRS) of Group A Streptococcus, an increased expression of genes
associated with antiphagocytosis, toxin gene abrogation and destruction of some
gene products was detected, unlike previous studies. Moreover, a genome-scale
metabolic model was established and 16 nonredundant metabolic gene modules
were found to be essential for pathogen growth (Yun-Juan et al., 2015).
Meanwhile, Kreth et al. (2011) found that the global regulator CodY could control
the regulation behavior of CovRS according to nutritional status, which indicated
that there was a counteractive balance of transcriptome expression. Kajfasz et al.
(2011) studied the mechanism of how the ClpXP proteolytic complex controlled
the key virulence properties of S. mutans, and they demonstrated that genes
encoding enzymes were required for the biosynthesis of intracellular
polysaccharides and malolactic fermentation was upregulated. In addition,
environment plays a key role in pathogenicity of Streptococcus as well. Pettigrew
et al. (2014) pointed out that genes, associated with carbohydrate metabolism

and production of bacteriocins, were upregulated. Besides, genes with

caister.com/cimb 342 Curr. Issues Mol. Biol. (2019) Vol. 32



Omics and Bioinformatics Liao et al

colonization were downregulated. Those gene expression changes resulted in
higher virulence when S. pneumoniae exposed to influenza A virus (IAV) infection.
In the entire pathogenic process, Virtaneva et al. (2005) reported that there were
some temporal changes in the Group A Streptococcus transcriptome. In particular,
prophage virulence gene expression and prophage induction occurred
predominantly when high pathogen cell densities and acute inflammation
presented. As for the interaction with the host microenvironment, Geng et al.
(2012) found that genes related to overall pathogenic capacity of Streptococcus
parasanguinis expressed differently to enable bacteria to avoid host immune

clearance, to colonize in host tissues and to survive within oral biofilms.

The main content of Streptococcus transcriptomics is centered on its virulence
and pathogenicity, which are comprehensively affected by physiological
characteristics such as competence and physiological development. Genes
associated with those characteristics may influence the final characterization of
bacteria, and usually, virulence and pathogenicity are mostly affected. The

advances of these researches are as follows.

Competence

The competence is important for Streptococcus to survive and behave in the
society. Referring to the regulatory links in the competence of S. mutans, Khan et
al. (2016) found that the XIP-encoding gene comS determined the entire late
response to competence-stimulating peptides (CSP) and the response regulator
ComE determined the immediate transcriptional response to CSP. They also
compared their data with published transcriptome data, permitting the
identification of all of the operons in each regulon and identified a core set of 27
pan streptococcal competence genes within the SigX regulon. However,
combined with the bacterial flow-cytometric sorting of cells, Lemme et al. (2011)
concluded that the activation of bacteriocin-related genes was the main approach
of cells’ response to CSP, and then, some of these cells would be separated into

two subpopulations of which only one would become competent.
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Physiological development and biofilms

The different expression of transcriptome of Streptococcus in its different growth
phases might be associated with its host infection capacity. Geng et al. (2012)
indicated that genomic islands (Gls) and various open reading frames outside the
Gls expressed differently in early exponential and early stationary growth phases,
contributing to its pathogenic capacity. As for biofilm cells, transcriptome of
Streptococcus affects its phenotype and response to microenvironment. Klein et
al. (2010) reported that the expression of genes involved in sugar metabolism
was mostly significantly affected in the S. mutans biofilm formation. And different
expression of other related genes, such as genes associated with two-component
systems, fermentation/glycolysis and iron transport, may lead to its pathogenicity.
Liu et al. (2013a) created a hyperosmotic condition for S. mutans as an
environmental stress and found that biofilm was dispersed due to gtfB and comC
genes down-regulation and genes involved in carbohydrate metabolism up-
regulation. In addition, the upregulation of some specific genes related to other
environmental stress may suggest that there was a potential cross-talk between
these stimuli. Wen et al. (2011) analyzed the growth of LuxS-deficient S. mutans
in biofilm and found that some genes, such as those related to sugar-specific
enzymes |l of the phosphotransferase (PTS) system and the ATP operon, were
upregulated and the ability of confronting environmental stress was compromised.
These results may reveal the relationship between the select gene, LuxS, and
biofilm formation and virulence of S. mutans. Polymicrobial biofilm is a more
reality biofilm mode compared to monomicrobial biofilm in Streptococcus
research. Transcriptomics plays an important role in interspecies interactions for
their physiology and virulence. Sztajer et al. (2011) co-cultivated the S. mutans
and Candida albicans and found the communication between the two pathogens.
They used gas chromatography—mass spectrometry and transcriptome analysis
and revealed a relatively lower level of EPS expression of S. mutans in dual-
species biofilm. Activation of sigX, the alternative sigma factor of S. mutans
induced by quorum sensing signals, was detected only when cultured in mixed
biofilms or treated with conditioned media from co-cultivated-biofiims, not in the

single-species biofilms or with culture supernatants from single-species biofilms.
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These results demonstrate that C. albicans is able to stimulate the quorum

sensing system of S. mutans, leading to a change of pathogenicity of S. mutans.

Novel gene function of Streptococcus

Transcriptomics makes it possible to discover new gene functions. For example,
Yuzenkova et al. (2014) suggested that gene expression in S. pneumoniae may
regulate transcription elongation. Afzal et al. (2015b) found that the transcriptional
regulator NanR acted as a transcriptional activator of nan operon | and the nanA

gene regulated the presence of sialic acid in S. pneumoniae.

Identification

In addition, transcriptomics, as an important part of bacterial omics, can also help
to identify the genetic distance and reveal the extent of genetic relatedness
between closely related strains. Park et al. (2012) proved this point of view by
comparing transcriptomes of Strepfococcus pseudopneumoniae with S.
pneumoniae, S. mitis and S. oralis. With genes up- or down-regulation, this novel

species was demonstrated to be closest related to S. pneumoniae.

Other aspects

Transcriptomics is also used in exploring the effect of some specific factors on
Streptococcus transcriptome, such as metal ions (Manzoor et al., 2015),
biologically active substances (Feng et al., 2013; Haase et al., 2015; Zeng and
Burne, 2015), drug ingredients (Feng et al., 2011; Ferrandiz and de, 2014), and
special environmental conditions (Kalpana et al., 2016; Richards et al., 2013;
Sitkiewicz et al., 2009). In addition, transcriptomics was used in studying
transcriptome changes of host immune organs after the infection of Streptococcus
in animal models (Gaur et al., 2014; Sitkiewicz et al., 2009; Wu et al., 2010).

Macro transcriptomics of Streptococcus
In a microenvironment, transcriptomics of microbiome becomes a novel research
direction. Taking oral microenvironment as an example, Peterson et al. (2014)

used RNA-seq to analyze dental plaque microbiota and they found that 45%

caister.com/cimb 345 Curr. Issues Mol. Biol. (2019) Vol. 32



Omics and Bioinformatics Liao et al

transcription was derived from Streptococcus. And Benitez-Paez et al. (2014)
found that expression of genes, which were associated with bacterial adhesion to
tooth surface, changed significantly at the the early biofilm stage compared to the

mature biofilm stage.

Transcriptomics enables us to understand bacterial physiological activities,
competence, interaction with the host and other characteristics of Streptococcus
at gene level. And it also provides novel clues of the relationship of bacterial genus
and the microenvironment that bacteria live. RNA-seq becomes the most
frequently used method in transcriptomics, although there are still problems in
analyzing excessive data of bacterial genes. The future directions of new
sequencing technologies are on the premise of ensuring safety to determine the

transcriptome of a certain bacteria quickly and simply.

Proteomics

With the development of omics, proteomics technology is widely used and it plays
an important role in microbiology research. Based on proteome, proteomics is
applied in the studies of the composition and protein expressions of cells, tissues
and organisms. Compared to genomics, proteomics provides more information
about proteins, such as protein localization, interactions among proteins and the
occurrence of post-translational modifications. Genes and transcripts are both
important and useful in characterizing the activity of microorganisms, because
they control the protein expression. However, protein studies provide more direct
information of the functional activity of the cell, organism or community (Franzosa
et al., 2015). Microbes are special organisms that they live in human, animal and
the environment around us. Global analysis of microbial proteome has been
widely used in investigating the pathogenesis of important human bacterial
pathogens (Bittaye and Cash, 2015). Analyzing the proteome expressed by
microbes is essential to demonstrate the relationship of microbes and human
diseases, and the pathogenic mechanism of microbial virulence. Here, the

proteomics researches of Streptococcus are summarized as below.
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Streptococcus genus is one of the most invasive bacterial groups and has been
identified as sources of invasive infections in human. S. pneumoniae, S.
pyogenes, S. agalactiae, S. mutans and S. suis are considered to cause
infections. Therefore, revealing the virulence of Streptococcus genus and the
mutation of Streptococcus is a worldwide object for human’s health. This requires
more information about the pathogen, especially the proteome data (Bittaye and
Cash, 2015; Olaya-Abril et al., 2014). As we know, penicillin and other antibiotics
are widely used in treating infections of Streptococcus, meanwhile, the antibiotic
resistance emerges worldwide and becomes a serious problem that threatens
public health. The efficiency of vaccines and antibiotics are compromised
because of the super virulent strains and multidrug resistant strains, such as S.
pneumoniae mutant. Protein vaccines have many advantages compared to the
current polysaccharide-based vaccines, which are serotype-dependent and
subjected to losing efficacy because of serotype replacement and high
manufacturing complexity (Olaya-Abril et al., 2013). Proteomics plays a vital role

in the researches about microbes, such as Streptococcus.

Virulence of Streptococcus

Proteins are closely related to the virulence of microbes. Through analyzing
different expression of proteins especially through proteomics, researchers could
provide more information to treat or avoid the infection of microbes. For example,
protein vaccines are higher immunogenicity and more cost-effective than
polysaccharide-based vaccines (Donnarumma et al., 2016). Therefore, current
researches focus on developing vaccine candidates of several surface-
associated proteins that elicit protection against more Streptococcus strains,
especially Pneumoniae. Searching for potential microbial therapeutic targets and
providing microbial protein-makers are also the objectives. Through proteomics
researches, such as functional and comparative proteomics, more and more

proteins are revealed (Bogaert et al., 2004).

Functional proteomics related to Streptococcus

Streptococcus pneumoniae
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As one of the most common kinds of pneumonia, bacterial pneumonia usually
happens in children and the elderly, and it is responsible for high morbidity and
mortality rates in both developed and developing countries. S. pneumoniae is a
leading pathogen that causes invasive diseases such as pneumonia, even sepsis,
meningitis, and etc. Current controlling strategies include the use of antibiotics for
treating ongoing infections together with pneumococcal vaccines for the
prevention of further pneumococcal infection (Bittaye and Cash, 2015; Bogaert et
al., 2004; Olaya-Abril et al., 2014).

Two-dimensional gel electrophoresis (2DGE) has been frequently used in many
researches to investigate the proteome of S. pneumoniae. Recent development
in global proteome analysis by label-free liquid chromatography-tandem mass
spectrometry (LC-MS/MS) -based technologies also helps to provide more
information about many microbial proteomes. Studies on the global proteome of
S. pneumoniae were very limited before, but with the effort of numerous scientists,
extensive information about the bacterial surface proteome has been collected,
providing a major source for identifying vaccine targets and relating to serological
assays. On the bases of proteomic experimental identification followed by LC-
MS/MS analysis, Jimenez-Munguia et al. (2015) selected 64 recombined
pneumococcal proteins and finally found that acute serum IgG levels against
RrgB, a kind of cell wall surface anchor family protein, were significantly lower in
less than 4 years old children with pneumococcal pneumonia than those in
controls. This result helps the scientists to design a multiplex bead-based platform
to assess natural IgG antibodies against pneumococcal protein antigens in
children. In addition, Olaya-Abril et al. (2013) identified potential new protein
vaccines through pan-surfomic analysis of pneumococcal clinical isolates from
adults. In this study, four novel surface proteins (Spr0012, Spr0328, Spr0561 and
SP670_2141) are selected for vaccine test, because of their capacity to raise
immune response in infected patients and induce an IgM response. IgM should

be a priori and good indicator of antigen exposure.

Recently, extracellular vesicles have gained more attention. They are produced
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by pathogens with various microbial virulence factors. Therefore, synthesizing
and releasing of extracellular vesicles derived from the outer surface are in favor
of bacterial pathogens to combat the defense responses of invaded hosts. Based
on proteomics and fatty acid analysis of S. pneumoniae, it has been demonstrated
that these vesicles and the plasma membrane are similar in essential aspects,
but there are some differences. The vesicles are more enriched in lipoproteins
and short-chain fatty acids, and they act as vectors of surface proteins and
virulence factors (Olaya-Abril et al., 2014). Studies on the composition of
extracellular vesicles are essential to reveal the virulence of microbes and to

provide information to explore vaccine candidates.

In order to cause infection, pathogens such as S. pneumoniae need to capture
iron from the host environment. In Streptococcal species, there are three known
iron-uptake systems responsible for iron acquisition from the host, the ABC
transporters PiaABC, PiuABC and PitABC. Because of further analysis by the
integrative transcriptomics and proteomics, rich information and insightful clues
have been provided for the investigations of iron-transporting mechanism in
bacteria, the interplay between Streptococcal iron availability and the biological
metabolic pathways (Yang et al., 2016a). By using immuno-proteomic, N-
acetylglucosamine-6-phosphate deacetylase (NagA) was identified in a protein
mixture secreted by S. pneumoniae and its strong immunogenicity was confirmed.
On account of high immunogenicity and immunospecificity, NagA may be a novel

diagnostic marker for S. pneumoniae (Choi et al., 2013).

Streptococcus suis

S. suis is an emerging zoonotic pathogen that causes severe human infections,
such as meningitis, septicemia, endocarditis and pneumonia. Among these
strains, S. suis serotype 2 (SS2) infection is a leading cause of septicemia and
meningitis in pigs and humans. And it is often accompanied by bacteremia, the
infection of which has become increasingly potent, especially in the southeast
Asian countries like Thailand, Vietham and China. Fibrinogen-binding surface

proteins of S. suis (SsFBPs) can bind to human fibrinogen (hFg) to help the
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microbe to survive in the host, to evade host immunity and to survive and
disseminate in blood. By combining the results of proteomic and immune blot,
novel FBPs of SS2 were identified, especially, two SsFBPs (MRP and Enolase)
were identified as important FBPs of SS2 (Pian et al., 2015). Haas and Grenier
(Haas and Grenier, 2015) applied analyzed proteomics of membrane vesicles
(MVs), which range in diameter from 13 to 130 nm and appear to be coated by
capsular material. They revealed that in the MVs there were 46 proteins, 9 of
which are considered as proven or suspected virulence factors. The results
implied that S. suis MVs may play a role as a virulence factor in the pathogenesis
of S. suis infections. Zhou et al. (2015) demonstrated that substrate binding
protein (Sbp) might play an important role in the pathogenesis of SS2. Identified
by immunoproteomic method, four SS2 membrane associated proteins, including
L-lactate dehydrogenase (Ldh), Dihydrolipoamide dehydrogenase (Dldh),
Pyruvate dehydrogenase E1 component (Pec) and amino acid ABC Sbp, were
cloned and expressed as recombinant proteins with Histag. These findings may
provide foundations for future researches of SS2 pathogenic mechanisms and
targets, provide foundations for excellent candidates for vaccine development,

and are important for novel therapies for targeting SS2-induced sepsis.

Streptococcus pyogenes

S. pyogenes, a kind of human pathogens, can cause various infectious diseases,
ranging from mild pharyngitis and impetigo to severe necrotizing fasciitis and
autoimmune sequelae. Acidic stimulus and growth phase influence the secretion
of S. pyogenes-associated virulence factors, which are ultimately associated with
S. pyogenes invasive capability. Proteomics, electron microscopy and
Fluorescence Activated Cell Sorting (FACS) analysis demonstrate that S.
pyogenes can release lipoproteins (Lpps) in lipoprotein-rich membrane vesicles
(LMVs), a vesicle-like structure, and reveal that Lpps are the major components
of the LMVs. LMVs represent as an excellent vector for antigen delivery via their
potential intrinsic adjuvanticity (Biagini et al., 2015). The “surface interactome” of
S. pyogenes was characterized by protein array technology (Galeotti et al., 2012).

The proteins were proved to get involved in protein folding and transportation.
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The proteins are OppA, DppA, PrsA and TIpA, all of which are localized at the
septum. Besides, scientists have detected interactions among the metal
transporters AdcA, Lmb and Spel, a major player in S. pyogenes pathogenesis.
Those findings might indicate the way Spel obtains the metal from the
environment. Through applying selected reaction monitoring mass spectrometry
(SRM-MS), a method to identify and quantify proteins with high sensitivity,
specificity and high reproducibility, Karlsson et al. (2012) provided a proteome-
wide selected reaction monitoring (SRM) assay repository resource for S.

pyogenes to facilitate SRM-MS analysis for this bacterium.

Other Streptococcus

S. mutans is one of the major pathogens that causes dental caries. S. mutans
and sucrose are responsible for the development of virulent-cariogenic biofilms.
Klein et al. (2012) used high-throughput quantitative proteomics to examine
relevant proteins that were produced by S. mutans to facilitate its growth and
optimal survival during mixed-species biofilm development induced by sucrose.
They found that the protein synthesis and gene expression were usually
augmented when S. mutans grew in mixed-species biofilms compared to in
single-species biofilms. The specific genes, which were upregulated, were
associated with glucan synthesis and remodeling (gtfBC, dexA) and glucan
binding (gbpB). This result indicated that the presence of other organisms, which
were fundamentally different in the matrix assembly, survival and biofilm
maintenance, increased the virulence of S. mutans.

S. thermophiles, as a starter for dairy productions, is widely used in food industry.
In order to contribute to future investigations on protein complex assembly and
composition or search for bacterial strains with specific biotechnological
applications, Salzano et al. (2013) applied proteomic procedures to characterize
the heteromultimeric and homomeric protein complexes from the membrane
fraction of S. thermophilus. Moreover, researchers analyzed proteome of
extracted cytoplasmic proteins from S. sanguinis and revealed O-Glycosylation of
the N-terminal region of the serine-rich adhesin Srr1 of S. agalactiae by Mass
Spectrometry (Chaze et al., 2014; EI-Rami et al., 2017).
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Comparative proteomics

Isobaric tagging for relative and absolute quantification (iTRAQ), a high-
throughput gel-free proteomic approach, allows high resolution quantitative
comparisons of protein profiles between multiple phenotypes. By iTRAQ, Allan et
al. (2014) studied the growth and metabolic proteins of S. pneumoniae, a clinical
serotype 14 strain, in planktonic and biofilm status to represent target candidates
for future vaccine development. They found several ABC transporter system
proteins were significantly up-regulated in pneumococcal biofilms. In one study,
iTRAQ-based quantitative proteomics was also applied to analyze the protein
alterations in S. pneumoniae in response to Sodium new houttuyfonate (SNH)
treatment. It was proved that SNH killed S. pneumoniae in a dose-dependent
manner accompanied by the increase of H202 (Yang et al., 2016b). Yang et al.
(2015) performed 2-DGE-based proteomic analysis to characterize the protein
alterations in S. pneumoniae after being treated with polypyridylruthenium (Il) (Ru
(1)) complex X-03, a metal compound. They found that it could obstruct bacterial
fatty acid synthesis and oxidation-reduction process in order to suppress the
growth of S. pneumoniae and interfere iron-acquisition pathway in the bacterium.
Vancomycin is one of the most important drugs currently used in the treatment of
gram-positive bacterial infections. Yang et al. (2017) applied 2-DGE and LM-
MS/MS to analyze differentially expressed proteins (DEPs) of whole cellular
proteins extracted from S. pneumoniae D39 with or without vancomycin treatment.
They found that 27 proteins were upregulated and four proteins were
downregulated in vancomycin-treated S. pneumoniae. These findings provide
important information for future investigations of vancomycin tolerance
mechanisms of S. pneumoniae. Through the iTRAQ strategy, Wang et al. (2016a)
compared the protein expression profiles of S. suis growing in sub-MIC tylosin
versus no tylosin, and finally 1501 proteins were identified. These proteins were
associated with S. suis metabolic regulation and virulence, and appear to be
important in biofilm growth at sub-MIC tylosin level. Through analyzing acid-
influenced secretome of S. pyogenes in acidic and neutral conditions, it was

demonstrated that acidic stimuli and growth-phase cues were crucial for classical
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protein secretion in S. pyogenes. Histidine triad protein A (HtpA), as a novel acid-
induced virulence factor, was proved to improve the anti-phagocytosis ability for
causing necrotizing fasciitis (Wen et al., 2014). By using immunoproteomics to
analyze and compare the transcriptomes and proteomes of S. pyogenes biofilms,
Freiberg et al. (2016) found that the S. pyogenes in vivo expressed proteome
matches the proteome in vitro biofilm better, in compared with in vitro planktonic

proteome.

With the help of different proteomics analysis, it was demonstrated that virulence
factors of S. mutant expressed differently. By a 2DGE-based proteome reference
map of the cytoplasmic and extracellular proteins from S. mutans, Li et al. (2013a)
identified 239 protein spots that represented 192 different cytoplasmic proteins,
which were regulated by the carolacton isolated from the myxobacterium
Sorangium cellulosum. Finally, carolacton was found to inhibit S. mutans by
disturbing the peptidoglycan biosynthesis and degradation, thus causing

damages to the integrity of the cell envelope and disturbing S. mutans biofilm

viability. Thereby this function makes carolacton a potential anti-biofilm drug.

Streptococcus coaggregates with Porphyromonas gingivalis, a major periodontal
pathogen, and assists it with the establishment of subgingival biofilm. S. gordonii,
S. oralis, S. mutans and S. sanguinis have been proved to interact with P,
gingivalis. By using shotgun proteomics, Maeda et al. (2015) examined the
molecular basis of mixed-culture biofilm formation by P. gingivalis with S. oralis.
Compared to the profile in the respective monoculture biofilm, 31 proteins of P.
gingivalis and two proteins of S. oralis were down-regulated in the mixed-culture
biofilm. The Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) of S. oralis
(GapC) as well as the FimA of P. gingivalis were up-regulated in mixed-culture,
which indicated that the GapC might interacted with FimA to promote the
formation of mixed-culture biofilm. The housekeeping proteins GyrB and RpoD
increased in the mixed-culture biofilm and reflected the activity or viability of

bacterial cells.
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Interaction between Streptococcus and other microbes/human

A recent study based on LC/Q-TOF mass spectrometry proteomics analyzed the
changing protein profiles of Helicobacter pylori and S. mitis in mixed-culture
biofilm, and the results indicated that the interaction between H. pylori and S. mitis
may enhance bacterial survival rate and reduce carcinogenesis. The S. mitis in
mixed-culture biofilm has a high-level expression of posphoglycerate kinase
(PGK), a major enzyme involved in glycolysis, which is beneficial to the survival
of the bacterium. Meanwhile, some oxidative stress related proteins of H. pylori
decreased in the multi-species setting, including thioredoxin (TrxA) and other
redox-regulating enzymes, and this was thought to be protective and less
pathogenic (Khosravi et al., 2016). S. gordonii is a pioneer colonizer of the tooth
surface. By 2-DE, Yoshida et al. (2015) analyzed the protein expression profiles
of S. mutans in the biofilm, with or without the presence of S. gordonii. It was
suggested that Dps-like peroxide resistant protein (Dpr) might be one of the
essential proteins for S. mutans survival on teeth in the presence of early

colonizing oral streptococcus.

Sjéholm et al. (2014) used a combination of MS based techniques to
comprehensively quantify the components of the S. pyogenes-plasma protein
interaction network. They subdivided the interacting protein list by using a SRM
depending on the level of enrichment and protein concentration on the bacterial
surface. And their results provided important information about preventing or

treating the infection of Streptococcus.

Metabolomics

Since the metabolite is the ultimate output of the biological hierarchy and is more
stable than mRNA or proteins (Patel and Ahmed, 2015), the process of
metabolism and the metabolite is always directly related to the bacterial growth,
pathogenicity, evading host immune system, interaction with other organisms,
research of antibiotics, vaccine development, and etc., therefore, metabolite

seems to be important for disease prevention and control (Fei et al., 2016; Schulz
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and Hammerschmidt, 2013; Takahashi et al., 2012; Wang et al., 2016b). For
example, the acid produced by S. mutans and other bacteria in oral cavity plays
a vital role in the development of caries (Takahashi and Nyvad, 2011).
Metabolomics, serving as a complement of other omics, provide us with an
integral view of the metabolism of the living cells and can be used to explore some
key products and potential mechanisms by comparing metabolic differences

under different circumstance (Schulz and Hammerschmidt, 2013; Tang, 2011).

Streptococcus iniae is an important zoonotic pathogen that causes infections in
various fish including tilapia (Lau et al., 2006). Recently, a series of gas
chromatography-mass spectrometer (GC/MS) based metabolomic researches
revealed a regulatory mechanism of tilapia against S. iniae infection. The L-
leucine in the survival fish infected by S. iniae was relatively higher than that in
the dead fish, indicating the potential modulator role of L-leucine in the S. iniae
infection. Furthermore, the addition of exogenous L-leucine can raise the survival
capacity of infected tilapia, and this validated the result of metabolomic analysis
(Ma et al., 2015). The GC/MS-based metabolomic analysis revealed the
mechanism of how L-leucine works. Elevated level of L-serine triggers further up-
regulation of the IL-18 and IL-8 mRNA expression (Du et al., 2017). The metabolic
profile of bacteria can also reflect the bacterial adaption changes by comparing
the final outputs. S. agalactiae is a common pathogen that causes systemic
infections in human and fish, and it is serum-resistant and capable to escape from
the host immune system. By using GC/MS-based metabolomics analysis, a
recent research illuminated a metabolic trick of S. agalactiae and explained the
key pathways in response to plasma of yellow grouper, including an increase of
adenosine and a decrease of malic acid that decreased the sensitivity to plasma
(Wang et al., 2016b).

Drug discovery
Genomics, proteomics and metabolomics are the three fields conventionally and
effectively applied in drug development and clinical application, especially when

confronted with the increased antibiotic resistance. Genomics has been applied
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in multiple areas, including identification of biomarker (osteoarthritis), expression
profiling of tissue, toxicogenomics, and etc. (Meulenbelt et al., 2011; Russell et
al., 2013). The proteomics owns its unique advantages over genomics, because
the proteomics reflected the cellular events after gene transcriptions. The
employment of it can be found nearly throughout the pipeline of drug development,
from target identification to clinical trial of drugs (Burbaum and Tobal, 2002;
Russell et al., 2013). Metabolomics make it clear about the metabolic pathways
and all of the products of both pathogens and the host, revealing how the
pathogenic factors act and host defense responses, helping us to understand the
mechanisms of diseases at the molecular level and enabling us to fight with them.
There are multiple approaches implemented in the development of antibiotics
against Streptococcal infections. The comparative genomics can be used to
identify the essential genes for S. pneumoniae growth as potential target (Song
et al., 2005). A more valid approach is the computational subtractive genomics
analysis. The complete proteome of S. pneumonia is downscaling gradually to a
small number, which are related to pathogenicity and involved in pathogen
metabolic pathways that are essential for the survival of the bacteria. These
selected proteins may be potential drug targets. Simultaneously, this approach
also encompasses the use of BLAST tool to recognize the non-homologous
against human genomes. Eventually, two candidates can guide new drug
discovery and reduce the side effect on human (Wadood et al., 2018). A recent
published research used an integrated proteomic and metabolomic analysis has
evaluated the mechanism of how rhodomyrtone antagonizes S. pneumoniae. A
significant down-regulate of two enzymes (glycosyltransferase and UTP-glucose-
1-phosphate  Uridylyliransferase) and three metabolites (uridine 5'-
diphosphoglucuronic acid (UDP-glucuronic acid), UDP-glucose, and UDP-N-
acetyl-D-Galactosamine) related to the pneumococcal capsule synthesis was
observed in the S. pneumoniae stimulated by rhodomyrtone. This result,
confirmed the antimicrobial activity and potential use of rhodomyrtone as
antibiotic, thus, providing an alternative antibiotic for treatment against S.

pneumoniae (Mitsuwan et al., 2017).
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Integrated omics

Omics is a powerful tool used in covering genomics, transcriptomics, proteomics
and metabolomics to gain insight of the biological features of Streptococcus as
well as other creatures. Each of these omics tools can provide a relatively
comprehensive understanding of the given object, but sometimes it is not enough
to explain more complex phenomena based on a single method. For example,
Argimon et al. (2014) used genomics tools and failed to find critical virulence
genes of S. mutans to explain caries status. But a combination of multiple omics
can provide ample evidence of genes, mRNA, proteins and other metabolites at
the molecular level. For example, a transcriptomic analysis revealed an up
regulation of salvage and de novo nucleotide synthesis pathway of Streptococcus
intermedius in the aerobic culture compared to anaerobic environment, which was
validated by the metabolomic results (Fei et al., 2016). The integration of different
omics can imply the “missing link” between gene transcription, translation of
protein, the following modification and other process, revealing the complicated
regulatory mechanisms and networks behind certain phenotype. For example, the
matrix metalloproteinases 2 (MMP2) mRNA expression of oral epithelia
stimulated by C. albicans is up-regulated, but the MMP2 protein expression is
down-regulated, which is remained confused (Claveau et al., 2004). An integrated

omics may help to solve these problems.

A recent published research used an integrated proteomic and metabolomic
analysis has revealed the mechanism of rhodomyrtone antibacterial activity
against S. pneumoniae. A significant decrease of two enzymes
(glycosyltransferase and UTP-glucose-1-phosphate Uridylyltransferase) and
three metabolites (uridine 5'-diphosphoglucuronic acid (UDP-glucuronic acid),
UDP-glucose, and UDP-N-acetyl-D-Galactosamine) related to the pneumococcal
capsule synthesis was observed in the S. pneumoniae stimulated by
rhodomyrtone. This result confirmed the antimicrobial activity and potential use of
rhodomyrtone as an antibiotic at both transcription and protein levels (Mitsuwan
et al., 2017).

caister.com/cimb 357 Curr. Issues Mol. Biol. (2019) Vol. 32



Omics and Bioinformatics Liao et al

The putative genes that regulate iron-uptake of S. pneumoniae are ATP-binding
cassette (ABC) transporters, PiaABC, PiuABC, and PitABC. Those genes are
critical to the growth and pathogenicity of the bacteria. Recently, SPD_0090 and
SPD_1609 were identified as potential novel iron-bunding proteins by using
translatomics and proteomics, and they were upregulated as compensation in the
known ABC transporters mutant S. pneumoniae (Yang et al.,, 2016a). The
integration of different omics can provide more detailed and comprehensive
evidence to throw light on the potential mechanisms and pathways of certain
phenotype. The progress in bioinformation and sequencing technology makes it

more practical and economic to carry out integrated omics.
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