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The true extent of prokaryote diversity, encompassing the spectrum of variability
among bacteria, remains unknown. Early discussions on prokaryote diversity were
frequently devoted to sterile arguments about ‘how much?’ or ‘how many?'.
Increasingly, however, the focus is turning towards trying to understand why
prokaryote diversification occurs, its underlying mechanisms, and its likely impact.
The significance of such studies has a broad appeal, and the popular scientific press | |
frequently highlights such topics as the emergence of new diseases, the attribution | |
of existing diseases to hitherto unrealized actions of prokaryotes, and the activities
of prokaryotes in key environmental processes. The dynamic nature of the
prokaryotic world, and continuing advances in the technological tools available to. | |
this field of study, ensure that the latest story illustrating prokaryote diversity is never
far away. This book will appeal to a wide variety of microbiologists. Its coverage |
ranges from studies of prokaryotes in specialized environmental niches to broad
examinations of prokaryote evolution and diversity, and the mechanisms underlying
them. Topics include: bacteria of the gastrointestinal tract, unculturable organisms |
in the mouth and in the soil, the question of a link between'chlamydia and heart |
|
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disease, organisms from extreme environments, the diversity of archaea and their
phages, comparative genomics and the emergence of pathogens, spread of
genomic islands between clinical and environmental organisms, core genes,
minimal genomes needed for life, horizontal gene transfer, genomicislands and the |
evolution of catabolic pathways, phenotypic innovation, and patterns and extentof | |
biodiversity.
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clustler_s of Yersinia pseudotuberculosis and the cryptic 0-antigen gene cluster

Yersinia pestis shows that the plague bacillus is most closely related to ang |-.Qf

evolved from Y. pseudotuberculosis serotype O 1b. Mo/ Microbiol 37, 31 6-330 5
Zhou, D. S, Han, Y. P, Song, Y. ], Huang, P.T. & Yang, R. F. (2004). Compara[ivé

evolutionary genomics of Yersinia pestis. Microbes Infact 6, 1226-1234. s

Spread of genomic islands
between clinical and
environmental strains

Jens Klockgether, Oleg N. Reva and Burkhard Tammler

kﬁn?sc% Forsc_hergruppe, OE 6711, Medizinische Hochschule Hannover, D-30625 Hannover,
Germany

COMMON FEATURES OF GENOMIC ISLANDS

The genome of a bacterium consists of a core that is common to all strains of a taxon
and an accessory part that varies within and among clones of a taxon. The accessory
genome represents the flexible gene pool that frequently undergoes acquisition and
loss of genetic information and hence plays an important role for the adaptive evolution
of bacteria (Dobrindt et al., 2004). The flexible gene pool is made up of accessory
elements such as bacteriophages, plasmids, IS elements, transposons, conjugative
transposons, integrons and genomic islands (GEIs).

GEls are chromosomal regions that are typically flanked by direct repeats and inserted
at the 3" end of a tRNA gene. They contain transposase or integrase genes that are
required for chromosomal integration and excision and further mobility-related
genes. GEIs are clone- or strain-specific and are never found in all clones of a taxon.
Most GEls are easily differentiated from the core genome by their atypical G+C
contents and atypical oligonucleotide composition, with steep gradients thereof at their
boundaries (Reva & Tiimmler, 2005). First identified in pathogenic bacteria (‘patho-
genieity islands™), GEls have since been detected in numerous non-pathogenic specics.
GEls may confer fitness traits, increase metabolic versatility or adaprability or promote
bacterium-host interaction in terms of symbiosis, commensalism or virulence

(Dobrindt et al., 2004).

GEls have been found in the majority of all currentlv comnletely commonecad e erarial



communities. Colonization of habitats with large and complex bacterial populations
such as the rhizosphere or the gastrointestinal tract of animals scems to be associated
with a higher frequency of GEIs than life in an isolated and/or sparsely populated
niche. In other words, access to the gene pool of other taxa facilitates the cmergence

of GEls.

THE PARADIGM: GENOMIC ISLANDS IN THE
ENTEROBACTERIACEAE

Acquisition of GEIs by horizontal gene transfer could be a key factor for the adaptation
of a bactertum to a particular host or niche. This issue has been addressed for the
various pathovars of Escherichia coli (Dobrindt et al., 2003; Welch et al., 2002). For
uropathogenic strains of E. coli, island acquisition has resulted in the capability to
infect the urinary tract and bloodstream and evade host defences sithout com-
promising the ability for harmless colonization of the intestine. For different incestinal
pathagens, acquired genes promorte the colonization of specific regions of the intestine
and new modes of interaction with the host tissue that produce clinically distinet
variations of gastrointestinal disease. Each type of E. coli possesses combinations of
island genes that confer its characteristic lifestyle or disease-causing traits. Examination
of extraintestinal pathogenic, intestinal pathogenic and commensal E. coli isolates
revealed a weak association berween the tropism for a niche and the repertoire of
pathogenicity islands (Dobrindt ef al., 2003). However, even though similar virulence
genes come into play, their linkage relationships and chromosomal locations vary
considerably from strain to strain within a pathovar (Welch ez af., 2002). In other words.
two GEIs inserted at the same tRNA site do not necessarily contain the same ser of

genes,

A further example of the role of GEIs for adapration to a host is the evolution of
Salmonella serovars (Kingsley et al., 2000}, The acquisition of an island containing the
shdA gene by the major evolutionary lineage within the genus Salnzonella, Salmonella
enterica subspecies I, was accompanied by an expansion in host range to include the

warm-blooded mammals and birds in addition to repriles.

Most GEls have only been described for the sequenced index case. An interesting
exception is the high-pathogenicity island (HPI) of enterobacteria. This 35-45 kb
island carries genes involved in synthesis, regulation and transport of the siderophore
yersiniabactin. Initially detected in pathogenic Yersinia species (Carniel et al., 1996), the
HPI was found to be harboured with high frequency by S. enterica subspecies I and VI
(Oclschlaeger et al., 2003) and enteroaggregative and extraintestinal pathogenic E. coli
(Schubert et al., 1998). However, the HPI was also detected in non-pathogenic and
commensal members of the family Enterobacteriaceae such as Citrobacter diversus

F and Klebsiella species (Bach et al., 2000). Iron is essential for almost all bacteria and,

consequently, siderophore production has a dual role to increase hiness in iron-
restricted environments and to contribure to virulence in infected hosts, which explains
the widespread distribution of the HPI in pathogenic and non-pathogenic members

of the Enterobacteriaceac.

Most HPIs are stably integrated into the chromosome, probably because of delerion
or mutations in essential mobility genes. However, an HP was recently identified in the
E. coli strain ECOR31 that carries a complete set of conjugative plasmid functions
(Schubert et al., 2004). HPL, s, was found to be inserted into a tRNA gene 'dI"ILi
carries an incact attR site. The GEI carries an integrase gene, an origin of transfer
and DNA-processing region and a complete and functional mating-pair formation
svstem. Induction of the HPI integrase results in precise excision and circularization
of HPI, - Replication as an autonomous plasmid is not possible, however, because
HPl -y, Tacks the essential repABC genes. In summary, HPl (5, may be considered
as the progenitor of the contemporary HPIs, most of which have lost the ability to be
excised because of the loss of the attR site, truncation of the GEI and/or deletions

within the integrase gene (Schubert et al., 2004).

GENOMIC ISLANDS IN BURKHOLDERIA AND PSEUDOMONAS

GEls shared by clinical and environmental isolates

The occurrence of a GELin pathogenic and non-pathogenic isolates has been observed
not only for the HPI, but also for genome islands that are prevalent in Pseudonionas
and Burkholderia species. Burkholderia pseudomallei is the causative agent of meli-
oidosis. The genome of strain K96243 is composed of two chromosomes (Holden et al.,
2004). Sixrecﬁ GEls together make up 6:1 % of the genome, only one of which is also
present in the genome of the clonally related organism Burkbolderia mallei. Further
analysis revealed these islands to be variably present in a collection of clinical and soil
isolates (Holden et al., 2004). One GEI was present in all tested strains, four GEIs were
detected in 10=70 % of strains, three islands were in 10 % or fewer of strains and one

i.‘i]&l]'ld Was 1II1iL]Ll(.‘ to l'I'IC S\fl.]lll,‘ﬂl.‘l_‘d stramn.

The ubiquitous and metabolically versatile Psendomonas aeruginosa is an important
opportunistic pathogen for humans, plants and animals. Several large GEIs have
been detected in strains from human infections and aquatic habirats. The only large
genome island known so far that is not associated with a tRNA gene is the 49‘|\"h
PAGI-1. PAGI-1 contains genes potentially involved in oxidative stress resistance. This

first described GEL in P aernginosa was found to be present in 85 % of tested North



American clinical isolates from septicaemia, airways and urinary tract infections (1 i

yr_ ;{!‘, l{}f{l . '.I'hc island was probably assembled from rwo ;u;ccslml cc‘m1pmhn:n-r;;l‘:]i
%{li'iurcm GHC content. Thirty-five kb of the higher G+C content portion is also fm\n )-l
in the genome of the biosafety scrain Psendonionas putida KT2440 r'NL-ls(-m. et ;k
2002) . F putida is a metabolically versacile, rapidly growing bacterium Il'rr:qt.u:m]-\-' 13
I':_lL'L’L'I from moist temperate soils and waters, particularly polluted soils. The sequ -'r] U|
KT2440 strain 1s a plasmid-cured derivative of rlw_]np;me;‘su soil isolate mr-2 i\lllxlil:.u
2002). In other words, PAGI-1 was identified in pscudomonads of un z'cl-irlcd h -‘11; . 1
and geographical origin. ‘ L o

1']1c fnthcr ](nﬂ\\'n‘lm'gcl GIEIS of I aeruginosa integrate into tRNA genes. Two different
ty pcs_hm’c been identified, the prototypes of which are the islands PAGI-2/PAGI3
il.;lrblgr.’f' al., 2002) and pKLC102 (Klockgether et al., 2004)/PAPI-1 (He et L;' ‘7{)04‘;
respectively. PAGI-2 and PAGI-3 were sequenced in two strains of th.c major :I:mc L
-I:R(_']mlilrg et al., 1997, an isolate from the lungs of a patient with cvstic fbrosis and an
ls‘({hnu trom a river. In both strains, the region consists of an Sdividial 5t!';1i]1;5‘|_1CCj}ik'
(:I;il and a s?wrtcr stretch of clone-specific sequence. The left boundary of the islands is
a - STer O I o agr = T : - L
ROFHCI gt et e Aot
RN _ ars site for the P aeruginosa genome island
I.-\(z!—z, the other for PAGI-3. PAGI-2 and PAGI-3 terminate at the right end with the
Fc1‘1nt|1;1| 16 and 24 nucleotides of the 3’ end of the (RNAYY gene, respectively. In bot
islands, the first open reading frame (ORF) adjacent ro rhcerL\‘-AG'-" gene ::‘1‘1n:udc‘s :
lmclt.l’rioplmgc P4-related multidomain integrase with an unusual rrm;spm-asc-iikcl (
terminus. PAGI-2 and PAGI-3 have a modular bipartite structure. The ﬁl‘.‘ii" ‘purt '1di‘1—-
cent to the tRNA gene consists of strain-specific ORFs encoding mcmhoi.ic funcL[[m‘tw
and tr-.1n:‘spo1‘tcrs. the majority of which has homologues of known function in mhc;
CL?I’!;ICI’L_‘-I'JH {ORFs C2-C35; cargo region). The second part is made up of a svn[cnic set
of ORFs the majority of which are either classified as conserved h\'por}.wric-ﬁs or
rqclarcd to DNA replication or mobility genes (ORFs C1, C36-C111: c.onscr\-'ed ‘“”1
h)r.t_v—sm-'un of these ORFs arc arranged in the same order in the two islands } ] : #
amino acid sequence identity of 35-88 9%, R
_Thu |1‘1cidcncc of islands of PAGI-2 type in the P aeruginosa population has been
1m-'{isngnrcd by Southern analysis (]. Klockgether, unpublished data), An ;l‘r.rm' of
PAGI-2 (_).R Fs was probed with genomic DNA from 71 P :Iﬁ’?'”‘.{h!f')s;{ strains t:nch
rc.pl_'c&;m.mng: a separate clone (Morales et al., 2004). The 4.‘0]]uc£i0n wnsisthof 53
cllml_ml isolates and 16 environmental isolates of diverse geographical m'ia;i |.1 1‘.3\(‘]:"‘—
like islands were identified in 31 of the 71 strains. The Of{l‘};\of the u:l:'<={;1‘c+;io‘11 .\T\-c;’
;1%’-:«}‘111 in all but five strains. ORFs of the conserved part, however, \\11‘4: ;;l'c%enr t:;
different extents. Twenty-five ORFs were present in all PAGI-2-type islands, a i.'urth::r

|

23 ORFs were detected in the majority of strains and 19 ORFs were variably present.
The copy number of PAGI-2-type islands in the chromosome was one {12 strains}, two
(11 strains), three (seven strains) or four (one strain). PAGI-2 was completely conserved
in five analysed P aeruginosa strains, an isolate from an car infecrion from the USA
isolated in 1980, an isolate from 1985 from the airways of a patient with cystic fibrosis
living in Lower Saxony, Germany, and three isolates from river and sanitary facilicies in
households sampled in Northrhine-Westphalia, Germany, in 1992. In other words,
PAGI-2 was identified in unrelated strains from diverse habitats and geographical

origin.

The P aeruginosa chromosome consists of three large hypervariable regions (Rémling
et al.. 1995, 1997, one of which is the PAGI-2-like GEL The integration and excision of
GEls into the two copies of a tRNAM* genc make up the other two hypervariable
regions. The sequenced prototypes are the pathogenicity island PAPL-1 (He et al., 2004)
and the mobile genetic element pKLC102 (Klockgether et al., 2004). PAPI-1 and
pKLC102 share numerous features: approximate size (108 and 102 kb), a tRNAMP,
tRNAP and tRNAY® gene cluster at their lefrward PAOT junction and a direct repeat
of the 3' half of the (RNAL® gene at their right border and the presence of the integrase
and chromosome-partitioning genes at the ends of the island, similar to PAGI-2 and
PAGT-3. PAPI-1 encodes at least 19 virulence factors that oceur on GEls found ina wide
specerum of other pathogenic bacteria (He et al., 2004). PAPI-1 was first identified in
wound and cystic fibrosis isolates from the USA (He et al., 2004}, but meanwhile has
Also been detected in clinical and wastewater isolates from Europe (L. Wichlmann,
personal communication}. pKLC102 1s more abundant than PAPI-1 in the P. aeruginosa
population. More than 85 % of strains in our reference collection harbour pKLC102-
tvpe GEls. Clone C strains from the environment were found to harbour chromosomal
and episomal copies of pKLC102. pKLC102 contains the 8-5 kb ¢chvB gene, homo-
logues of which are known to confer host tropism and virulence and to be essential for
the interaction of the bacterium with its cukaryotic host. PAPI-1 and pKLC102 encode
type IV group B pili and type IV thin sex pili, respectively, and share a set of homologues
found as island-specific genes in PAGI-2 and PAGI-3. The mobile pKLC102 shares with
PAPI-1 the phage module that confers integrase, the att element and the syntenic set of
conserved genes that was first detected in PAGI-2 and PAGI-3, but it differs from PAPI-1
in carrying a plasmid module that confers oriV and genes for replication, partitioning
and conjugation (Klockgether et al., 2004). In sammary, PAPI-1 and pKLC102 can be
found in P, aeruginosa isolates from both clinical and environmental habitats. PAPI-1 1s
associated with one abundant epidemic clone represented by the seq uenced strain PA 14,
whereas the mobile pKLC102 is widespread in the P aerginosa population. Moreover,
pKLC102-like GEls were detected in two sequenced Pseidontonas syringae strains (Feil

et al., 2005).
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Fig. 1. Frequency of tetranucleotides in two identical sequences (50 k 2 :

two complementary strands of a random sequence (50 ﬁb, uppe(r r;ghtfi,ﬁﬁg}fifii};;ggzau
chromosome (6182 kbp, lower left) and the conjugative GEI pKLC 102 (104 kbp, lower right)
The frequency of each of the 256 tetranucleotides in each strand was counted a[nd then the
tetranucleotides were sorted by increasing frequency. The global difference between the oligonucleotide
patterns 0_1 two strands is described by the distance D, i.e, the ratio of the observed to the maximal
possible difference between the cligonucleatide patterns. D was calculated to be O for the Edent'n:tar
sequence, 57-8 % for the random sequence, 2-8 % for the KT2440 chromosome and 284 % fort

pKLC102. Definition of O and algorithms are described i ail i igi i
& Tummler (2004). ed in detail in the original publication by Reva

The promiscuous pKLC102 is a conjugative GEI of plasmid and phage origin.
Compared with the typical GEL it is endowed with exceptionally high mobility,
Inspection of its oligonucleotide composition provides a hint of why pKLC102 has nr_;r
been stably caprured by the host chromosome, Bacterial chromosomes are characterized
by strand symmetry and intrastrand parity of complementary oligonucleotides (Reva
& Tummler, 2004). In other words, oligonucleotides and their reverse complements
occur with similar frequency in bacterial chromosomes. In contrast, no such correlation
is observed for a random sequence (Fig. 1). Conjugative GELs such as pKLCIL02 are
intermediate between chromosome and random sequence. Oligonucleotide frequency
on the two strands is only weakly correlared in pKLC102, whereas each oliqom:cleorid;

occurs with almost identical frequency on the two strands of a bacterial chromosome.

as shown in Fig. 1 for P putida K'T2440. Stably integrated GEls have an atypical
oligonucleotide composition compared with the core genome, but strand symmetry 1s
locally maintained (Reva & Tiimmler, 2005). Conjugative GEIs, like most phages (Reva
& Tiimmler, 2004}, do not adhere to this rule, suggesting that they behave as selfsh

parasitic DNA thatis prone to horizontal spread within and among taxa.

PAGI-2 and pKLC102 belong to a family of ancient GEls

PAGI-2. PAGI-3, PAPI-1 and pKLC 102 share a syntenic set of homologous genes the
majority of which are conserved hypotheticals of unknown function. A database search
revealed sequence similarity to 30 further contiguous sequences in beta- and gamma-
proteobacteria (Table 1; updated 10 October 2003). All GEIs were integrated into
tRNA genes. Fifteen of 33 core genes were congruent, with the phylogenetic relation-
ships of each of the individual genes indicating that all five large genome islands known
so far in P aeruginosa belong ro one family of related syntenic GEls with a deep
evolutionary origin (Mohd-Zain et al., 2004). As an example of a conserved core gene,
Fig. 2 shows the phylogenetic relationships of all homologues of P. aeruginosa C
ORF47. The core genes are likely to account for the conjugative transfer of the GEIs

and may even encode autonomous replication.

Accessory gene clusters are nestled among the core genes and encode the following
diverse major attributes: antibiotic, metal and antiseptic resistance, degradation of
chemicals, type [V sceretion systems, two-component signalling systems, Vi antigen
capsule synthesis, toxin production and a wide range of metabolic functions. Examples
are the large conjugative Haemophilus influenzae antibiotic-resistance element,
ICEHin1056 (Mohd-Zain et al., 2004), the pathogenicity island SPL-7 found n
S. enterica serovar Typhi C18 and Ty2 (Pickard et al., 2003) and the ¢lc element that
was originally discovered in Psendomonas sp. B13 and encodes the enzymes for 3- and
4-chlorocatechol degradation (Frantz & Chakrabarty, 1987). The tRNAY-integrated
el element is an example of a xenobiotic-degradation island that allows bacteria to
handle compounds that have been recently released into the environment by humans.
This type of clement has been detected in numerous chloroaromatic-degrading bacteria
(van der Meer & Sentchilo, 2003) including the completely sequenced Burkholderia
cenovorans strain LB400, a micro-organism known for its capabilities to degrade poly-

chlorobiphenyls (Bopp, 1986).

Spread of GEls among species

Spread of GEIs among taxa has been detccted for HPI (see above), the cle element
(Ravatn et al., 1998; Springacl et al., 2002), pKLC102 (Klockgether et al., 2004; Feil
et al..2005) and PAGI-2 {J. Klockgether, unpublished data). PAGI-2 and the ¢le clement
of Pseudontonas sp. B13 share 85-100 % nucleotide sequence identity in the conserved



Table 1. pKLC102-type GEls in proteobacteria

Strain

Azoarcus sp. EbN1*

Azotobacter vinelandif AvOP
Burkholdena pseudomaliei 513

Erwirua carotovora subsp.

atroseptica SCRIT043

Haemaphilus ducrey 35000HP

Haemophilus influenzae 10561

Histophifus somni 129PT

Histophilus somni 2336

Legionella pneumaophila Paris
Legionella pneumophila Lens

Legionella preumaophila subsp.
pneumophila Philadelphia 1

Neisseria gonorrhoeae MS11
Nitrosomonas eutropha C71

Phatorhabdus luminescens subsp,

laumondi TT01

Pseudomonas aeruginasa C+
Psetdornonas aeruginasa C
Pseudomonas aeruginosa C
Pseudomanas aeruginosa PA14
Pseudomonas aeruginosa SG17M
Pseudomaonas aeruginosa TB
Pseudomonas fluorescens Pf-5
Pseudomonas fluorescens PFO-1

Pseudomonas fluorescens SBW25

Pseudomonas sp, B13§

Pseudomonas syringae pv.
phaseolicola 1302A

Pseudomonas syringae pu.
syringae B728a

Pseudomonas syringae pv.
tomate DC3000

Rubrivivax gelatinosus PM1

(Methylobium petroleophilurm PIT)

Salmonella enterica subsp.

enterica serovar Typhi CT18

Source/habitat
Anoxc freshwater mud
Soil
Reference isolate

Potato stem

Hurmnan
Hurman bload

Animal mucous
membrangas

Prneumoniac calf
Endemic isolate
Epidemic isolate

Lung

Human
Soil

Nematode symbiont

Cystic fibrosis patient
Cystic fibrosis patient
Cystic fibrasis patient
Clinical isolate

River

Cystic fibrosis patient
Plant commensal
Agricultural soil
Rhizosphere

Soil

Bean plant

Snap bean leaflet
Tomato plant
Water pollution

treatment plant

Typhotd fever patient

GenBank accession ng,

NC 006513
NZ_ALALO0OD0000
NZ_AAHWO0000000
NC_004547

MC_002940
AJB27386
NZ_AABOO0000000

NZ_AACID0000000
NC_006368
NC_006369
NC_002942

AY803022
NZ_AAJEQCO0D000
NC_005126

AF440523
AY257538
Unpublished
AY273869
AF440524
Unpublished
NC_004129
NZ_AAATOO0D0000
Unpublished
AlB17740
AJB70974

NC_007005

NC_004578

NZ_AAEMOO000000O

NC_003198

Table 1. cont

Strain GEI Source/habitat GenBank accession no.
. r e (=]
yanthomonas axanopodis py Citrus plant NC_003919
citri 306
Xanthomonas campastris pu. Cauliflower NC_007086
campestris 8004
xylella fastidiosa 9as¢ Orange plant NC_002488
versinia enterocolitica 8081 Gastroenteritis Unpublished
versinia pseudotuberculosis YAP| Infection AJB27388

32777 B
*-Ti.-{'o related islands (a and b) are present in the genome (see Fig. 2).
tNearly identical islands are present in H. influenzae strains R2866 and 86-028NF.
£An identical island is present in Cupriavidus merqﬂr’durans CH34.

§100 % sequence identity with clc plus further genes in Rafstonia sp. 15705 and Burkholderia
xenovorans LE400.

region (Fig. 3a, b}, The cfc element was found to be capable to scllf-tranllsfcr © other
beta- and gammaproteobacteria (Ravan et al., 1998), whereby it cxuscq h‘(mI] 1'h.c
donor chromosome at a low frequency and self-transferred to the new host in which it
reintegrated. cle-like elements have a worldwide distribution; for example, an clu‘ncnr
was detected in a Ralstonia sp. isolate from contaminated groundwater in Tc%ms
(Miiller et al., 2003). PAGI-2 also seems to be widely distributed in diverse species,
geographical regions and habitats. PAGI-2 was originally detected in Ithc lungs {)‘t a
German cystic fibrosis patient (Larbig et al., 2002) who has been chronically carrying
the gcnm{lc island stably integrated into the chromosome for more than 20 years.
Despite its apparently stable chromosomal integration, l’r\.GI-l was found to be \'\-'I1dc—
spread in the P aerginosa population (see above), indicating that it can be mobilized
and transferred to other strains. This hypothesis is supported by the fact that a copy
of PAGI-2 was identified with 100 % nucleotide sequence identity in the :'ccentl_}-'
sequenced Cupriavidus (formerly Ralstonia) metallidurans CH34 chn_}lnosm_nc, This
strain was isolated in 1976 from the sludge of a zinc decantation tank in F‘yc!gmrln Lhﬂt‘
was polluted with high concentrations of several heavy metals. ‘P\ small collection of
C. metallidirans and Cupriavidus campiniensis environmental isolates was :;cruufned
for the presence of PAGI-2 by hybridization onto the PAGI-2 macroarray; Three of five
C. metallidurans strains (Fig. 3¢) and both of two C. campiniensts strains harboured
close homologues to all PAGL-2 ORFs in their chromosomes. One C. metallidurans
strain was carrying a truncated version of PAGI-2 {]. Klockgether, unpu.bhshcd
data). All Carpriavidus strains were isolated from polluted environmental |1;1_1Ht;11'._~i.‘ In
summary, closely related ele-like and PAGI-2-like genome islands (Fig, 2} were identified

in clinical and environmental beta- and gammaproteobacteria of diverse geographical
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Fig. 2. Unrooted tree based on cLustal x 1.83 analysi f i i
sed on CLUsTAL X 1.83 analysis of 32 GEls, The amino acid sequences of all
EOETmIog_ues Qf_ Lha‘P. aeruginosa C ORF47 (Larbig et al., 2002) were aligned. Each strain containing a
was |dent|_ﬂed and, where available, the designation of the GEI {e.g. PAPI-1}is given in
parentheses. See Table 1 for strain and sequence details. ’

origin, These GEIs are made up of a module thar encodes strain-specific features and a
module of conserved syntenic homologues, the majority of which are wniser\'ud
hypothericals of yet unknown function. The syntenic gene :;‘(mrig s pmbahlv.im'oh'cd
in the excision, transfer, integration and stabilization of the genome island E%nrchi]o
et al., 20034, b). L |

CONCLUSIONS

The gene repertoire of a bacterial cell consists of genes that have been transmirted
\-’Cl:ticﬂ”)i over long periods of time and genes thar were acquired or generated at various
points of the lineage, including some very recently (Lerat et al., 2005). Horizontal gene
rr:m_stcr provides most of the diversity in the genomic repertoire, but the majority of the
horizontally acquired genes thar persist in genomes are transmitted strictly \‘c;rtica[]\-'
(Lcra.t et al., 2005). Hence, despite substanrial horizontal gene tr;msff::.',-thc ph\-’l()‘—
genctic relationships between taxa are robust, as indicated by the congruence of g‘L‘I‘lt‘
trees based on rRNA gene sequences, gene contents or ;1\-'c|'a1§c amino acid identity of
shared genes (Konstantinidis & Tiedje, 2005). This chapter reports on an cxcuptim-] to

this rule. GEls are part of the variable bacterial gene pool. They are only present in
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Fig. 3. Hybridization of the PAGI-2 macroarray with genomic DNA from clinical and environmental
isolates. (a) P aeruginosa strain C, the initial source of PAGI-2, isolated from the ainways of a patient
with cystic fibrosis in Hannover, Germany (Larbig et af., 2002). (b) Ralstonia sp strain JS705, isolated
from groundwater at Kelly Air Force Base, near San Antonio, TX, USA, which uses chlorobenzene as
sole carbon and energy source (Muller et al., 2003). (c) Cupriavidus metallidurans KT21, a wastewater
isolate from Germany. (d) €. metallidurans CH79, recovered from polluted sediment at a zinc factory
in Liege, Belgium. Strain J5705 was obtained from Jan Roelof van der Meer {Universily of Lausanne,
Switzerland): the two C. metallidurans strains were provided by Max Mergeay (Belgian Nuclear
Research Centre, Maol, Belgium).

some strains or clones of a species and hence contribute to intra- and interclonal
diversity. Moreover, some island types have been identified in numerous taxa. The most
prominent example known to date is an evolutionarily ancient GEI that is widespread
among beta- and gammaproteobacteria and has been identified in isolates from clinical
and environmental habitars. This GEI consists of rwo modules: one module endows
strain-specific features and the other consists of a set of conserved syntenic genes.
Sequence identity of the syntenic set is less than that of vertically transmitted genes,
indicating that these genes and probably also the encoded functions are more diverse
than those encoded by orthologues of core genomes. Most genes of the conserved
module are classified as conserved hypotheticals of yet unknown function, although at
least a subset should be involved in the excision, transfer, integration or stabilization of
the island (Sentchilo er al., 2003a, b). Future research will unravel whether the syntenic
gene set is not only essential for the maintenance of the GEL but also influences the

expression, regulation and function of gene products of the core genome.
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INTRODUCTION

Soil is heterogeneous in nearly all respects and contains a huge diversity of micro-
organisms. The availability of carbon and other energy sources, mineral nutrients and
water varics considerably over space and time, as does temperature. Adaptations to
nutrient poverty including oligotrophy and zymogeny (upsurge in growth when nutri-
ents are available) are common. The water films cssential for microbial life in soil arc
discontinuous, and only clay particles have the necessary charges to hold water against
the pull of gravity. Clay-coated soil particles cluster together to form aggregates,
and these aggregates or clusters of aggregates with their adjacent water form the micro-
habitars in which bacteria function (Stotzky, 1997). The resule of the discrete
microhabitats in soil is that microbial population dynamies and interactions are very
different from those in well-mixed substrates such as some aquatic environments. Soil
is also a reservoir for pesticides and other chemical and microbiological inputs
from slurry application, all of which will have a selective impact on the indigenous
bacteria.

Bacterial evolutionary histories are difficult to untangle. Different scales of evolution
occur simultaneously, from events possible over a few generations (chromosomal
rearrangement, gene deletion and acquisition of genes via horizontal transfer) to the
con-scale generative evolution which creates diversity from which the novel functional
genes of the future will be selecred. In the age of genomics we are developing the tools
to study the ecology of microbes in soil. The few metagenomic projects undertaken so

far illustrate the diversity of bacteria in soil (> 3000 ribotypes in a Minnesota farm soil
: it ¥l
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