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Abstract

The dramatic increase in genome sequencing during the last years has changed
our ideas about bacteria diversity, from single gene to whole community DNA
surveys; we have learned that the nature largest gene repository resides in
bacteria. Comparison of bacteria genomes has contributed to understand the
flexibility in size and gene content as well as the gene movement due to gene
family expansions and Horizontal Gene Transfer. Bacteria species are currently
defined by means of 16S rRNA sequence comparisons and some limited
phenotypic traits. There is an ongoing debate about the biological and evolutive
significance of the bacteria species, and thus the need of refine the definition of it
using the most of the genomic shared information. When comparing multiple
genomes of related strains we can divide the common shared features like the
core genome, and the strain specific genes are known as accessory genome, both
accessory and core genome as the total of the genetic composition are known as
pan-genome. Here we present the possibilities using pan-genomics as a workhorse
to describe both taxonomical and functional diversity within bacteria.

Keywords: pan-genomics; core genome; bacteria species; taxonomic diversity;
functional diversity

The largest amount of life’s gene functions diversity resides in bacteria, this af-

firmation was possible in the last decade due to rapid development of sequencing

technologies, also known as Next Generation Sequencing (NGS) [1]. NGS has aided

to describe huge amounts of new species at the genomes level. Despite a bias toward

sequencing of human pathogens there are up to 7,411 complete sequenced bacteria

genomes up to date. As well as, thousands of Whole Genome Shotgun (WGS) se-

quencing projects, which when taken into account they gave an approximate of ≥
30,000 ongoing and available genome sequences [2]. Our current knowledge at the

genes level could be summarized as genes in this planet are the ones kept by bacte-

ria and its exceptions (including us within exceptions). Current criteria for naming

a bacteria species rely mostly on comparison of 16S rRNA gene (16S) sequences

and evaluation of some phenotypic traits like fatty acid profiles, sugar uptake and

assimilation, etc. The 16S threshold for delimiting a species is 97% identity of se-

quence conservation, lower identity values stands for different species. This cut-off

value was derived from an old fashion metric when comparing genomes of differ-

ent species (like Escherichia coli and Salmonella sp.) and showing a 70% whole

DNA-DNA hybridization along phenotypic shared traits, when 16S arose like the

gold standard for molecular phylogenetics the equivalent for a 70% DNA-DNA was

correlated with a 97% identity at 16S level [3]. There are several critics to define
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bacteria species through this arbitrary cut-off criteria and its biological meaning,

nonetheless the value of 16S comparisons to determine large scale evolutionary rela-

tionships of is accepted universally, what is questioned is to rely only in 16S sequence

comparisons for defining bacteria species [4] (see Figure 1).
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Figure 1 The current systematics of Bacteria. A. The possible morphological traits evaluated in
bacteria are limited, as the range of biochemical tests performed to analyze if two strains are part
of the same species. (B) First taxonomic approaches using whole genome comparisons (1970s)
rely on DNA-DNA hybridization of different strains, using an arbitrary 70% hybridization cut-off
value to define a same species. (C) The use of universally conserved 16S rRNA sequence
comparison has a cut-off value of 97% identity when aligned to other sequences, note the
secondary structure of the molecule, in bold is shown current average output of NGS sequencing
for describing bacteria diversity (˜400 bp). The 97% identity cut-off was intended originally for a
whole length 16S (˜1600 bp), and it corresponded to the identity for the sequence comparison of
two organisms with a whole genomic DNA-DNA hybridization of 70%. The asterisks shown in (B)
and (C) denote the location of 16S sequences within the genome, showing that some genomes
hosts multiple copies of the very same gene. (D) After PCR amplifying, which happens to be
another source of posible biases, and sequencing of the 16S a single gene phylogenetic analysis is
performed to define the bacteria species. (E) Current Multi Locus Sequence Typing (MLST)
schema uses information of multiple (˜7) coding gene sequences, each homologue gene is aligned
and then concatenated to construct a phylogenetic tree based on the evolution of multiple genes
which in turn has better resolution to define close related strains, and is used in molecular
epidemiology studies to solve the evolutionary emergence of pathogens.

Further complications with the use of 16S as a tool to define species are that cur-

rent species conceptual frame was intended for sexual organisms, inheriting their

genomes in a vertical direction. With bacteria and its promiscuity things go compli-

cated, bacteria have capabilities to perform Horizontal Gene Transfer (HGT) and

recombination of genes varies from clonal lineages to highly recombinant even named

panmictical (highly promiscuous) strains [5]. HGT can operate from single genes to

whole genomic islands that are a plus in highly selective environments (think about

antibiotic resistance mechanisms, etc.). The difficulties come to a dead-end when it

comes to define species in bacteria, and forgetting the plasticity of gene movement

in these organisms. We have to cope with Taxonomic Operational Units (OTUs)

as our closest proxy to define the bacteria species, more with a need of a working

unit rather to its biological or evolutionary significance. The OTUs are defined as

clusters of aligned 16S rRNA sequences having at least 97% identity amongst them
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[6]. One of the currently finest strategies, without genome sequencing is to define

close related bacteria strains by means multiple gene alignments and comparisons

to define close related strains, this is called of Multi Locus Sequence Typing and

Multi Locus Sequence Analysis (MLST and MLSA, respectively). The rationale be-

hind MLST is to use several (˜7) conserved genes interdispersed in the genomes to

avoid the chance of genetic linkage, by amplifying, sequencing, aligning and con-

catenating the sequences, put them in a single artificial sequence to maximize the

amount of genetic information parsed into the substitution model and thus propose

a phylogenetic hypothesis that helps to discriminate between close related strains

[7].

Adding up complexity layers, we are just recently noticing that we were missing

huge amounts of bacteria diversity out there, for some environments we only knew

about 1% of the estimated diversity in part because of the difficulties to culture bac-

teria in Petri dishes [8]. Parallel to the advancement of sequencing technologies the

sequencing environmental DNA and thus the genomes of uncultivated bacteria are

been developed, this is known as metagenomics. Metagenomics can be performed

on virtually any environment to study both functional and taxonomical diversities

[9]. The metagenomes taxonomical diversity is mostly conducted via Polymerase

Chain Reaction (PCR) amplification of 16S rRNA libraries of the studied com-

munity. Whole Genome Shotgun Metagenomics has also been developed and with

this insight we can know about both community taxonomic and metabolic diver-

sity. Metagenomics has been applied to a wide range of environments to know the

microbes associated to them, and this is known like the microbiome. The studied

microbiomes and its environments are diverse and go from acid mine drainages,

soils, oil spills, sea water, plants, and animals [9, 10, 11, 12, 13].

The vast majority of current microbial diversity studies rely only on 16S rRNA

amplicon sequencing and comparison. At the end of the study one ends up with

a large dataset of OTUs and bunches of multivariate analysis. The final goal is

trying to correlate, and in the best cases associate one particular trait (i.e. disease,

pollution resistance, etc.) with a particular set of OTUs. One major source of error

for these studies has to be with the sampling, which usually lacks of direct replicas

and studies across time; this is getting better due to the reducing costs of mass

sequencing. Additional experiment complications with 16S involves variable copy

number across different genomes [14] biased PCR due to the primer design template

[15], varying sequences lengths result of the current technologies (100 - 1,000 base

pairs) and using the same threshold as if the sequence was full length 16S, etc.

The sequencing technologies are getting cheaper and accurate, facts that had

allowed analysis of whole genomic variation within the very same bacteria species.

The pan-genome concept arose when comparing Streptococcus agalactiae strains

who accomplished all the current taxonomical and clinical criteria to be part of

the very same species, producing the same symptomatic illness, hosting the very

same 16S rRNA sequences [16]. But, when comparing the genome sequences of

the S. agalactiae isolated from different patients against the reference genome it

was totally unexpected to find out that each strain shared 20% of the genes. In

bacteria genomes, there is a high density of coding genes with small intergenic

spaces and lower amount of repetitive DNA when comparing with eukaryotes. So,
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in bacteria differences in genome size correlates directly with coding sequences, the

larger of your bacterial genome, the more functions you can potentially perform

with the genes coded in your genome. S. agalactiae’s variation in conservancy of

genes are huge, when comparing different eukaryote species, for instance divergence

in shared coding sequences across different species like chimpanzees and humans

does not go further than 1.23% [17]. Thinking about the differences of 20% in a

single bacterium, supossed to be the very same species and finding this difference

within the same species is astonishing. The sum of the shared and strain unique

genes across all the compared genomes is called pan-genome, which in turn can be

divided in core genome and accessory genome. In some cases, like the S. agalactiae,

there is a predicted chance to get new genes for each new sequenced strain, this is

called an open pan-genome. For other groups the dynamics are different and there

is not predicted new genes for new sequenced strains like is the case for the Bacillus

cereus, this is called a closed pan-genome [16, 18, 19].

Core genome phylogenetic are the next level of MLST schema, comparing whole

shared genome information coded in the genomes of interest strains. Core genome

phylogenomics is done by comparing all the shared (orthologous) genes amongst

all the compared species, then align each one of the genes and then concatenating

the alignments to build a supermatrix, which in turns feed a phylogenetic recon-

struction; this approach is known as core genome phylogenomics [20] (see Figure

2). The usual parameters of classic molecular evolution, like nucleotide diversity

and synonymous/non-synonymous ratios, could be inferred from the core genome

alignments. The core genomes could be defined at varying taxonomical depths and

could be used to analyze shared gene features from species, genus, family, order,

class, and phylum. The upper level of taxonomical resolution (i.e. phylum), the

fewer shared genes expected, at lower taxonomical hierarchy (species) is expected

to have the larger amount of shared genes. The extra bonus of getting core genomes

is that we are able to build molecular functions profiles with the conserved genes

across a taxonomic range and find out gene functions responsible for the group

cohesion. For example, core genome analysis we can aid to find for the expected

genes for a enterobacteria like E. coli or a sporulating genus like Bacillus [21, 19].

Core genome analysis can be helpful to analyze particular phenotypic features like

the core genome for any shared trait (i.e. sporulation, heat resistance, antibiotic

degradation, etc.) when comparing the shared genes conservancy profile for multi-

ple species dealing with the same environmental challenges [19].

The in-depth study of the core genome sheds light over relevant evolutionary

questions, like what are the conserved genes across a taxonomic range, its cut-off

similarity values and what are the functional gene constrains of this conservancy.

Based on the central dogma of molecular biology one would expect that genes coding

for the core machinery of replication (DNA), transcription (RNA) and translation

(proteins) would be universally conserved as well as some other house-keeping genes.

Phylogenetic reconstructions relying in the whole genome are maybe closer to ex-

plain the organism evolutionary history, rather than individual genes genealogies.

Important applications also arise, like the development of strain specific vaccines

due to the knowledge of the variation within the conserved genes of a species [22].

With the pan-genome (see Figure 2), the accessory genome presence/absence pat-

terns through the compared bacteria could be result of gene loss or gene acquisition
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through Horizontal Gene Transfer. The importance of gene acquisition/loss ratio is

yet to be covered but there are some examples like the one examining the Achaea

Sulfolobus ilsandicus and the importance of analyzing its pan-genome to determine

strain and even location specific genes and their dynamics [23]. The building of the

pan-genome is helpful to have a full inventory of the metabolic capabilities of a

given group of organisms. Differences in the unique genes of close related bacteria

could be a partial answer of local adaptation to particular life styles or niches (i.e.

free-living, host-associate, virulence, etc.).
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U
n
iq
u
e
G
e
n
e
F
a
m
il
ie
s

Genomes sequenced

S
h
a
re
d
g
e
n
e
s

A

C D

E F

Core genome alignment (100s to 1000s of genes)

B

Figure 2 Taxonomical and functional pan-genomics uses. (A) Whole genome alignments make
possible to find out gene and operon order conservation across analyzed strains, each line
represents a linearized genome. Blank boxes represents genes not present in a strain compared with
its relatives, asterisks represent the 16S variation in copy number and location. (B) Venn diagram
representation of the different shared orthologous genes, for four genomes. The intersection, the
sub-set of ortholgous genes shared by all analyzed bacteria represents the so called core genome.
The sum of core genome and the strain specific genes, which are also called accesory genome,
compose the pan-genome. Accesory genome’s genes give hints about environment-specific
adaptations and functional constrains. (C) Individual core genome’s genes could be used to build
individual alignments, which in turn are concatenated to build a supermatrix and then perform
thorough phylogenetic analysis with all the shared information all across a taxonomic range, this
increases the resolution of phylogenetic analysis. Core genome’s phylogenetic analysis power
resides in the fact that whole gene set responsible for the taxonomic range analyzed is taken into
account. (D) The core genome’s tends to diminish when more genomes are sequenced, due to the
amount of shared genes across all the individuals in the analysis tend to decrease with larger
samples. (E) The pan-genomes could be plotted as a collector’s curve which shows the amount of
new genes added to the pan-genome with each new sequenced bacterium added to the analysis.
Pan-genomes are tell to be open if there is new gene appeareance when adding new strains to the
analysis. Closed pan-genomes reffer to the lack of new genes within a taxonimic range when new
individuals are added to the analysis and the collector’s curve had reached a plateau. (F) Both
core genome and pan-genome are prone to be functional described. Then is easier to pin-out
responsible genes for environmental responses (i.e. pathogenesis, symbiosis, nutrient deprivation
etc.) as well as predict metabolic profiles from their sequences.

The main goal of the 16S amplicons studies is to: have a diversity inventory

of a particular environment and try to associate OTUs with particular functions,

using the 16S OTU as a proxy for the metabolic diversity. Predictions trying to

connect a particular OTU with metabolic functions, for example a gut environment

is dominated by say E. coli related OTUs, then taking a single reference genome of
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a single strain would be an naive guess if fails to consider that we can have up to

30% in presence-absence of coding genes, and that particular genes in the accessory

genomes are the probable environment restricted genes. However, several attempts

are performed now trying to use the large amount of 16S massive sequencing from

virtually any environment and infer metabolic diversity and link it to phylogenetic

distances [24, 25]. Another approach in trying to gain insights into the metabolic

diversity when only having 16S sequences could be to have pan-genomes catalogues

for all the known groups of bacteria with sequenced genomes, generating confidence

intervals based on gene presence-absence within particular bacteria.

The 16S gene databases are one of the most prolific ones. The understanding of

what we know actually about bacteria diversity is mostly in debt with 16S sequence

analysis. For sure it’s been useful and will keep that way when studying unknown

environments and when the goal is to have a first glimpse about complexity of the

community structure. For pathogens, diagnosis and management this was outdated

some time ago and the need to develop rapid and accurate methods for resolving

close relative type strains derived into the MLST analysis. With the current pace

of sequencing technologies development is urgent to redefine the minimum stan-

dards when defining bacteria diversity. The new bacteria diversity standards are

likely to require core and pan-genomics analysis to define the bacteria, as well as

understanding local dynamics for pan-genomics at each taxonomic unit.

The beauty of not knowing a precise way to describe a species should not be taken

like a pitfall for microbiology. With bacteria, we are dealing with the major repos-

itory of genes and biological functions that have allowed microbes to be the major

players in our world, from biogeochemical cycles, energy harvesting and cycling

and thus making life for all the other being forms possible. The species concept,

developed for when you are well behaved and transmit your genes in vertical form

seems a little rigid when dealing with bacteria and its tremendous capabilities of

transforming and sharing its genes in a happy and promiscuous way. We just need

to refine our vision and take into account the internal variability for genes and thus

functions of each related bacteria, and praise it, develop new indexes (like Genome

Similarity Score [19]) that take into account the whole set of shared features when

comparing bacteria, along sides phylogenetic traditional ways. If we are aware of

the current utilitarian bacteria species concept and that we understand that some

of the major traits of a bacterium, like pathogenesis, are likely to occur in close

related working units call them species or OTUs, we can cope with that. But be-

ing unaware of the huge functional diversity connected to what we already call a

bacterium species is nonsense nowadays.
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