PART I

GENOME FEATURES







CHAPTER 1

PROKARYOTES

1.1 INTRODUCTION

While this book is being written, complete sequences of bacterial genomes are being
produced at a rate of about two genomes per month, and the National Center for
Biotechnology Information (NCBI) Web site (see the URL in Table 5.1) reports
about 60 completely sequenced prokaryotic genomes. Data reported in this chapter
refer to the status of completely sequenced genomes, summarized in Table 1.1. Obvi-
ously, by the time you read this book, many more will have been sequenced and
perhaps some of the aspects dealt with could be viewed differently, although we do
not expect dramatic changes in our knowledge unless technology speeds its pace
considerably.

Table 1.1 reports the prokaryotic genomes completely sequenced up to now and
includes such features as species name, EMBL data library accession number, size,
shape, presence of extrachromosomal elements, and bibliographic references. From
a look at this list, one can gain an appreciation of the diverse reasons for promot-
ing the sequencing of one species rather than another. Bacterial species are
sequenced according to their research interest in basic or applied science: their
importance for phylogenetic investigations, to shed light into the metabolic machin-
ery (mainly Archaea) as well as for their importance as human and/or animal
pathogens, and for their role as a source of industrial enzymes. In other words, pri-
ority has been given to species already well known or species presenting attractive
opportunities in applied fields; thus from a phylogenetic point of view, the choice
turns out to be very random.

We know we are at the infancy of the genomic era; despite the fact that com-
pletely sequenced organisms are still tiny in number, they have already turned out
to be full of surprises. In this chapter we summarize the principal sequencing
achievements that have improved our knowledge of the prokaryotic genomes and
have contributed to outlining methods and approaches to be used in such studies.
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8 PROKARYOTES

We include some basic knowledge of prokaryotes, such as morphology, classifica-
tion, and main features regarding the organization, replication, and expression of
genetic material. Such descriptions are far from exhaustive. Since we focus our
attention on the main aspects that emerged from knowledge of complete genome
sequencing, we ask the reader to refer to more in-depth studies by specialists in the
field and to the numerous reviews and papers available in the literature.

1.2 MORPHOLOGY AND CLASSIFICATION

Prokaryotes are unicellular organisms and are the most numerous organisms on
Earth (4 to 6 x 10% cells, 3 to 5 x 10" g of C; Whitman, Coleman et al. 1998); com-
monly known as bacteria, they include both Archaea and Bacteria. Their morphol-
ogy is quite simple: the prokaryotic cell (ranging from 0.2 to 10um in diameter)
can be considered as one unit, a single compartment with no membrane-bound
organelles inside.

Typically, prokaryotes have a cell wall containing peptidoglycan (except myco-
plasmas and Archaea) which surrounds the cell and confers rigidity and protec-
tion. The way that peptidoglycan is arranged is the basis for the identification of
bacterial organisms; two distinct cell wall types are revealed by a commonly used
staining procedure, the Gram stain (see below), according to the relative content of
peptidoglycan. Many pathogenic bacteria also have capsules, structures made of
polysaccharides or proteins that are external to the cell wall. Such coatings are
useful for both adhesion and resistance to host immune response.

The cytoplasm of prokaryotic cells is enclosed in the plasma membrane, a phos-
pholipid bilayer, whose function is not only to control what enters and leaves the
cell but also to provide a site for protein attachment and enzyme activity. Indeed,
the size limit of prokaryotes is greatly influenced by the surface-to-volume ratio,
since there are no internal membranes. The cytoplasm is diffuse and granular, due
to the presence of many ribosomes—sites for protein synthesis, smaller than those
of eukaryotes. Very often, there are inclusion bodies whose function is material
storage. The genetic material is confined to the nucleoid, a region not delimited by
a membrane, but visibly distinct from the rest of the cell by electron transmission
microscopy. Sometimes, one or more additional circular DNA molecules (plasmids)
are also present.

Even though only about 4000 species are described, it is estimated that the true
number could range between 400,000 and 4,000,000. It is evident that a definition
of species in small unicellular organisms such as prokaryotes is not easy. In eukary-
otes, individuals belong to the same species if they are capable of fertile inter-
breeding, share specific morphological traits, and form a monophyletic group. In
prokaryotes, instead, the classic species concept, based primarily on morphological
traits, cannot be used reliably (Rossello-Mora and Amann 2001). For this reason,
novel approaches have been adopted for microbial classification based on a variety
of evidence, including chemotaxonomic markers (e.g., cell wall, polyamines,
quinones, etc.), DNA properties (e.g., G + C content, extent of DNA hybridization,
etc.), and rRNA sequences. In particular, classification based on comparative analy-
sis of rRNA sequences, mostly 16S rRNA, is the one used most at present. Fur-
thermore, in Bacteria there are three taxonomic ranks below the species: (1) the
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type/group, a group of isolates or strains sharing a single characteristic (e.g., Chlamy-
dia trachomatis serovar D); (2) the isolated pure culture, a clonal population from
a single cell or isolate strain having a known set of characteristics (e.g., Neisseria
meningiditis MC58); and (3) the single cell, that is, a single individual.

In general, two main types of classification can be adopted: the phylogenetic clas-
sification, grouping Bacteria according to their evolutionary relationships; and the
phenetic classification, based on similarity in bacterial features, without considering
origin or evolution. The main characteristics that define the major bacterial groups
are the nature of the cell wall (gram-positive, gram-negative, no cell wall), cell shape
(cocci, rods, helical), physiology (aerobes, thermophiles, chemiolitotrophs, intracel-
lular parasites, etc.), and motility (presence/absence of flagella, corkscrew motion).

There are many different classifications of Bacteria, based on one or more than
one of the above-mentioned features. No official classification is available, but bac-
teriologists have fixed some rules for naming new and old species of bacteria. These
rules are collected in the International Code of Nomenclature of Bacteria (Bacteri-
ological Code). The 1980 Approved Lists of Bacterial Names [see Pittman, Walczak
et al. (1991) for an update] contained 2212 names of genera, species, or subspecies,
and 124 names of higher taxa. A continuously updated list of validly published bac-
terial names, including more than 5500 taxa, can be found at the LBSN Web site
(see the URL in the Appendix; Euzeby 1997).

Following a classic taxonomy scheme the bacterial species can be grouped into
four divisions:

1. Firmicutes (Gibbons and Murray 1978; see also Pittman, Walczak et al. 1991)
are gram-positive Bacteria with thick cell walls.

2. Gracilicutes (Gibbons and Murray 1978; see also Pittman, Walczak et al. 1991)
are gram-negative Bacteria with thin cell walls.

3. Mendosicutes (Murray 1984; see also Woese and Fox 1977) enclose the single
class Archaeobacteria, which represents the Archaea domain in phylogenetic
classification (Woese, Kandler et al. 1990).

4. Tenericutes (Murray 1984) comprise bacterial species lacking the cell wall.

A remarkable breakthrough in the classification of bacteria was achieved with
the advent of molecular data, particularly the sequence analysis of 16S rRNA. The
classification based on molecular features divides prokaryotes into two domains,
Bacteria and Archaea. This classification dates back to as early as the mid-1970s,
when Woese and Fox (1977), using small subunit ribosomal RNA (SSU rRNA) data,
first described a number of features characterizing a distinct group of unicellular
organisms, the Archaebacteria renamed Archaea in 1990 by Woese, Kandler et al.
(1990), thus abandoning the classical bipartite division of living organisms into
prokaryotes and eukaryotes. Ever since, the classical tree of life is usually illustrated
with three main branches: Bacteria, Archaea, and Eukarya. There are, however,
recent conflicting claims regarding this classification, and several fundamental ques-
tions regarding the time and mode of evolution, as well as the phylogeny of the
three domains, are discussed in Sec. 8.5.

Although the rRNA-based classification of prokaryotes may have a limited
resolving power in some cases and can be questioned for the peculiar evolutionary
dinamics of rRNA genes (see Sec. 8.1), it remains a stable and operationally satis-
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factory framework for prokaryotic classification. Furthermore, recent evolutionary
analyses based on differences in gene content (Snel, Bork et al. 1999) or on protein
sequence comparison (Brown, Douady et al. 2001; Brochier, Bapteste et al. 2002)
were remarkably consistent with rRNA trees. This indicates that processes of lateral
gene transfer (see Sec. 7.4), although frequent in bacterial evolution, have not com-
pletely erased the phylogenetic signal.

rRNA-derived phylogenetic trees as well as aligned and annotated rRNA
sequences are provided by the Ribosomal Database Project (RDP; see the URL in
the Appendix). The availability of completely sequenced genomes represents a pow-
erful tool for shedding light on these fundamental questions and will provide the
opportunity not only to better understand prokaryotic organisms at the molecular
level, but also to discover new and unexpected features of their evolution. Figure
1.1 shows the classification of bacterial species whose complete genome has been
fully sequenced, provided by the NCBI Taxonomy Browser (see the URL in Table
5.1).

In this chapter we describe the main features of the prokaryotic genome, treat-
ing the two domains, Archaea and Bacteria, separately whenever possible.

1.3 GENOME SHAPE AND SIZE

Until recently, bacterial genomes were believed always to be circular. If this is true
for most bacteria, there are several species whose chromosomes are linear; actually,
there may be a natural interchange between the linear and the circular geometry
(Volff and Altenbuchner 1998), such as in Streptomyces. In the list of completely
sequenced organisms reported in Table 1.1, only one species, Borrelia burgdorferi,
has a linear chromosome.

Telomeres in linear replicons have been described in only a few species. In Bor-
relia, telomeres are covalently closed hairpins, where one DNA strand loops around,
becoming the other (Hinnebusch, Bergstrom et al. 1990; Hinnebusch and Barbour
1991; Casjens, Murphy et al. 1997). In Streptomyces, instead, the chromosome is
open and ends with specific proteins covalently bound to the 5" ends of the DNA
(Sakaguchi 1990; Chen 1996). Linear replicons have been described on several
branches of the bacterial phylogenetic tree, which would suggest that linearity arose
more than once from circular progenitors (Casjens 1998).

The presence of a single large chromosome in prokaryotes also appears to be a
general rule, although several bacterial genomes contain two or three large repli-
cons (chromosomes) several hundred kilobase pairs long. This feature is a stable
property of some genera [e.g., Borrelia (Barbour 1988) and Rhizobium (Honeycutt,
McClelland et al. 1993)], which suggests these replicons are essential for their
lifestyles. In addition, extrachromosomal DNA elements are present in many
species.

The haploidy of bacteria is indeed an oversimplification (Casjens 1998). Many
fast-growing species (such as Azotobacter vinelandii and Borrelia hermsii) contain
more than one complete chromosome copy per cell during the exponential growth
phase; Deinococcus radiodurans also has four copies of its replicon in the station-
ary phase. M. jannaschi has one to five chromosome copies per cell during the
stationary growth phase but can harbor more than 10 copies in the exponential
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12 PROKARYOTES

phase, in contrast with what occurs in other archaeal species, such as Sulpholobus
(Bernander 2000). As far as the Archaea are concerned, the genomes sequenced to
date are circular in shape, and only few species have extrachromosomal elements.

The size of bacterial chromosomes is notably variable even within a genus, as in
Treponema (from 1040 to 3000kbp), Mycoplasma (from 580 to 1350kbp), or Strep-
tomyces (from 6400 to 8400kbp) (Casjens 1998). In the bacterial genomes com-
pletely sequenced at present, dimensions range from 580,074bp (Mycoplasma
genitalium) to 7,036,074bp (Mesorhizobium loti) (see Table 1.1). However, bac-
terial genomes can be much larger: restriction analyses have shown that the
largest known genome is Myxococcus xanthus (9200kbp; He, Chen et al. 1994).
Most sequenced bacterial genomes have genome size around 1 to 1.8Mbp; the
largest, beside M. loti, being, Pseudomonas aeruginosa (6,264,403bp), Escherichia
coli, 4,639,221bp; Bacillus subtilis, 4,214,814bp; Mycobacterium tubercolosis,
4,411,529 bp; Synechocystis sp., 3,573,470 bp; Deinococcus radiodurans, 2,648,638 bp;
and Neisseria meningiditis 2,272,351 bp.

Figure 1.2 shows the distribution of genome sizes for Bacteria and Archaea com-
pletely sequenced so far, whose averages are 2.9 and 2.3 Mbp, respectively. Quite
interestingly, it can be noticed that two peaks can be observed for eubacterial
genome sizes, with the first one at about 1 Mbp, corresponding to specialist species
(very small genomes, very specific niches), and the second one, around 2-4 Mbp,
much more flattened out, for generalist species (larger genomes, a wide range of
places to live). It can be also noted that Archaea show a narrower genome size dis-
tribution than that of Bacteria.

The large variation in chromosome size of bacterial genomes, which is much more
evident when comparing higher taxonomic positions, may be due to rapid gene loss
when a species chooses to live in a very specific ecological niche or when a gene is

o Eubacteria
®m Archaebacteria

Number of genomes N

L | [

0 1 2 3 4 5 6 7 8 9
Genome Size (Mbp)

Figure 1.2. Distribution of genome sizes for the 76 bacterial and archeal completely
sequenced genomes listed in Table 1.1.
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gained via gene duplication or horizontal gene transfer (Casjens 1998). Gene dupli-
cation and the presence of repeated elements is undoubtedly at the basis of an
increase in genome size; the genomes of E. coli and B. subtilis contain repetitive ele-
ments and cryptic prophage and phage remnants; M. tubercolosis contains repeti-
tive DNA, insertion sequences (ISs), and duplicated housekeeping genes. Repeats
in bacterial genomes seem to be important for genome plasticity, since they are
involved in several processes, such as recombination, inversion, deletion, transloca-
tion, and transposition (Romero, Martinez-Salazar et al. 1999). Lateral gene trans-
fer, also from distantly related organisms, is a fundamental process in bacterial
genome evolution, since it is responsible for the acquisition and deletion of exten-
sive amounts of DNA in the chromosome, thus producing extremely dynamic
genomes (Ochman, Lawrence et al. 2000).

Gene content can be distributed in more than just a single chromosome, and
extrachromosomal elements contribute greatly to gene equipment. Deinococcus
radiodurans contains four genetic elements: two main circular chromosomes (total
length: 3,060,986 bp), the megaplasmid, and the plasmid (total extrachromosomal
length: 223,170bp), which together amount to more than 3.2Mbp. Borrelia
burgdoferi harbors 17 linear and circular plasmids, whose combined size is about
533,000 bp, more than half the length of the main chromosome (910,725bp).

An interesting question one might ask regards the minimum size compatible
with independent life for a prokaryotic genome. It appears that the smallest genomes,
like Mycoplasma genitalium (the smallest), M. pneumoniae,and M. pulmonis,belong
to organisms that have a parasitic lifestyle and thus are adapted to specific niches and
host—pathogen interactions. Indeed, among factors preventing evolution to a smaller
size are the need for an adequate genome and the limited efficiency of the transcrip-
tional and translational machinery (Koch 1996; see also Sec. 7.2).

A remarkable property clearly emerging from prokaryotic genome data is the
striking correlation between the fraction of genes coding for regulatory proteins
(e.g.,5.8% in E. coli and 9.4% in P. aeruginosa) and the genome size. This trend is
particularly prominent for generalist species that can survive in diverse environ-
ments (Stover, Pham et al. 2000).

An interesting aspect of genome size is its content in coding versus noncoding
regions. It should be recalled that most protein genes have only been predicted
by the methods described in Sec. 6.8.7, and thus they should be regarded as hypo-
thetical, especially those with no homologs in other species. In Bacteria, on aver-
age 85 + 4.7% of the genome encodes for proteins (see Table 1.2), although a
conspicuous part (on average 37.2 + 10.6%) of the coding portion consists of uniden-
tified open-reading frames. Although the functions performed by these unidentified
proteins are unknown to date, they are most likely to represent specific and neces-
sary products for the organism.

In some bacterial species, a process of reductive evolution of the number of genes
in the genome has been documented. In obligate intracellular parasites such as
Rickettsia and Chlamydia and some endosymbionts (Andersson and Andersson
1999), genes become inactive when their function is no longer required by the
organism. To date, the most extensive genome degradation has been reported for
the leprosy bacillus Mycobacterium leprae,in which only 49.5% of the genome codes
for proteins, with over 1000 pseudogenes (27% of the potential coding capacity;
Cole, Eiglmeier et al. 2001).
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16 PROKARYOTES

A comparison of the two completely sequenced E. coli strains [i.e., the labora-
tory strain K-12 and the enterohemorrhagic strain O157: H7 (EDL933 and Sakai)]
shows their complex relationships. They differ by about 860 kbp in length and share
a clearly homologous backbone of 4.1 Mbp (with 75,168 scattered single nucleotide
polymorphisms). Of the remaining genome, 1.34 Mbp represent islands specific to
the pathogenic strain, nine of which encode putative virulence factors; 0.53 Mbp rep-
resent islands specific to the laboratory strain. Their atypical base composition sug-
gests that most differences in overall gene content are attributable to horizontal
transfer of relatively recent origin (Perna, Plunkett et al. 2001).

Noncoding regions represent the most variable part of bacterial genomes
and they contain mostly repeated elements whose origin may be tracked in some
cases. Prokaryotes, though to a lesser extent than eukaryotes, contain repeated
sequences organized both in tandem and interspersed in the genome. The function
of such repeated sequences is still largely unknown, yet data seem to suggest that
they may represent multiple regulatory signals or serve other biological purposes
mostly related with pathogenicity (van Belkum, Scherer et al. 1998; van Belkum
1999).

Tandem repeated elements found in microbial genomes might be prone to the
same genetic variability encountered in the eukaryotic genome and could be
used profitably as markers for identification and genotyping of bacterial strains. A
simple way to detect tandem repeats in genomic sequences is the application of
linguistic methodologies, in particular those that measure the linguistic complexity
(LC) of DNA sequences (see Sec. 6.8.2). The LC profile along a genome, which
can be computed by several methods, clearly highlights genome regions contain-
ing tandem repeats (see also Fig. 6.25), which correspond to local LC minima.
Other bioinformatic approaches can be used, such as the dot-matrix plot (see Sec.
6.2) or algorithms specifically devoted to the search for tandem repeats (see Sec.
6.8.3).

Interspersed repeat elements have been identified in numerous bacterial species
(Lupski and Weinstock 1992). Most of these elements are shorter than 200 bp, evenly
distributed in the genome, and located primarily in noncoding regions. For example,
REP (repetitive extragenic palindrome) and ERIC (enterobacterial repetitive inter-
genic consensus) sequence motifs have been found to be widespread in numerous
enterobacterial genomes. The identification of interspersed repeats in genomic
