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Abstract

Organisms display astonishing levels of cell and molecular diversity, including genome size, shape, and
architecture. In this chapter, we review how the genome can be viewed as both a structural and an
informational unit of biological diversity and explicitly define our intended meaning of genetic information.
A brief overview of the characteristic features of bacterial, archaeal, and eukaryotic cell types and viruses sets
the stage for a review of the differences in organization, size, and packaging strategies of their genomes. We
include a detailed review of genetic elements found outside the primary chromosomal structures, as these
provide insights into how genomes are sometimes viewed as incomplete informational entities. Lastly, we
reassess the definition of the genome in light of recent advancements in our understanding of the diversity
of genomic structures and the mechanisms by which genetic information is expressed within the cell.
Collectively, these topics comprise a good introduction to genome biology for the newcomer to the field
and provide a valuable reference for those developing new statistical or computation methods in genomics.
This review also prepares the reader for anticipated transformations in thinking as the field of genome
biology progresses.
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1 Introduction

Following the introduction of the concept of the genome in 1920
[1], the field of genome science has grown to encompass a vast
range of interconnected topics (e.g., nucleic acid chemistry, molec-
ular structure, replication and expression biochemistry, mutational
processes, evolutionary dynamics, and interactions with cellular
processes). Although the notion of the genome as a fundamental
biological unit has been with us for nearly a century, it is only within
the last decade that genomics has emerged as a transformative
discipline within biology and the health sciences [2]. Its rapid
development was in large part due to advances in massively parallel
next-generation sequencing [3], which yielded unprecedented
levels of genomic data. Those data revealed extensive natural
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variation in the way that genomes are structured and processed.
This led modern biologists to reevaluate the fundamental definition
of the genome.

The typical definition of the genome is often dualistic, referen-
cing both structural features and its function to store and transmit
biological information [4 ]. For example, the US National Institutes
of Health (NIH) uses the following definition: “A genome is an
organism’s complete set of DNA, including all of its genes. Each
genome contains all of the information needed to build and main-
tain that organism. In humans, a copy of the entire genome—more
than three billion DNA base pairs—is contained in all cells that have
a nucleus.” This conception, as with many others, is structural with
regard to physical features (viz., genes and DNA base pairs) and
informational with regard to its role in carrying out cellular func-
tions (viz., to build and maintain the organism). Through increased
knowledge of genome diversity, the field has come to realize that
both conceptions of the genome are sometimes insufficient [4]. We
now understand that the physical structures of the genome can be
transient and that the expression of information contained within a
genome is often conditioned on non-genomic factors. The science
of genome biology is entering a new era based on a deeper under-
standing of the relationship between genotype and phenotype [5].

The purpose of this review is to provide a condensed overview
of genome biology and to anticipate transformations in thinking
that will occur as the field progresses. The remainder of this article
is structured into four parts, with the next section providing a brief
overview of the diversity of organismal cell types. The two
subsequent sections introduce the structural and informational
aspects of genomes, respectively. In the final section, we reassess
the definition of the genome through selected biological examples
and conclude with an updated perspective on the nature of the
genome as an informational entity.

2 Organism Diversity and Cell Types

Cells are the smallest living unit of an organism. All cells have three
attributes in common: cell membrane, cytoplasm, and genome.
Structurally, cells can be divided into two basic types: prokaryotic
and eukaryotic cells. Eukaryotic cells tend to be more complex.
They possess a nucleus and other membrane-bound organelles,
which are specialized components in the cell that perform unique
functions (e.g., nucleus, mitochondria, plastids). Conversely, pro-
karyotic cells lack membrane-bound organelles. Although similar in
cell structure, prokaryotes include two fundamentally distinct
domains: the eubacteria (true bacteria, often referred to simply as
bacteria) and the archaea.
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Cellular life is detected in almost every environment on Earth.
As life has colonized and adapted to the vast number of niches, cells
have evolved an incredible amount of diversity in regard to size [6],
form [7], lifestyle [8, 9], and complexity [10]. Understanding the
basis of such diversity remains one of the central aims of biology.
Readers interested in the latest understanding of Earth’s biodiver-
sity, the unique characteristics of its organisms, and how both extant
and extinct forms are related to each other are encouraged to explore
the following resources: the University of California Museum
of Paleontology “History of life through time” exhibit [11],
the Tree of Life Web Project [12], the Encyclopedia of Life [13].

Viruses are infectious agents of living cells that are unable to repro-
duce in the absence of a host. Viruses are not considered cellular
entities since they lack two of the essential attributes that define a
cell; they possess neither a cell membrane nor cytoplasm. The
discovery of virophages, viruses that parasitize other viruses, resur-
rected the debate on their classification as living organisms
[14]. Some consider viruses to be living entities since they can be
hosts to other viruses, with a virophage infection leading to the
eventual death of the host virus, implying an initial “living” state
[15]. The opposing view asserts that a virus’ inability to reproduce
outside of a cellular host makes them nonliving entities
[16, 17]. Irrespective of their delineation as living or nonliving,
viruses are relevant to this review as they possess genomes and are
the most abundant biological replicators in the biosphere [18].

Outside of their host, viruses exist as viral particles (virions)
consisting of a protein capsule that protects and encloses their
genome. Once a virion has entered a host cell, it “hijacks” the
host’s cellular structures and processes to carry out the metaboli-
cally active phase of the viral life cycle. At this stage, the virus
exhibits physiological properties reminiscent of living cells; they
metabolize, grow, and reproduce. There is a wide range of viral
lifestyles, with corresponding diversity in viral forms, sizes, hosts,
and genomes [16]. The largest known virus, the mimivirus, was
originally identified as an infectious agent of an amoeba [19] and
can itself become a host for virophages [14]. To put this in context,
the virion of a mimivirus can be larger than some prokaryotic cells
[16]. At the other end of the scale are viruses such as the circo-
viruses, some of which have small genomes made up of less than
2000 nucleotides [20]. A more detailed account of viral diversity
can be found at the ViralZone website [21].

The bacterial cell is prokaryotic, and it is relatively simple as com-
pared to eukaryotic cells. It has no membrane-bound organelles,
and the chromosome (usually one) is not separated from the other
components of the cell. While predominantly unicellular, they often
live in &iofilms, a community of cells bound together by a secreted
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2.3 Archaea

polymer matrix [22], displaying a range of cooperative behaviors
[23]. They can also exhibit regulated differentiation into different
cell types, where two cells with the same genome have different
morphology and function [22, 24].

Only a very small fraction of bacterial diversity (less than 1%)
can be cultured and grown in the laboratory [25]. The problem of
uncultivable bacteria is a consequence of our limited knowledge of
their physiological diversity and the interactions necessary for their
growth [26]. To this end, efforts are being made to study bacteria
in nature [27-29] but with limited progress given the immense
metabolic diversity of bacteria. Even within the incomplete sam-
pling of cultivable bacteria, there is considerable diversity in cell
shape [30], mode of reproduction [9], and cell cycle
regulation [31].

The bacterial cell cycle involves the coordination of genome
replication and segregation of replicated copies into daughter
cells, followed by cell division. In this way, the transmission of
genetic material is “vertical” from one cell generation to the next.
Under certain conditions, some bacteria, such as E. colz, can initiate
a new round of genome replication prior to completion of cell
division [32, 33], thereby resulting in an increase in the number
of gene copies near the origin of replication as compared to loci
replicated later [31]. Other bacteria, such as Caunlobacter, maintain
a tightly regulated cell cycle to ensure a single replication event per
division [34]. Under optimal conditions, some species can com-
plete their cell cycle every 20 min, implying that a single cell could
produce more than a billion descendants in a mere 10 h. In addition
to vertical transfer, genetic information can be transferred “hori-
zontally” between unrelated cells via the processes of transforma-
tion, conjugation, or transduction [35]. An event that transfers
gene(s) between different species (or cells) by any of these three
processes is referred to as a borizontal gene transfer (HGT) event.

Archaea are single-celled organisms that appear strikingly similar to
bacteria under light and electron microscopes. Like bacteria they
often have a single circular chromosome and lack a nucleus, and for
a long period of time the archaea were wrongly categorized as
bacteria. The first indication that the archaea might be a separate
domain of life was obtained from phylogenetic analyses of the 16S
rRNA gene [36]. Advancements in genome sequencing and analy-
sis yielded further evidence of the evolutionary distinction between
the bacterial and archaeal domains [37]. Despite their superficial
cellular similarity to bacteria, the archaea have many molecular-level
similarities to eukaryotes, leading researchers to hypothesize that
the ancestor of the eukaryotes arose within the archaea [38].
Previously, archaea were assumed to be a minor group of
organisms inhabiting extreme environments beyond the tolerance
of bacteria (salt brines, hydrothermal vents, acidic and anoxic
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conditions, etc.). Through culture-independent methods, archaea
were discovered to be much more widespread and metabolically
diverse. Archaea are now known to inhabit the human gut, and
through mutualistic community relationships, they play a key role
in human health and metabolism [39—41]. There is increasing
evidence for archaea playing a significant role in global nutrient
cycling [42]. They contribute major mechanisms for anaerobic
methane oxidation [42], ammonia oxidation [43], and other
parts of the nitrogen cycle including nitrogen fixation [44]. The
archaea also appear to be ecologically competitive with bacteria, as
they make significant contributions to the microbial communities
of non-extreme soil, aquatic, and marine environments
[43, 45]. Although they can be highly abundant in such environ-
ments, archaeal diversity is greatest in the more extreme
habitats [45].

Archaea possess an array of bacteria-like, eukaryote-like, and
archaea-specific features. The archaeal cell wall is chemically and
structurally diverse, yet they systematically lack a cell wall peptido-
glycan, murein, that is ubiquitous among the bacteria
[46, 47]. Their membrane lipids are chemically different from
those found in either bacteria or eukaryotes [48], and they possess
many novel enzymes that are required for the biosynthesis of their
unique membranes [49, 50]. Consequently, most archeoviruses are
unique to archaea [51]. Even structural appendages that initially
appeared to be homologous to bacterial appendages are often
structurally distinct and have different genetic basis than the bacte-
rial counterparts [52-54]. At the biochemical level, the archaea use
many sources of energy and are metabolically diverse, probably
more so than either bacteria or eukaryotes [55].

All complex multicellular organisms are eukaryotes (animals,
plants, fungi, red algae, and brown algae), as are many unicellular
organisms [56, 57]. Eukaryotic cells are found in a wide diversity of
sizes and shapes [58, 59]. They are generally larger and have a more
complex internal organization than the bacteria and archaea. A key
characteristic of the eukaryotic intracellular organization is the use
of lipid membranes to separate their contents into different com-
partments [60, 61]. The bulk of the eukaryotic genetic material is
surrounded by a nuclear envelope and is thus maintained in a
separate organelle, the nuclens. This provides a fundamental per-
spective on how eukaryotic cells differ from bacterial and archaeal
cells and has important consequences on the expression of eukary-
otic genetic information.

In addition to the nucleus, other organelles (mitochondria and
plastids) contain small genomes that encode additional genes. Both
mitochondria and plastids originated from ancient endosymbiosis
events between ancestral eukaryotic cells and bacterial organisms.
Following these events, the invading bacteria underwent a process
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of genome reduction in which they transitioned from autonomous
organisms to cell-dependent organelles [62].

Despite our familiarity with plants, animals, and fungi, the vast
majority of eukaryotic diversity lies outside of those groups and is
largely microbial [63]. These “other” eukaryotes are collectively
called protists. They do not form a monophyletic group, i.e., pro-
tists do not from a phylogenetic group that is comprised of'a shared
common ancestor and all of its descendants [57, 64]. The term
protist is used largely for convenience to classify all eukaryotes that
are not plants, animals, or fungi. Protists embody extensive ecolog-
ical and structural diversity and include several important groups of
unicellular eukaryotes involved in human diseases [65]. For exam-
ple, the unicellular apicomplexan eukaryote Plasmodium is the
causative agent of malaria, which affects around 10% of the world
population [65]. More positively, protist species are important
primary producers and are an essential link in the ocean’s biogeo-
chemical cycles [66].

3 Genome Structure and Organization

The notion of the gene as the physical carrier of hereditary infor-
mation existed years before its physical and chemical structures
were known. In 1902, Sutton provided the first clear support for
the chromosomal theory of inheritance, allocating genes to seg-
ments on chromosomes [67]. The modern view of the gene is more
often focused on a particular chemical sequence of nucleic acids
rather than a chromosomal locus, but the two are not independent.
The genetic instructions encoded within an organism’s nucleic acid
molecules comprise the organism’s genotype. The physical manifes-
tation of such genetic information, which will depend on environ-
mental interactions, comprises the organism’s phenotype.

There are two types of nucleic acids: deoxyribonucleic acid
(DNA) and ribonucleic acid (RNA). Both are polymers consisting
of chains of nucleotides. Each nucleotide includes three compo-
nents: a 5-carbon sugar, a phosphate group, and a nitrogenous
base. A nitrogenous base together with the sugar (without the
phosphate group) is called a nucleoside. The sugar component in
RNA, ribose, is a normal sugar with one hydroxyl group
(OH) attached to each carbon atom. Deoxyribose, the sugar pres-
ent in DNA, differs only in the absence of one oxygen atom at the
2" carbon atom (H instead of OH). This chemical difference is
crucial for enabling enzymes to distinguish between RNA and
DNA polymers. The 5 sugar carbon carries a phosphate group
and is referred to as the 5§ end of the polynucleotide molecule
(DNA or RNA). The 3 end has a free hydroxyl (OH) group that
is available to form chemical bonds with other atoms. As a result,
synthesis of DNA and RNA in the cell proceed through the
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addition of a nucleotide to a 3’ terminal hydroxyl group. The
polynucleotides, therefore, exhibit directionality, and synthesis
occurs in a 5’ to 3’ direction.

All living cells employ the double helical structure of DNA as a
chemical means to store information. Each of the two longitudinal
strands is an alternating sequence of phosphate and a 5-carbon
sugar. At each sugar, the two strands are bridged by two nitroge-
nous bases, one purine molecule (of type adenine [A] or guanine
[G]) and the other a pyrimidine molecule (of type cytosine [C],
thymine [T], or uracil [U]). The chemical bridges between purine
and pyrimidine molecules (called base pairs) are held together by
hydrogen bonds. Each purine can be complemented by only one
pyrimidine: A forms two hydrogen bonds with T (or U in RNA)
and C forms three hydrogen bonds with G. These are referred to as
the canonical or Watson-Crick pairings. Given this pairing pattern,
the sequences of the double-stranded DNA are said to be comple-
mentary, and the sequence of one strand can be deduced from the
sequence of its complementary strand. The order of the nitroge-
nous bases in DNA (or RNA) is what confers the meaning of the
information encoded in the genome.

A vital feature of genetic information is its ability to be repli-
cated and passed on to daughter cells. The core mechanisms that
copy DNA are conserved in all three domains of cellular life:
bacteria, archaea, and eukaryotes [68]. Accurate DNA replication
is essential to produce viable offspring—too many alterations in the
DNA impede the production of functional proteins, thereby
increasing the chances of nonviable progeny. Therefore, most
DNA replicates with high fidelity. However, mistakes do occur. In
humans, on average one error occurs in 30 million bases copied per
cell division [69]. The cells produced from these altered genes are
called mutants.

Although all living things carry DNA, the processes through
which genetic information is physically transferred from DNA to
RNA (called transcription) and then used to create a polypeptide
molecule with a unique sequence of amino acids (called zransia-
tion) differ between domains of life. The lack of membrane-bound
nuclei in prokaryotes permits the simultaneous occurrence of tran-
scription and translation [70]. In eukaryotes, those processes are
separated by the nuclear membrane; DNA is first transcribed to
RNA in the nucleus, and the RNA product is subsequently trans-
lated to an amino acid sequence in the cytoplasm, ultimately lead-
ing to the construction of a protein.

Organisms from all domains of life, and many of the viruses that
parasitize them, have a very large genome compared with the size of
the cell or compartment to which it is confined. For instance, the
human nuclear DNA consists of approximately three billion base
pairs; when stretched out, it amounts to about 2 m of total DNA
per cell. The average human cell size is merely 10 pm. The
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3.1 Viral Genomes

impressive ability to store DNA within the cell is possible through a
process of genome packaging. In eukaryotes and some archaea, the
DNA wraps around histone proteins to form mnucleosomes. In
humans, this results in a two-million-fold decrease in size, allowing
the DNA to compact into the nucleus [68]. Prokaryotic DNA
compaction is achieved using a combination of supercoiling, mac-
romolecular crowding, and association with DNA-binding proteins
[71]. The degree of the supercoiling used in prokaryotes varies
considerably between different species.

Prokaryotic cells tend to have efficient genomes, with most of
their genetic material composed of protein-coding regions.
Archaeal genomes are, on average, more compact than bacterial
genomes [72]. An increase in prokaryotic genome size is therefore
often accompanied by an increase in the number of genes encoded.
This trend is not evident in eukaryotes, for which there is little
association between genome size and the number of protein-
coding genes [73]. Consider the E. coli genome, more than 90%
of its DNA encodes proteins. This is in stark contrast with the
modest 2% protein-coding regions present in human DNA
[74]. Most eukaryotic genomes are riddled with non-protein-cod-
ing regions (see Subheading 4.2 for an evolutionary mechanism).
This results in them having larger genome sizes on average than
prokaryotic cells [74].

Viruses use any combination of either RNA or DNA, either single-
or double-stranded molecules, in either circular or linear forms, to
encode their genetic instructions [75, 76]. The viral genetic mate-
rial is typically referred to as segments rather than chromosomes.
Viral genomes composed of multiple segments are referred to as
segmented. When different strains of the same segmented viral
species infect a cell, genomes from the different strains can mix to
produce hybrids—a process known as reassortment. Hybrid flus
such as the HINI1 swine influenza A virus originated in this
way [77].

Viral strains package their genomes in various ways. Most DNA
and RNA viruses with small genomes (<20 kb) employ energy-
independent packaging systems where capsid assembly and genome
condensation are coupled. One example is the RNA genome of the
HIV retrovirus that, in the mature virion, forms a RNA-protein
complex with one of the cleavage products of the Gag polyprotein
[78]. Other viruses, such as the lambda bacteriophage, require ATP
to pump their genome directly into a preassembled capsid
[79]. The latter type of machinery is ubiquitous in bacterial viruses.
Alternatively, large viruses package their genome using histone-like
proteins that are critical for eukaryotic genome packaging [80]. For
a review on genome packaging in viruses, see ref. 81.
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Despite not being confined within a membrane-bound compart-
ment, the prokaryotic genome will be unevenly distributed
throughout the cell. It often clusters in an irregularly shaped vis-
cous region known as the nucleoid that makes up about a quarter of
the intracellular volume [82]. The organization and distribution of
the nucleoid are dynamic and dependent on the growth rate and
presence of antibiotics [83].

It was previously thought that all bacterial cells possessed a
single circular chromosome. In 1989, the first linear bacterial chro-
mosome was discovered in the spirochaete Borrelia burgdorferi, the
causative agent of Lyme disease [84, 85]. Additionally, recent
advancements have revealed that many cells retain multiple circular
or linear chromosomes [86]. These often consist of a primary
chromosome, which is larger and harbors a higher density of essential
genes compared to the secondary chromosome(s) [87].

The replication of bacterial DNA initiates at a well-defined
sequence, called the origin of replication. The proteins involved in
replication bind to the origin site and DNA synthesis proceeds in
both directions. Circular chromosomes require a single origin, and
replication is terminated by either a stop signal or when the two
replication forks meet [88]. Linear bacterial chromosomes typically
have a central origin, and replication proceeds bidirectionally much
as in circular chromosomes. However, replication enzymes are
unable to synthesize new DNA at the ends of a linear chromosome,
and this results in the gradual shortening of DNA after each repli-
cation event [89]. Linear chromosomes, therefore, require terminal
structures known as zelomeres to protect against DNA degradation.
Telomeres are characterized by the presence of multiple tandem
repeats of short noncoding nucleotide sequences.

Linear prokaryotic chromosomes have evolved two different
types of telomeres [90]. The first, best understood in the strepto-
mycetes, uses a terminal protein complex covalently attached to the
5" end of the DNA molecules. During replication, DNA polymerase
binds the first synthesized nucleotide directly to the terminal pro-
tein. This replication strategy allows for the complete duplication of
the linear molecule with no loss of genetic information [91]. The
second type, best studied in the spirochetes, involves the formation
of closed hairpin structures at the termini [92]. Replication of the
linear DNA proceeds as expected. Once duplication of each DNA
strand is completed the newly synthesized DNA are temporarily still
attached—forming a structure superficially resembling a circular
chromosome. A specific enzyme is then recruited to separate the
two linear strands and re-form the telomeres [93]. For an overview
of telomeric structures, se¢ ref. 94.

Archaeal genomes share features with both bacteria and eukaryotes.
Archaea typically possess circular chromosomes reminiscent of bac-
teria genomes; some have a single chromosome and a single origin
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3.4 Eukaryotic
Genomes

of replication, while other species have multiple chromosomes and
multiple origins on each [95, 96]. Given that archaea have the
prokaryote cell type that lacks membrane-bound organelles (and
hence nuclei), they are similar to bacteria in permitting the simul-
taneous occurrence of transcription and translation. Nonetheless,
there are fundamental differences from the bacteria in the proces-
sing of genomic information. The initiation of amino acid synthesis
in archaea more closely resembles that used in the eukaryotic tran-
scription process. Additionally, the core archaeal transcription
machineries are more closely related to eukaryotes [97, 98].
Archaeal and eukaryotic DNA replication and repair systems have
also been shown to have many features in common [99].

Relatively little is known about the structure of archaeal gen-
omes [100], but some are packaged into chromatin via histone
proteins. Chromatin is a compact and organized chromosome
structure that consists of DNA in close association with proteins.
Interestingly, this form of chromatin is present in all eukaryotes and
missing from bacteria [101]. Among the archaea that use histones
(i.e., Thermoproteales and Euryarchaea), the geometry of their
histone-mediated chromatin is the same as in eukaryotes [102].
However, archaeal histones are often shorter than the eukaryotic
histones [101]. Groups of archaea that lack histones (e.g., Cre-
narchaen) encode other DNA-binding proteins associated with
the architecture of bacterial chromatin [100]. Another family of
DNA-binding proteins called Alba (acetylation lowers binding
affinity) is ubiquitous among archaea. They are abundant small
proteins that facilitate genome compaction, play a key role in
determining the architecture of archaeal chromatin, and regulate
gene expression on a genomic scale [101]. Alba proteins have been
detected in both histone-lacking and histone-containing
archaea [103].

Eukaryotes sequester their linear chromosomes within a
membrane-bound nucleus. Linear eukaryotic chromosomes have
three essential structural elements: a centromere, a pair of telo-
meres, and origins of replication. The centromere is the attachment
point for spindle microtubules—the filaments responsible for phys-
ically moving chromosomes during cell division. Telomeres are the
protective ends of a linear chromosome. The origins of replication
are the sites where DNA synthesis begins. Eukaryotes typically have
multiple linear chromosomes, each with many origins of replica-
tion. The larger genome size and slower replication machinery in
eukaryotes necessitate the need of multiple origins to speed up the
replication process.

In eukaryotic cells, nuclear DNA compaction involves the asso-
ciation of DNA with the protein products of a family of genes, the
histones, whose sequence variants provide for a variety of different
functions. The eukaryotic chromosome is organized at the lowest
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level by wrapping the DNA around histones, forming nucleosomes.
This structure constitutes the basic unit of the chromatin fiber,
which is further organized into higher-order structures mediated
by other proteins [104, 105]. Sequence variation in histones, in
combination with posttranslational modification of the protein,
affects the structural properties of chromosomal nucleosomes and
gene expression.

Eukaryotic DNA consists of at least three types of sequences:
unique-sequence DNA, moderately repetitive DNA, and highly
repetitive DNA. Unique-sequence DNA are regions that are present
only once or at most a few times in the genome. Most protein-
coding regions fall within this category. Alternatively, more than
half of the total DNA in all eukaryotic genomes is made up of
repeated sequence motifs that are either moderately or highly
repetitive [106]. Moderately repetitive DNA are sequences from
160 to 180 base pairs (bp) in length that are repeated thousands
of times [106]. Some of these sequences perform important func-
tions for the cell, such as coding for types of RNA [107]. Highly
repetitive DNA are short sequences, less than 60 bp that are present
in hundreds of thousands of copies repeated throughout the
genome. Repeats that are 2-10 bp are known as microsatellites,
whereas motifs that are 10-60 bp are termed minisazellstes [ 108].

Most of the repetitive sequences arise through transposition
(see Subheading 4.2). The repeated sequences can be found either
in tandem arrays, i.e., appearing adjacent to each other, or inter-
spersed throughout the genome. The evolution and maintenance
of nonfunctional repeated sequences have spurred the interest of
genome scientists, with some classifying these motifs as selfish-genes
that reproduce to propagate themselves and provide no positive
contribution to the organism’s phenotype or fitness [ 106]. Repeats
also represent technical challenges for bioinformaticians developing
software for sequence alignment and genome assembly. From a
computational perspective, repeats create ambiguities that are chal-
lenging to resolve. For a review on computational challenges and
solutions, see ref. 108.

Both prokaryotes and eukaryotes have secondary chromosomal
structures. For eukaryotes, this refers to any form of DNA found
outside of a nucleus—although the discovery of microDNA
extends this classification [109]. Eukaryotic auxiliary DNA often
contains essential genes that are necessary for normal cell produc-
tion. For example, the DNA chromosome located within the mito-
chondrial organelle encodes genes that are involved in oxidative
phosphorylation and the creation of different types of RNA
[110]. For prokaryotes, auxiliary DNA refers to any DNA that is
not associated with the primary chromosome, and unlike eukar-
yotes, the genes encoded in such DNA are often dispensable. For
example, small circular chromosomes, called plasmids, often
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3.5.1 Mitochondrial DNA

3.5.2 Plastid DNA

contain genes that allow the bacterium to survive various environ-
mental conditions; however they are not usually essential for nor-
mal cell function [110].

The mitochondrion is a double membrane-bound organelle that is
ubiquitous in eukaryotic cells. There is only one known case of a
eukaryotic cell able to survive without a mitochondrion
[111]. Mitochondria are essential because they are the site of
production for most of the cell’s energy, which is produced as
ATP by the oxidative phosphorylation metabolic pathway. Addi-
tionally, the mitochondrion is the site of iron-sulfur (Fe/S) cluster
assembly. Fe/S clusters are protein cofactors that are essential for
various extramitochondrial pathways [112]. The mitochondria-
lacking eukaryote, a species of Monocercomonoides, is unique in
that it lives only within the intestine of the chinchilla and has
evolved different strategies for Fe /S cluster formation and obtain-
ing energy absorbed from its environment [111].

Mitochondria are the derivatives of prokaryotic cells that were
engulfed by a common ancestor of all eukaryotes. The DNA within
these organelles are the remnants of the DNA genome of the
ancestral prokaryotic endosymbiont. Thus, the mitochondrial
DNA (mtDNA) more closely resembles a prokaryotic genome.
For example, in most animals and fungi, mtDNA consists of a single
circular chromosome. However, small linear mtDNA chromo-
somes with defined telomeres have been identified within various
protists, animals, and fungi [113, 114]. Additionally, the architec-
ture of mtDNA is not determined by histones but instead by a set of
small DNA-binding proteins that induce structures analogous to
the bacterial chromatin. Mitochondrial genomes have been cate-
gorized into six different types depending on shape, size, structure,
and number (see ref. 115).

In humans, the mitochondrial genome encodes 13 of the
80 proteins that are directly involved in oxidative phosphorylation.
The remaining proteins are encoded in the nuclear chromosomes
[110]. The exact contribution from mitochondrial and nuclear
genomes varies across eukaryotes. Nonetheless, in the vast majority
of known eukaryotic species, the mtDNA is essential to produce
important proteins involved in energy production, demanding that
all cells have faithfully inherited the mtDNA.

Plastids are similarly derived from an endosymbiosis with a bacte-
rium, with the organelle retaining remnants of that ancestral bacte-
rial genome. Like the mitochondrion, the plastid is a double
membrane-bound cytoplasmic organelle. Unlike the mitochon-
drion, plastids often contain pigment used in photosynthesis. Plas-
tids are found in the cytoplasm of protists and all higher plants.
Plastid DNA (ptDNA) is highly reduced relative to the genomes of
extant photosynthetic bacteria. In part, the reduction in genome
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size is due to gene loss with some regions excised and incorporated
into the host nuclear DNA [116]. The ptDNA encodes important
proteins that are essential for cell viability [117]. Almost all plastids
have circular DNA, with the alveolate Chromera velia being the
single known case of linear ptDNA. The linear extrachromosomal
ptDNA has a telomere arrangement resembling those of linear
mtDNA[117,118].

Genes encoded in ptDNA are involved in the synthesis and
storage of various cellular components, including those necessary
for photosynthesis. Plastids have diverged to carry out different
functions with multiple types identified. For example, chloroplasts
are specialized for carrying out photosynthesis; chromoplasts con-
tain pigments that provide petal colors, whereas amyloplasts are
used for bulk storage of starch [117].

A nucleomorph is a vestigial eukaryotic nucleus found in crypto-
monads and chlorarachniophytes, which are both plastid-
containing algae. The nucleomorph is located in these organisms
between the inner and outer membranes of the plastid and is
believed to be derived from the nucleus of an endosymbiotic algal
cell engulfed by a larger eukaryotic cell [119]. Thus, the plastid
organelle in this case evolved from two endosymbiotic events: a
prokaryote was engulfed by a eukaryote which thereby became
photoautotrophic and that cell was then engulfed by another
eukaryote. The nucleomorph genomes are extremely small com-
pared to the typical nuclear genome, being comprised of mostly
single-copy housekeeping genes and having no mobile elements.
The nucleomorph genome of the cryptomonads suggests that it
was derived from a red algal ancestor, whereas the nucleomorph
genome of the chlorarachniophytes suggests a green algal
ancestor [119].

Plasmids are present in bacteria, archaea, and eukaryotes [120].
Most plasmids are circular, although linear plasmids have been
identified [121]. The genes carried on plasmids tend to be asso-
ciated with functions that enable or enhance survival and growth
under specific conditions. They can be horizontally transferred
between prokaryotic cells and represent an important vehicle for
sharing genetic information [122]. For example, a plasmid that has
evolved an antibiotic resistance gene(s) can be transferred to neigh-
boring bacteria promoting their rapid adaptation to various stresses
associated with an antibiotic environment.

The eubacteria E. coli is estimated to have more than 270 plas-
mids having different distributions among and within cells; some
promote mating, while others contain genes that kill other bacteria.
The number of plasmids known and sequenced is much higher in
bacteria as compared to archaea, with the lowest number having
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been identified in eukaryotes [ 122]. In recent years, plasmids have
been used extensively in genetic engineering as a means of introdu-
cing and modifying target genes [122, 123].

3.5.5 MicroDNA In 2012, Shibata et al. discovered a new form of extrachromosomal
DNA in eukaryotes, called microDNA [122]. In contrast with
other auxiliary DNA, microDNA is derived from non-repetitive
sequences that are often associated with functional genes. They
are circular DNA between 200 and 400 bp and are found in the
nuclei of mammalian cells [122]. microDNA is thought to be
associated with the repair and maintenance processes of nuclear
DNA. It is not yet clear if microDNA plays a functional role in
these processes or if they are merely an unavoidable by-product. For
the time being, detection of specific microDNA is being proposed
as a screening measure to aid the successful eradication of tumors in
humans and as a potential method for cancer diagnosis and
prognosis [124].

4 Genomic Storage and Processing of Information

It was not possible to understand how hereditary information was
encoded and transmitted across generations without first having
knowledge of the structure of DNA. Knowledge of DNA structure
led to a structure-oriented conception of genomes as linear
sequences of ordered nucleotides. Once protein synthesis was
linked to gene sequences, the structural view of the genome
began to be supplanted by the informational view [125]. Genetic
information was initially viewed as a static property belonging to
the specific sequence of ordered subunits. However, others have
argued that the static view of information is not satisfactory (e.g.,
[4, 125]). Barbieri [125] contends that “it is only when a sequence
provides a guideline to a copymaker that it becomes information for
it. It is only an act of copying, in other words, that brings organic
information into existence.” Based on Barbieri’s viewpoint, infor-
mation is not always a property of a specific structure (e.g., DNA or
RNA); rather his view is that such molecules are information rele-
vant only when they are used to perform a biological function. A
DNA sequence, for example, is said to have information if it is
transcribed or interacts with a protein in a biologically relevant
way. Similarly, an mRNA transcript also encodes information as it
is translated into a protein. Also then, a protein could be viewed as
an informational entity in the sense that it is necessary to carry out a
biological function. Therefore, under this new conception, as well
as the static view, it is clear that biological information can be
manifest in different biological molecules; an observation that has
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complicated the notion of the genome as the fundamental unit of
biological information [4].

We now understand that storage of the genetic information
required to sustain life does not need to be restricted to biological
molecules. This was vividly illustrated in the laboratory when a
bacterial genome was chemically sequenced, its information stored
within a computer (a completely different medium composed of
binary states), then resynthesized in the form of a new DNA
chromosome, and that synthetic DNA ultimately used as the sole
means to maintain a living cell [126]. Although the information
required for life can be stored independently of the chemical struc-
ture of the DNA, it cannot be expressed in a biologically useful
form without various proteins and RNA molecules. Thus, expres-
sion of information encoded within a genome (bringing that infor-
mation into existence) is contingent on its cellular context. In this
section, we examine different ways in which information may be
contained within a genome and mechanisms that result in biologi-
cally useful expression of that information.

Mere knowledge of the DNA sequence of a genome is often insuf-
ficient to predict phenotype. The amount and timing of gene
expression play a key role. For example, human cells with a nucleus
have copies of almost identical DNA sequences. Yet cells perform
varying functions, and they organize to create the multiple organs
that constitute the human body. Cells achieve this primarily by
differentially regulating the rate of transcription and /or translation
of genes.

DNA transcription and protein translation comprise elemen-
tary levels of information transfer from genotype to phenotype.
Maintaining control of these processes is fundamental for all organ-
isms. Genetic elements involved in regulating gene expression are
referred to as regulatory elements. They often represent sequences
found on the DNA or RNA. In this way, regulatory information can
be encoded directly within the nucleic acid sequence. Direct struc-
tural proximity if often not necessary, as regulatory elements may be
found proximal or distal to the genes they affect. In humans,
approximately 8% of nuclear DNA is composed of elements
involved directly in regulation such as promoters, enhancers, silen-
cers, and insulators (defined in Subheading 4.1.1; [127, 128]).

If all genetic and regulatory information is encoded in the
DNA sequence, why can’t any cell with a complete genome be
used to produce a viable organism? The specificity of cells suggests
that additional regulatory markers also exist outside of the primary
DNA sequence. This type of regulation is epigenetic (above the
genes) and is essential for normal development. Epigenetic infor-
mation is derived from chemical modifications of the chromosome
(e.g., DNA methylation or histone modification) that do not
change the primary sequence of chromosomal DNA and can be
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4.1.1 Transcriptional
Regulation

4.1.2 Translational
Regulation

passed from one generation to the next [129, 130]. It is only
through the collective actions of all cellular processes that gene
products contribute to biochemical pathways and participate in
the network of regulatory interactions to produce a complex organ-
ism or phenotype.

DNA transcription is the chemical process through which informa-
tion is transferred from DNA to RNA. The transcribed RNA may
itself carry out some biological function or may be part of an
intermediate information-carrying class of RNA known as messen-
ger RNA (mRNA). mRNA along with other RNA molecules
(tRNA and rRNA) are part of the machinery used to synthesize
proteins. The flow of genetic information from DNA to RNA to
protein is present in all forms of life. However, it is important to
note that information transfer is not exclusively unidirectional. The
enzyme reverse transcriptase can transfer genetic information from
an RNA template into DNA.

The basic model of transcriptional regulation requires that
regulatory proteins called transcriptional factors (TFs) bind specific
DNA sequences in regulatory modules (RMs). TFs are protein
products that are themselves subjected to regulation of gene
expression. RMs are defined according to both the primary DNA
sequence to which TFs bind and their role in the process of reg-
ulating gene expression. One type of RMs are promoters. They are
specific motifs on DNA that are necessary regulatory elements for
RNA transcription in prokaryotes and eukaryotes. They bind the
basal transcriptional machinery, RNA polymerase and general TFs.
Enbancers are RMs that bind activator proteins and enhance the
affinity of RNA polymerase to the promoter region. They, there-
fore, result in an upregulation of transcription of a gene or set of
genes. Enhancers often act by stabilizing RNA polymerase binding
through structural histone modifications [131]. Silencers are regu-
latory elements that when bound to repressor proteins function to
prevent gene transcription. Silencers and enhancers are often
distance-independent, meaning that they can act on gene(s) that
are proximal or distal to their location [132]. Enhancers can be
thought of as on-switches for gene expression, whereas silencers are
the off-switches.

The fate of all mRNAs, transcribed from protein-coding genes, is
not the same. The mRNA is often subjected to translational regu-
lation depending on cellular and environmental conditions. These
regulatory mechanisms affect the rate of protein synthesis. In pro-
karyotes and eukaryotes, most translational regulation involves
structural changes in the mRNA molecule that impact its accessi-
bility [133, 134]. The mRNAs can be sequestered in stress granules
or localized in specific regions of a cell’s cytoplasm
[135-137]. Another mechanism of translational regulation is
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RNA interference (RNAI). This regulation strategy is common in
eukaryotes and involves short noncoding RNAs—microRNA
(miRNA) or small interfering RNA (siRNA)—that bind with
imperfect complementarity to their target mRNA transcripts. The
binding of miRNA (or siRNA) to mRNA destabilizes (or degrades)
the target mRNA, thereby inhibiting its translation. The imperfect
pairing allows a single RNAi molecule to affect the expression of
multiple genes. In the human genome, almost 50% of mRNA
transcripts are regulated by one or more miRNAs [138].

In prokaryotes, transcription and translation are more tightly
coupled than in eukaryotes, and this allows prokaryotes to regulate
their gene expression primarily by controlling the amount of tran-
scription. Nevertheless, prokaryotes can still conduct translational
regulation. They can employ fundamentally different types of trans-
lational regulatory machinery: the recently discovered CRISPR-Cas
system. Although the CRISPR loci were first identified in prokar-
yotes in 1987 [139], it was only recently described as a bacterial
immune defense system [140]. The CRISP-Cas system is most
commonly known to target external DNA (viral or plasmid) and
degrade it before it can be transcribed or translated. Recent
advancement suggests that some CRISPR-Cas systems are more
general and have the capacity to target RNA molecules. This was
first discovered in Pyrococcus furiosus [141]; similar RNA targeting
was later found in Sufolobus solfataricus [142]. Throughout these
advancements, CRISPR-Cas system was still strictly viewed as an
immune response to target and degrade external nucleic acid mole-
cules. It was only in 2016 that a CRISPR-Cas system was discov-
ered that targets cellular mRNAs and thereby participates in
translational regulation [143].

The term epigenetics was coined in 1942 by Waddington
[144]. He defined it as changes in an organism’s phenotype with-
out an underlying alteration of its genome. It is now understood
that epigenetic effects cause variation in phenotypes not associated
with a change in the primary sequence but by chemical alterations
of the DNA. Consider this analogy: throughout this review, when-
ever a word was being defined it was written in this format. If this
chapter was rewritten with all bolds and italics removed, the infor-
mational content would be unaltered; however, the emphasis
would be different. These “decorative” changes in font are akin to
chemical epigenetic markers appended to the DNA. DNA methyl-
ation is a type of chemical decoration that is analogous to striking
through a phrase. Specifically, it corresponds to the addition of a
methyl group to parts of the DNA that results in gene silencing
[145]. This additional information is not directly encoded within
the primary DNA sequence but is manifested through chemical
changes in nucleotides [145]. Thus, DNA methylation is one
form of epigenetic control of gene expression. Epigenetic factors
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4.2 Mobile Genetic
Elements

may also have an impact on regulation by changing protein-DNA
binding. In eukaryotes, epigenetic factors may bind to consecutive
histones moving them closer to each other. This results in local
DNA compaction and prevents the expression of the gene(s) in this
location.

Importantly, an organism’s exposure to certain environmental
conditions can impact the epigenetic markers on its genome.
Because epigenetic mechanisms ultimately affect the physiological
form of the chromosome, such environmental exposures can lead
to heritable changes in gene expression with no change to the
underlying DNA sequence. It was initially thought that these
alterations are not heritable and that following fertilization all
epigenetic markers are removed from the zygote genome. Accu-
mulating evidence suggests that such erasure of epigenetic marks
occurs for most but not all genes [129, 130].

Also known as transposons or jumping genes, mobile genetic ele-
ments are sequences that can move around within a genome inde-
pendently of the complex networks which otherwise regulate gene
expression [146]. Through their movement, transposons often
cause mutations either by inserting into a gene and disturbing its
function or by promoting DNA rearrangement. If a transposon is
inserted within a protein-coding region, then it will undoubtedly
affect the expression of this gene by altering the final protein
product. Transposons may also be inserted into regulatory regions
resulting in over- or under-expression of certain gene(s). The capa-
bility of these DNA sequences to produce new copies of themselves
elsewhere in a genome is called transposition. The two types of
transposition are:

Copy-and-paste (veplicative) transposition: a new copy of the trans-
posable element is inserted into a new site, while the old copy
remains integrated into the original site [147]. This type of
transposition requires transfer of information into an RNA
intermediate  (retrotransposons) and subsequent retro-
transcription into DNA. This mechanism results in an increase
in the number transposon copies.

Cut-and-paste (non-replicative or conservative) tramsposition: the
transposable element is excised from the old site and is inserted
into a new site in the genome. The number of transposons is
not increased in this case [147].

Transposable elements are found in all cell types. The kinds of
transposable elements vary within and between prokaryotes and
cukaryotes. They are often viewed as genetic parasites since they
rely on a host cell for information processing systems (replication,
transcription, and/or translation). In humans, about 44% of the
genome is comprised of sequences that are related to transposable
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elements [148]. These mobile genetic elements had an important
impact on eukaryotic evolution [149, 150]. For example, siRNA
regulation is believed to have evolved to regain control of the
expression of transposable elements [151]. For a review of the
regulatory mechanisms of transposable elements, see ref. 152.

5 The Role of the Genome as an Informational Entity in Biology

Although the information contained within a genome is necessary
to maintain a living cell, it is not sufficient on its own. Expression of
biologically useful information requires a complex network of cel-
lular components for processing and regulation of the genome.
This dependency on external cellular components permits consid-
erable flexibility in how the information is stored. As we have seen,
the information essential for eukaryotic life is partitioned between
chromosomes located in nuclear and organelle compartments, with
some nuclear-encoded proteins being transported to the organelle
for assembly with other proteins synthesized within the organelle
[110]. Thus, as long as the cellular mechanisms for expression and
processing are in place, genomic information can be physically
dispersed within the cell. The Cryptophytes have taken this to an
extreme, having their genomic information distributed across four
cellular compartments: the nucleus, nucleomorph, mitochondria,
and plastids [153]. Clearly, the physical location of the genome is
not a constraint to information storage and processing. Further-
more, the storage of that information need not remain in a particu-
lar physical location. In the case of temperate phages, genomic
information is transferred, for a period of time, to the genome of
its host where it is maintained by its host’s replication processes
[154]. These examples, and others (e.g., [126]), underscore the
importance of viewing the genome foremost as an informational
entity irrespective of its physical location.

In a well-argued critique of conventional notions of the
genome, Goldman and Landweber [4] argue that viewing DNA
as the sole source of information leads to additional difficulties.
Recall that the NIH definition refers to the genome as containing
all of the information needed to build and maintain that organism.
We now understand that even the cell and its associated cytoplasm
are not always sufficient for realization of all functional capabilities
encoded within a genome. In other words, the genome, as conven-
tionally defined, appears to be an incomplete informational entity
[4]. Genome research has identified a variety of extracellular infor-
mational entities that can influence, and in some cases are even
essential to, the creation and maintenance of an organism. Below
we review selected examples of this phenomenon prior to reasses-
sing the definition of the genome in light of modern genome
science.
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Marine cyanobacteria (Prochlorococcus and Symechococcus) are
among the most abundant photosynthetic organisms in the world’s
oceans. The viruses that infect them (cyanophages) were discovered
to possess copies of some of their hosts photosynthesis genes (e.g.,
PsbA and PsbD: [155, 156]). Through the process of HGT, the
cyanophages acquired host genes, which they express after infection
to optimize their own gene expression and broaden their host range
[157]. As novel as this discovery was, it was completely unexpected
that the cyanobacteria and their phages continued to exchange
genetic  variation  through  homologous  recombination
[157]. Through such exchanges, the PsbA and PsbD genes partici-
pate in gene pools that extend beyond the photosynthetic species
boundaries [157]. Given that cyanobacteria contribute as much as
30% of carbon fixation worldwide, those findings suggest that viral
gene pool dynamics have influenced the evolution of oceanic pho-
tosynthesis on a global scale. This case demonstrates that to fully
understand the origin and distribution of photosynthetic diversity,
one must be aware that relevant genetic information can reside
outside of the genomes of the photosynthetic organisms.

The bacterial genus Listeria is comprised of ecologically diver-
gent lineages that share gene pools through the process of homol-
ogous recombination [158, 159]. Listeria monocytogenes is a
pathogen closely related to the nonpathogenic species L. innocun.
L. monocytogenes evolved as a pathogen through the process of
HGT [160] and then subsequently evolved into ecologically diver-
gent lineages differing in population structure and ability to
respond to environmental stress [161]. Among Listeria, recombi-
nation is frequent enough to permit natural selection to act inde-
pendently of the variability present at unlinked loci, thereby
promoting or impeding exchangeability of genes among species
and ecotypes residing in different niches [159]. This is just one
example of the “mosaic genome” model of prokaryotic genome
evolution, where the combined effects of recombination, drift, and
selection lead to genomes comprised of a mosaic of differentially
extendible trans-species gene pools. A wide variety of bacterial
species are now thought to have genome dynamics consistent
with the mosaic genome model [159, 162-165]. In some cases,
the process of genomic divergence can even become decoupled
from the process of ecological divergence [159, 163]. Thus, the
physical genomes of some species of prokaryotes are incomplete
informational entities.

The single-celled stichotrichous ciliates Oxytricha and Stylony-
chin have two nuclei that store genomic information in very difter-
ent forms [166]. One nucleus, called the macronuclens, contains
information in the form required for growth and maintenance of a
cell. Hence, the macronuclear DNA is often referred to as “active.”
The second nucleus, called the micronuclens, contains the same
information in a “stored” form, which is used to produce the active
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form of the DNA in the next generation. However, information
storage in the micronucleus is extremely complex. Protein-coding
genes expressed by the macronucleus are partitioned into small
segments, inverted, and scrambled among ~1 GB of other DNA
sequences within the micronucleus. Furthermore, the production
of a working macronucleus in the next generation cannot be
accomplished without information contained within both small
RNA molecules (piRNA) and long RNA templates (IncRNA),
which are passed across generations via the cytoplasm of the mater-
nal macronucleus [167, 168]. The piRNA are crucial to the elimi-
nation of DNA during the development of an active macronucleus,
and the IncRNA mediate (1) unscrambling of the inactive micro-
nuclear DNA, (2) regulation of gene dosage in the macronucleus,
and (3) epigenetic transfer of somatic (macronuclear) alterations
that are not found within the germ-line (micronuclear) DNA
[167]. Thus, without those RNA molecules, the DNA genome of
the stichotrichous ciliates is an incomplete informational entity
[4]. Furthermore, emerging work on both Oxytricha and Stylony-
chin suggests that epigenetic modification of their DNA may play a
role in the production of active macronuclear DNA
[166, 169-171]

Complex microbial communities live in close association with
the human body and have a strong impact on human health and
disease. Host genetic variation is known to influence the composi-
tion of those communities [172], and, conversely, microbial varia-
bility is thought to influence various host disease states [ 173]. This
association is so intimate that the microbiome has been referred to
as an additional “human organ” [174], and substantial amounts of
missing heritability associated with many complex human diseases
are now being attributed, in part, to a failure to adequately account
for microbial genetic variation [175]. Taking inflammatory bowel
disease (IBD) as an example, host human genetic variation accounts
for less than 50% of its estimated heritability [176]. This result
implies that there exists undiscovered context dependence of
human genetic variation for IBD. We have since come to under-
stand that there is extensive inter-individual variation in the genetic
composition of the gut microbiome and this metagenomic varia-
tion can influence healthy and dysregulated human immune
responses [177] and is predictive of IBD patient outcomes
[178]. Because the development of the IBD phenotype is related
to gut microbiome variability, and because genetically similar
human hosts can have different microbiomes, heritability estimates
for human DNA variation will be impacted [175]. In other words,
the expression of similar IBD phenotypes in humans is a function of
both human and microbial genetics. Regardless of whether such
interactions should be formally included within any future concep-
tion of the genome, this example illustrates how the human
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