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Prokaryoticorganismsareexposed inthe courseofevolutiontovariousim pacts, re
sulting of ten in dras tic changes of their ge nome size. De pending on cir cum stances,
the same lin eage may di verge into spe cies hav ing sub stan tially re duced genomes, or
suchwhose genomes have under gone consider ableenlarge ment. Genomereduction
isaconsequenceofobligateintracellularlifestylerenderingnumerousgenesexpend
able. An other con se quence of intracellular life style is re duc tion of ef fec tive pop u la
tionsizeand limited possibil ity of geneac quire mentvia lateral trans fer. This causes a
state of relaxedselectionresultinginaccumulationofmildlydeleteriousmutations
that can not be cor rected by re com bi na tion with the wild type copy. Thus, gene loss is
usually irreversible. Additionally, constant environment of the eukaryotic cell ren-
ders that some bac te rial genes in volved in DNA re pair are ex pand able. The loss of
these genes is a prob a ble cause of mutational bias re sulting in a high A+T con tent.

While causes of genome reduction are rather indisputable, those resulting in ge-
nome ex pansionseemto be lessob vious. Pre sumably, the ge nome enlarge mentisan
indirect consequence of adaptation to changing environmental conditions and re-
quirestheacquisitionandintegrationof numerousgenes. Itseemsthatthe needfora
great number of capabilities is common among soil bacteria irrespective of their
phylogeneticrelationship. How ever, thiswould notbe possible if soil bac te rialacked
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indigenous abil itiestoexchangeandaccumulatege neticinformation. Thelatterare
considerably facilitated when housekeeping genes are physically separated from
adap tive loci which are use ful only in cer tain cir cum stances.

GENOME REDUCTION OF INTRA-
CELLULAR OBLIGATE SYMBIOTIC
AND PATHOGENIC BACTERIA

A great number of Bacteria live solely in
eukaryotic cells or tissues as chronic patho-
gens or mutualistic bacteriocyte associates.
Some of these spe cies, usu ally human (or an ¢
mal) patho gens are the ob jects of ex tensive re
searchincludingse quencingof theircomplete
genomes. Two such complete genome se-
quences have be come avail able inre centyears
in public databases. The first relates to Rick-
ettsia prowazekii Madrid E strain pathogenic
to hu mans, whereas the other is Buchnera sp.
ASP, amutualistic bac te rium living in sym bi
osis with Aphids. There are some other obli
gate intracellular bacteria whose genomes
should be completed in near future. They in-
clude one Buchnera aphidicola strain, at least
two Rickettsia species and three Wolbachia
strains. Despitedistinctphylogeneticorigins,
all these bacteria bear certain common char-
acteristics, directly resulting from their
intracellular life style. This mode of life lim its
the possi bil ity of ac qui si tion of for eign genes
via lateral gene transfer. Moreover, all obli
gate intracellular bacteria have a much lower
ef fective populationsize than free-livingones.
The small pop u la tion size causes a state of re
laxedselection, thusallowingaccumulationof
moderately deleterious mutations (Werne-
green & Moran, 1999). This phenomenon is
known as near-neutral evolution or Muller’s
ratchet (Moran, 1996). One of the conse-
quences of Mul ler’s ratchet is ac cel er ated evo
lution of all gene sequences (Brynnel et al.,
1998). On the other hand, the availability of
com pounds inthe host cell, and rel a tive safety
in constant cellular environment renders
many genes expendable. The consequence of
these two factors is inactivation and subse-
quent loss of genes, which finally causes ge-
nomereductionoftenap proachingthe lowest

size limits. Additionally, the loss of certain
functions involved in DNA repair and recom-
bi nation re sults in astrong mutational bias to
wards a high A+T content, a feature usually
as so ci ated with intracellular mode of life. All
these features define the so-called “resident”
genome (Andersson & Kurland, 1998). How-
ever, obligate intracellular bacteria share
some other features as well. They include a
small num ber of reg u latory genesas well as a
reduced amount of genes linked to uptake or
trans port of the com pounds from the out side
environment.

Phylogenetic analysis reveals that intra-
cellular obligate bacteria belong to distinct
and usu ally deeply branch ing lineages. Thisis
interpreted as the factor which pre cludes fre
quent shift from sym bi otic to patho genic life
style and vice versa (Moran & Wernegreen,
2000). Irreversible loss of genes which could
contributetoei ther patho genic or mutualistic
association appears to be the main cause of
lin eage sta bil ity that is ob served in most ob i
gate intracellular bacteria. Nevertheless,
there are exam plesofclosely re lated lin eages
comprising both mutualistic and pathogenic
bacteria,suchasFlavobacteria, one lin eage of
which con tains an ob li gate mutualist of cock
roaches, whereas the other comprises
male-killingparasitesinladybirdbeetles. Sim
ilarly, Wolbachia spp. include reproductive
(male-killing) parasites of arthropods and
mutualists of nematodes (Bandi et al., 1992;
Hurst et al., 1996). Perhaps, for that reason
genomes of Wolbachia spp. are still rather
large (1.4—1.7 Mb), suggesting that genome
reduction in these bacteria is in its initial
phase.

In this paper we fo cus on Buchnera which
is a symbiont of Aphids and whose genome
has prob a bly reached one of the low est size
lim its, as well as on Rickettsia spp. in which
thegenomereductionisstillanongoingpro
cess.
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GENOMES OF BUCHNERA APHI-
DICOLA AND ITS APHID HOST
ENCODE COMPLEMENTARY
METABOLIC FUNCTIONS

Buchnera spp. are endosymbionts of Aphids,
in which they spend their entire life inhabit-
ing a specialized cell-line, the so-called
bacteriocytes. A phylogeneticanalysishasre
vealed that this symbiotic association be-
tween Buchnera and Aphids was established
some 200—250 mil lion years ago (Baumann et
al., 1995; Brynnel et al., 1998; Ochman et al.,
1999). Such a long time has re sulted in a close
integration of their metabolisms, and com-
plete mutual dependence of the partners on
each other. It has been no ticed thatBuchnera
shares features of both pathogenic bacteria
and eukaryotic organelles, being probably in-
termediate between the two (Andersson,
2000). Buchnera pro vides its host with a va ri
etyof nutrients, includingessen tialamino ac
ids, vitamins,and probably some nucleotides
(Baumann et al., 1995). Recently,acomplete,
0.64 Mb genomic sequence of Buchnera sp.
APS strain has been published (Shigenobu et
al., 2000). Buchnera sp. APS strain is an
endosymbiont of the pea aphid, Acyrthio-
siphon pisum. This second, smallest genome
published to date is composed of a circular
chro mo some and two small plasmids, har bor
ing 583 open reading frames a total. One of
the plasmids carries leuABCD operon (pLeu
plasmid), while the other trpEG operon (pTrp
plasmid) (Rouhbakhshet al., 1996; Silva et al.,
1998). Thus, some genes that essentially con-
tribute to this unique association occur in
multiple copies that may positively influence
the amount of the amino acids synthesized.
Actually, all genes irrespective of their loca-
tion are mul ti ple copy ones, since each cell of
these bacteria contains an average of 120
genomic copies (Komaki & Ishikawa, 1999).
Theaverage G+C con tent ofBuchnera ge nome
Is 26.3%. Similarly to other prokaryotes of
comparable genome size, including all
intracellular Bacteria, Buchnera genome har-

bors single copies of 16S, 5S and 23S rRNA
genes and only 32 tRNA genes. The chromo-
some har bors 564 ORFs, with av er age size of
988 bp, which cover 88% of chromosome
length. Both the ORF size and the per cent age
ofcoding regionsare similar to those foundin
the majority of sequenced prokaryotic
genomes. Interestingly, unlike free-living
prokaryotes, the Buchnera ge nome misses in
sertion or phage-related sequences. This im-
plies that lateral gene transfer played a very
limitedroleintheevo lution of these bac teria,
as well as that there was a strong pressureto
eliminate redundant or expendable se-
quences. Buchnera sequences have been the
first published ones, and majority of them
have their counterparts in the database: For
500 out of 583 ORFs a func tion based on sim
larity searches in the database could be as-
signed. For other 79 ORFs, similar genes al-
beit of unknown functions were found, while
only four ORFs appear to be unique. As ex-
pected, the majority of most similar ORFs
originate fromEscherichiacoli, which is phylo
genetically most related among all fully se-
quenced Bacteria (Shigenobu et al., 2000).
Genomeanalysishasrevealedthat Buchnera
harbors genes for biosynthesis of essential
amino acids, while those which are responsi-
ble for non-essential amino acids are almost
completely missing. Thus, Buchnera pos-
sesses only those genes which are lacking in
the host genome. Similar mutualdependence
can be found for pantothenate-coenzyme A
(CoA) biosynthesis. The genes for panto-
thenate are present in Buchnera, while the
host cells lack such functions. On the other
hand, no genes for the pathway from
pantothenate to CoA were found in Buchnera,
while the eukaryotic cell ex presses this part of
the path way. For that rea son, find ing of only a
few genes in volved in trans port was rather un
expected. Besides, Buchnera genome carries
only a few genes for cell-surface components,
since the host pro vides some com po nents nec
essary for lipopolysaccharide synthesis.
There are also only a few genes encoding
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outer membrane proteins and lipoproteins.
Scar city of genes cod ing for cell sur face com
ponents renders Buchnera cells vulnerableto
environmental challenges and fully depend-
enton its host’s cells (Shigenobuet al., 2000).

Another peculiarity of Buchnera genome is
the lack of recA, lexA, umuCD, and uvrABC
genes, which are responsible for homologous
recombinationand DNAre pair,aswellasthe
lack of genes involved in DNA methylation
andrestriction. Pre sumably, the lack of these
genes is responsible for mutational bias to-
wards a high AT con tent, which is usu ally ob
served among intracelullar species (Moran &
Wernegreen, 2000).

GENOME DEGRADATION IN
RICKETTSIA

Rickettsia spp. are ob li gate intracellular par-
asitesthatbe long to the al pha proteobacteria.
These bac te riaare usu ally asso ci ated with ar
thropods, from which they are trans fer to hu-
mans (Raoult & Roux, 1997). This genus can
be divided into two groups: one (the typhus
group or TG) comprises R. prowazekii and R.
typhi spp., which are pathogenic to humans
and mice, while the other so-called spot ted fe
ver group (SFG) includes R. rickettsii, a spe-
cies known as an etiological agent of Rocky
Mountain spotted fever. Rickettsia genomes
are larger than those of Buchnera, and range
from 1.1 to 1.4 Mb. Presumably, this genus
originates from a free-living ancestor whose
genome was much larger (Andersson et al.,
1998). The ge nome of R. prowazekii strain Ma
drid Econtains 834 com plete ORFsofaverage
length 1005 bp. A biological role has been as-
signed to 62.7% of ORFs, while 12.5% have
similar counterparts although of unknown
function. Interestingly, thisge nomecarriesa
much higher proportion of non-coding se-
quences (24%) than most prokaryotic chro mo
somes char ac ter ized to date, the av er age per-
centage for which is about 10%. Only small
fractions of R. prowazekii non-coding sequen-

ces, i.e.,, 0.9% and 0.2% are represented by
pseudogenes or non-coding repeating se-
quences, respectively. The remaining 22.9%
do not code for proteins composed of more
than 100 amino ac ids. A small num ber of re it
erated sequences is common among obligate
intracellular bacteria, moreover, all these se-
quences are rel a tively short (<500 bp), and oc
cur in intergenic regions. A low G+C content
(mean 23.7%), slightly lower than the av er age
for the whole ge nome (29.1%) isa char ac ter is
tic feature of non-coding sequences.

Consistentlywithother findingsconcerning
ob li gate intracellular bac te ria, the num ber of
genes involved in biosynthetic pathways in
Rickettsia is highly re duced. This con cerns the
genesresponsible foraminoacid synthesis, as
well as those genes in volved inde novo syn the
sis of nucleosides. The latter are most likely
taken up from the host cell cytoplasm in the
form of monophosphates, which later are con-
verted into di- and triphosphates by en zy matic
machinery of the pathogen. Unlike in
Buchnera, Rickettsia genome harbors a full
complement of genes coding for tricarboxylic
acid cy cle—re spiratory chain com plexes. Itin
cludes also ATP/ADP translocases that en-
able the up take of ATP di rectly from the host
in ini tial stages of in fec tion.

Like Buchnera, R. prowazeki carries genes
encoding «, B, and ' subunites of RNA poly-
merase, and 6’0 and %2 fac tors. The lat ter is
ab sent in the ma jor ity of small genomes such
as those of Borrelia burdorferi, Helicobacter
pylori, Chlamydia trachomatis although these
bac te riahave heat shock en cod ing genes (Alm
etal., 1999; Fraseretal., 1997; Stephens et al.,
1998; Tomb et al., 1997). Likewise, Rickettsia
has fewer genes involved in DNA repair and
recombination, for instance mutH, mutY
genes and recBCD operon are missing.

The genome of Rickettsia has 21 genes cod-
ing for 18 out of 20 aminoacyl-tRNA synthe-
taseswhich are nec es sary for pro tein syn the
sis. The genes encoding glutaminyl-tRNA
(9InS) and asparaginyl-tRNA (asnS) synthe-
tases are missing. This suggests that, like in
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the majority of Bacteria, GIn-tRNAs and
Asn-tRNAs are formed following trans-
amidation reactions of glutamic and apartic
acids, respectively (Handy & Doolittle, 1999).

Like in other intracellular obligatebacteria,
the number of regulatory genes in Rickettsia
seems to be significantly reduced. Among
these genes are a few members of two-com-
ponent regulatory systems, such as barA,
envZ, ntrY, ompR and phoR, all of which are
also miss ing in Buchnerage nome.

Unlike Buchnera, Rickettsia genome has
most genes involved in lipopolysaccharide
synthesis, including IpxA, lpxB, IpxC, IpxD
genes. This genome contains most genes im-
plicated in ketodeoxyoctonate synthesis (in-
cluding kdsA, kdsB and kdtA), and several
genes cod ing for outer mem brane pro teins. It
carries genes involved in protein excretion
such as secA secB, secD, secE, secF, secG and
ffH genes. In comparison, Buchnera genome
has secA, secB, secE, secG, and ffH, but not
secC, secD, and secF genes (Shigenobu et al.,
2000).

The molecular basis of pathogenicity is still
unclear. Nevertheless, the genome analysis
has revealed two types of genes whose
homologs may be long to prin ci pal fac tors ren
der ing the bac te rium patho genic. Thefirstre
lates to virB homologs of Agrobacterium
tumefaciens, in which genes of this type are as
so ci ated with trans fer of T-DNA (Kado, 2000).
How ever, the lack ofvirD2 andvirE2, which in
A. tumefaciens encode proteins conferring
DNA transfer by binding to single-stranded
T-DNA, may sug gest yet an other role. It seems
likely, especially taking into account that
homo logues ofvirB genes in Bordetella per tus
sis and H. pylori are related to protein secre-
tion. Thus, in R. prowazekii these virB
homologs may be involved in both conjugal
DNA transfer and protein export. Two other
putative determinants of pathogenicity are
homologousto capD and capM genes of Staph-
ylococcusaureus, in which these two genes par-
ticipate in synthesis of capsular poly-
saccharide, which is one of the prin ci pal de ter

minants of pathogenicity in this species (Lin
etal., 1994).

Unlike other obligate intracellular bacteria
whose genome sequences have been deter-
mined in re cent years, R. prowazekii car riesa
much higher proportion of non-coding se-
quences. This indicates that in this group of
bacteriathegenomereductionisstillanongo
ing pro cess. This may im ply thatRickettsia an-
ces tors foramuch lon ger time have re mained
in at least par tially free-living state than other
ob li gate intracellular spe cies. The most strik
ing example of initial evolutionary processes
that lead to gene inactivation comes from a
comparison of gene sequences coding for
S-adenosylmethionine synthetase (netK) in
several Rickettsia spp. This gene has house-
keeping function and the encoded enzyme is
responsible for biosynthesis of S-adeno
sylmethionine (SAM), a substrate necessary
for methylation processes (Newman et al.,
1998). In most of the Rickettsia species ana-
lysed, this gene is inactive although in each
case the mutation has distinct nature
(Andersson & Andersson, 1999).

SYMBIOTIC NITROGEN FIXATION
WITH LEGUMINOUS PLANTS IS
A FEATURE THAT IS LARGELY
CONFINED TO THE ALPHA
PROTEOBACTERIA

Like Rickettsia, all rhizobia belong to alpha
proteobacteria. Currently, this group of sym-
biotic bacteria is classified into the genera:
Allorhizobium, Azorhizobium, Bradyrhizobium,
Mesorhizobium, Rhizobium and Sinorhizobium
(Broughton & Perret, 1999; van Berkum &
Eardly, 1998). However, the identification of
Methylobacterium nodulans ex tends the scope
of this sym bi o sisonto an other group of the al
pha proteobacteria (Sy et al., 2001). A unique
prop erty of sym bi otic nitrogen fixation by le
gumes and rhizobia is the formation of nod-
ules on the roots, or, in some cases, also on the
stems. The nodules are novel plant organs
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whose main, and presumably the only func-
tion, is nitrogenfixation. Within these struc-
tures the rhizobia undergo transformation
into bacteroids that are able to fix atmo-
sphericnitrogen. Al though the le gume de ter
mines a nod ule type and a site of nod ule for-
mation, a signal molecule that triggers nod-
ule formation is produced by a rhizobium.
Bacterial signals are lipochitooligosac-
charides known as Nod factors (NFs or
LCOs) (Lerouge et al., 1990). There are two
main featureswhich are associated with Nod
factors. One concerns the recognition pro-
cess that allows a legume plant to select its
proper microsymbiont, while another is in-
duction of divisions of meristematic cells in
the root tissues, which in consequencegives
rise to a nodule.

Noteworthy is the fact that the majority, if
not all genera of rhizobium have diverged
prior to the emergence of leguminous plants,
which occurred not earlier than 140 million
years ago. Taking into account that the most
phylogenetically distant Bradyrhizobium ge-
nus diverged from the last common ancestor
of all rhizobia some 500 mil lion years ago, i.e.,
well before the emergence of land plants
(Turner & Young, 2000), it is apparent that
during most of the time these rhizobia were
non-symbiotic. Presumably, the same might
be said about the remaininggenera.Onecan
only spec u late about rhizobium life style prior
to the emergence of legumes. Nonetheless,
there are sug ges tions that they may have been
soil saprophytes, possibly living in the
rhizosphere or in an endophytic association
with plants (Chaintreuil et al., 2000). In con-
trast to obligate intracellular bacteria, the
intracellular stage in this case is limited to a
fraction of all cells that multiply in the
rhizosphere, or within the plant root. This is
logical, since transformation into bacteroids
is presumed to be irreversible. For this rea-
son, like other soil bacteria, rhizobia must
carry numerousgenesnecessaryforlivingin
soil, be ing more over equipped with func tions
allowing for invasion into and survival in an

eukaryotic cell. The latter ability might be a
very ancient one, possibly carried even since
the time preceding the appearance of mito-
chondria (Andersson et al., 1998).

ORGANIZATION OF RHIZOBIUM
GENOME FACILITATES ACQUISITION
OF FOREIGN GENES NECESSARY
TO COPE WITH ADVERSE
ENVIRONMENTAL CONDITIONS

Apparently, living in soil is something very
different from life in a rather constant
eukaryotic cell environment. Thus, a rhizo-
bium cell is usu ally well adapted to var i ous ad
verse con di tions such as suboptimal tem per a
tures, drought (or ex cess of water), salinity, al
kaline or acid condi tions. More over, living in
an environment which is poor in nutrients,
they must be able to compete with other mi-
croor gan isms, some of which pro duce toxicor
inhibitory compounds. As could be expected,
rhizobium ge nome har bors all these func tions
that are necessary to survive in such a rigid
environment. Itincludesthe abil ity tosynthe
size cell components from simple substrates
and to use numerous compounds as energy,
carbon and nitrogen sources. Additionally,
the rhizobium must be equipped with a num-
ber of genes involved in quorum-sensing,
intercellular commu nicationandsignaling,as
well as with a number of regulatory, uptake
and secretion genes. To accommodate all
these func tions, rhizobia are ex pected to have
larger genomes than the spe cies se quenced to
date. Indeed, the genome of Bradyrhizobium
japonicum USDA110 has been assessed to be
of 8.7 Mb (Kundiget al., 1993), the size that is
close to the largest prokaryotic genomes of
Myxococcus  xanthus and  Stigmatella
aurantiaca, whose sizes have been estimated
for 9.2 MB and 9.2-9.9 Mb, respectively
(Casjens, 1998). Actually, the 7.6 Mb-large ge-
nome of Mesorhizobium loti MAFF303099
strain is the largest prokaryotic one com-
pleted to date (Kaneko et al., 2000).
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Genome expansion would not be possible
withoutlateral genetransfer. Actually, lateral
gene transfer seems to be the major force re-
sponsible for shap ing gene con tent and or ga
ni za tion of prokaryotic genomes. Itis also the
most effective mechanism responsible for ac-
quisition of foreign genes that are necessary
for oc cu pation ofanovel niche (Ochmanet al.,
2000). Some bacterial species show the link-
age equilibrium, which implies a high fre-
quency of recombination caused by lateral
gene transfer (Smith et al., 1993). However,
“novel” genes, if not car ried by a broad range
plasmid, rarely find ho mol o gous se quencesin
the recipientge nome. Insuch cases, their suc
cessfulintegrationusually dependsonrecom
bination(eitherlegitimateorillegitimate) me
diated by other mobile elements, such as in-
sertion sequences, transposons or phages
(Ochman et al., 2000). Ge nome anal y sis shows
thatmobileelements,aswellasreiteratedand
other accessory sequences are not randomly
distrib uted, butare lo cated mainly indis crete
regions known as recombination hot spots
(Romero et al., 1991). Such a state could be
caused by a pure chance al though it might be
alsoanindirectconsequenceofselection. Itis
conceivablethatthe presence of house keeping
genes on a plasmid may indirectly limit the
number of those DNA elements, which en-
hance genomic instability, rendering such
plasmid more stable. This in turn may favor
the acquisition of other housekeeping genes,
re sulting in the fi nal change of its sta tus from
“accessory” to “chromosomal”. In this way
some plasmids may have evolved into a sec-
ond chromosome. On the contrary, the lack
(or loss) of housekeeping genes makes more
likelyanaccumulationofaccessoryelements,
since a higher level of genomic in sta bil ity has
alimited ef fecton cell fit ness, if de le tions are
confined only to expendable se quences. Prob
ably, the same logic could be applied to ex-
plain the mosaic character of chromosomes,
where adap tive genes are of ten not only sep a
rated from house keep ing ones, but are also lo
cated in regions rich in insertion elements,

transposons and reiterated sequences. Thus,
de le tions thatare of ten formed dur ing re com
bi nation eventsen com pass mostly non-coding
se quences or genes that are dis pens able. This
allows the integration of numerous genes
without loss of the essential ones (Moxon et
al.,1994). Another mechanismoftenreported
in the regions which bear genes related to
pathogenicity, exploits tRNA genes as target
sequences for integration through homolo-
gous recombination. Such discrete regions
usually flanked by two direct tRNA gene re-
peats are termed patho ge nicity islands. Their
distinct G+C content, as well as the presence
of integrase (and other mo bil ity loci), and ge
netic instability argue for the generation of
pathogenicityislandsby lateral genetransfer,
a pro cess that is well known to contribute to
microbial evolution (Hacker & Kaper, 2000).
High level of conservation of tRNA gene se-
quences makes them ideal targets for recom-
bination of DNA fragments, even when a se-
quenceoriginatesfromaphylogenetically dis
tant species. Although most newly acquired
sequences are neutral or deleterious, and
therefore are lost (or the bacteria harboring
them become outcompeted), some may ulti-
mately de velop into a func tion that al lows oc
cupation of a novel niche. Thus, the mosaic
structure of chromosomes and plasmids, as
wellasadistinctse lective statusofparticular
regionsfacilitategenomeplasticitynecessary
for adaptation to changing environment and
reduce the costs related to this process.
Finally, this is one of the mech a nisms re spon
sible for the increase of genome size.

SYMBIOSIS PLASMIDS, ISLANDS AND

REGIONS

Symbioticnitrogenfixationisa“composite”
function.Conventionally,symbioticgenesare
divided into two groups: genes involved in
nodulation (nod, nol and noe), and those re-
lated to nitrogen fixation (nif and fix). All
these genes be long to “adap tive” loci, i.e., they
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seem to be dis pensable for cell func tion ing (at
least in laboratory conditions) but enable oc-
cupationofadiscreteecological niche (Perret
et al., 2000; Preston et al., 1998). In some
rhizobia, the major ity of sym bi otic loci are lo
cated on an indige nous plasmid, the so-called
sym bi o sis, or Sym plasmid. It seems that such
location of symbiotic functions occurs in all
species belonging to the genera Rhizobium
and Sinorhizobium, as well as in many
Mesorhizobium spp., while in Azorhizobium,
Bradyrhizobium and Mesorhizobiumloti sym bt
otic genes are located on the chromosome
(Schlaman et al., 1998).

Although more than 60 genes directly in-
volved in nodulation have been identified to
date, a given strain carries only 15—20 nod
genes (Schlaman et al., 1998). There is no sin
gle gene arrangement of nodulation loci. The
most frequently found is composed of three
common nodA, nodB and nodC genes (occur
in all rhizobia) which are fol lowed by nodl and
nodJ, both involved in Nod factor transport,
as well as by a few hsn (host specificity
nodulation) genes responsible for chemical
modifications of the Nod factor (Mergaert et
al., 1997). Suchnod gene operon is un der con
trol of nodD gene of the LysR family of
prokaryotic transcriptional regulators (Dow-
nie, 1998). Interestingly, the nodulation clus-
ters have not been reported in organisms
other than the rhizobia, albeit somewhat
lower G+C content of nodulation genes in
comparison to G+C content of non-symbiotic
loci could sug gest the op po site. While the or i
gin of nodulation functions remains un-
known, some Nod pro teins show a dis tant sim
ilarity to proteins found in unrelated organ-
isms.

The presence of non-symbiotic rhizobia
clones in natural populations has suggested
that the loss of symbiotic loci has rather a
moderate effect on strain survival. Although
this issue deserves additional studies, those
car ried out so far in di cate that non-symbiotic
rhizobia may con sti tute the major ity of clones
in soil populations (Segovia et al., 1991). The

recurrent loss and acquisition (via lateral
transfer) of symbiotic loci could have some
evolutionary significance provided that such
functions are organized as dis crete gene clus
ters. Actually, lateral gene transfer seems to
be a major factor responsible for clustering
genes into functional operons (Preston et al.,
1998). While curing of symbiosis plasmid is
generallyeasy,aderivativeofS. meliloti miss-
ing pSym megaplasmid has been reported
very recently, suggesting the presence of
genes whichin flu ence the growth rate evenin
a rich medium (Oresnik et al., 2000). Sym bt
otic genes can be harbored by a 1200 kb (or
larger) replicon, i.e., some of them are larger
than the whole prokaryotic chromosomes.
The symbiosis plasmids differ significantly
even among closely re lated strains, how ever it
seems rather unlikely that the main cause of
dif fer ences is the num ber of sym bi otic genes
(Baldani et al., 1992; Hynes & McGregor,
1990). Actually, earlier studies have sug-
gested that a small num ber of genes is nec es
sary for development of effective symbiosis.
For instance, the nod-nif-fix re gion on 180 kb
pSym (plasmid a) of R. leguminosarum bv.
trifoliit ANU843 is confined to a 32 kb DNA
frag ment (Inneset al., 1988). How ever, pSym
of ANU843 lacks some es sen tial genes, e.g., it
misses the fixNOQP operon, there fore such a
conclusion on the limited number of symbt
otic genes may not be jus ti fied. Actually, tak
ing into ac countonly re cent se quenc ing data,
there could be as many as several hundred
genes. For such conclusion seems to indicate
thestudiesconcerningthesymbiosisregions
(both plasmids and is lands) in Sinorhizobium
sp. NGR234, M. loti strains and in B.
japonicum USDA110, all of which comprise
DNA fragments of >400 kb (Freiberg et al.,
1997, Gottfert et al., 2001).

In M. loti the chromosomal symbiotic genes
form the so-called symbiosis island. Unlike
other symbiotic regions, a symbiosis island
car ries genes re sponsible for ex cisionand in
tegration within the target phenylalanine
tRNA gene sequence (Sullivan & Ronson,
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1998). Both excision and integration are car-
ried out by an integrase of the phage P4 fam-
ily. Importantly, neither of these two pro-
cesses disrupts the continuity of tRNA gene.
Actually, the islandintegratesinto phe-tRNA
gene, re con structing the gene at the integrase
end and form ing a 17 bp re peat of the 3’ end
of phe-tRNA at the other end of this island.
Additionally, the island harbors genes in-
volved in biosynthesis of bi o tin, thiamine and
nicotinate for which non-symbiotic clones are
auxotrophic. This gives a selective advantage
over non-symbiotic clones even prior to the
onset of symbiosis,explainingthedissemina
tion of the symbiotic genes among cognate
Mesorhizobium strains. This >500 kb DNA
frag ment car ries all genes which are known to
be associated with symbiosis including
fixXNOQP, fixGHIS, exsBCD and dctABD
operons, which usu ally are not car ried by sym
biosis plasmids, as well as many other genes
of largely unclear function. It is noteworthy
that, the genome of M. loti MAFF303099 car-
ries a cer tain num ber of genes, the find ing of
which was rather unexpected. To such genes
belong nodE, and nodF as well as nodG, nodP
and nodQ genes. The presence of well con-
served nodE, nodF together with nodZ, nolL
genes is surprising as the ¢ —p unsaturation
of Nod fac tor fatty acid chain (for which nodE
and nodF are re spon si ble) has not been so far
reported in rhizobia whose Nod factor reduc-
ing end is glycosylated (in this case it carries
acetylfucose) (Downie, 1998; Kaneko et al.,
2000). The presence of acetylfucose moiety,
which is conferred by nodZ and nolL genes,
appearstobeacrucialmodificationresponst
ble for rec og ni tion of Lotus (or lupine) plants
by M. loti (Lopez-Lara et al., 1995; Stacey et
al., 1994). Although, in this strain, the genes
re lated tospecificmodificationsof Nod fac tor
fatty acyl chains presumably are inactive (or
silenced), their presence potentially gives to
the strain a possibility to infect (or adapt to)
those legumes species which recognize dis-
tinct unsaturation levels. This may happen
pro vided that gene(s) for in stancenodZ, is in-

activated. That this could be the case, is
shown by rather recent inactivation of noeE
gene, whose still well-preserved sequence re-
mains in the 410 kb-long symbiotic region of
B. japonicum USDA110. The noeE gene en-
codes a sulfotransferase specific for fuco-
sylated Nod factors. Interestingly, sulfation of
fucose mol e culewhichispresentat Nod fac tor
reducing end has never been re ported in soy
bean rhizobia (Carlson et al., 1993; Hanin et
al., 1997; Quesada-Vincens et al., 1998). Thus,
the loss of noeE gene may be regarded as a
specific adaptation towards the soybeans.
This symbiotic region carries some other
geneswhose in ac ti va tion took place rather re
cently. They in clude for in stance, a few genes
involved in hydrogen uptake (hupD, hupH,
hupK, hypA and hypB), several genes encod-
ing type Il protein secretion system, and a
gene in volved in trans port of branched amino
acids(braC). It is not clear whether the loss of
these genes had any im pactonsymbiosis, or if
genesofsimilarfunctioncompen sate for their
loss. Nev er the less, this also sug gests that cer
tain genes may be linked to symbiosis loci
rather accidentally, probably the linkage re-
sulting from co-transfer with the symbiotic
genes.

It seems that symbiosis regions can signifi-
cantly differ even among closely related
rhizobia. In lu pine-nodulatingBradyrhizobium
sp. WM9, a DNA fragment carrying most
nodulation and a few nitrogen fixation genes
has the same gene con tent and gene ar range
ment as that of B. japonicum USDA110. How-
ever, apart from the genes present in both
strains, the symbiosis clusters of Brady-
rhizobium sp. WM9 carry genes which are not
present on the 400 kb symbiosisregion of B.
japonicum USDA110. Moreover, nucleotide
sequences of nodulation genes of Bradyrhizo-
bium sp. WM9 are much less similar with re-
spect to nod genes of B. japonicum USDA110
than the lat ter are to B. elkanii, and nod gene
phylogenycontradictsthe phylogenydeduced
upon analysis of nonsymbiotic genes. In this
case, Bradyrhizobium sp. WM9 and B. japo-
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nicum USDA110 are in the same branch on
16S rRNA and dnaK phylogenetic trees
(Legocki et al., 1997; Sikorski et al., 1999;
Stépkowski et al., 2001).

To some degree, various proportions of
non-coding se quences, in ser tion and other ac
cessory elements may be responsible for dif-
ferences in size among symbiosis plasmids.
This seems to be the case, since (as it has been
discussed above) symbiosis clusters, like
other adaptive loci carry more insertion and
mo saic el e ments than those mainly com posed
of the house keep ing genes. The se quenc ing of
symbiosis regions in Sinorhizobium sp.
NGR234, M. loti and B. japonicum fully con-
firmsthisassertion. Inall these spe cies, inser-
tion and mosaic elements make up approxt
mately one-fifth of the total symbiotic se-
guence. Most insertion sequences or mosaic
elements are clustered, and some flank the
functionally important genes, implying that
these genes have been ac quired by re cent lat
eral gene transfer. Interestingly, some re-
peated se quencesare sufficiently pre servedto
be potential targets for homologous recombi
nation; more over, some of them have coun ter-
parts in the genomes of other rhizobium spe-
cies (Gottfertetal., 2001). In the sym bi otic re
gion of USDA110, several copies of well-pre-
served in ser tion el e ment (all in the same ori-
entation), re ferred to as RSa flank the genes
related to hydrogen uptake, nif-fix cluster,
type Il proteinexcretiongenecluster,aswell
as nod-nol-noe nodulation cluster, respec-
tively, imply ing thatthese distinctcategories
of sym bi otic genes may have been ac quired in
dependently. Such “modular” arrangement
facilitatesaccumulationofvariousgenes, fur
ther emphasizing the “composite” character
of symbiosisloci.

SYMBIOSIS PLASMID OF
SINORHIZOBIUM SP. NGR234

The se quenc ing of the sym bi o sis plasmid of
Sinorhizobium sp. NGR234 was a mile stone in

the studies on symbiotic nitrogen fixation
(Freiberg et al., 1997). This strain character
izes the broadest host range among known
rhizobium spp., comprising more than 300
spe cies of 112 gen era (Pueppke & Broughton,
1999). Themolecu lar basis for such ex tremely
broad nodulation potential is still an unre-
solved issue. At least in part, it results from
NGR234 unique ability to produce a much
higher num ber of var i ous Nod fac tors (mostly
differing attheir re ducingend) thanany other
rhizobium sp. (Berck et al., 1999; Jabbouri et
al., 1998; Perretet al., 2000; Priceetal., 1992;
Quesada-Vincens et al., 1998). Nevertheless,
this broad host range must be determined by
some unrecognized factors as well, since the
closely related S. fredii (shares > 95% se-
quence identity with nodulation genes of
NGR234) nodulates many species of Legu-
minosae, even though it pro duces only one or
two types of Nod factors. However, all le-
gumes infected by S. fredii are nodulated by
NGR234 (Pueppke & Brough ton, 1999). Prob
ably, most legumes nodulated by these two
rhizobium species are promiscuous plants
that tolerate various NFs. Nevertheless,
nodulation of certain legumes requires the
presenceofintrinsicmodificationsconferred
by host specificity genes, which are present
exclusively in NGR234 (Berck et al., 1999;
Hanin et al., 1997).

The sym bi o sis plasmid of NGR234 is 536 kb
large, i.e., its size is close to the smallest-
known genome of Mycoplasma genitalium
(Fraseret al., 1995). Out of its 416 open read-
ing frames, 136 lack similarity to any known
protein in the database. For the majority of
the re main ing 280, the role is still rather the o
retical,baseduponpredictionsofbiochemical
functions of their most similar counterparts
in the database. However, what seems to be
important, neither of the genes found in this
symbiosis plasmid is relatedtotranscription,
translation or primary metabolic functions.
This fact ex plains why sym bi o sis plasmid can
be eliminated from the cell. The nodulation
genes are uniquely arranged into three dis-
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tinct clusters (hsnl, hsnll and hsnlll), all dis-
persed around the whole plasmid (Freiberg et
al., 1997). This plasmid car ries all genes that
areimplicatedinmodificationsofthe Nod fac
tor, including those that encode fucose
transferase (nodZ), and fucose-specific; acetyl
(nolL), methyl (noel), and sul fate (noeE) trans
ferases. However, the plasmid misses some
symbiotic genes, e.g., nodEG, and nodPQ
nodulation genes, as well as fixNOQP and
fixGHIS operons. The lat ter two are nec es sary
forrespirationunder microaerobicconditions
that occurinnoduleduringnitrogenfixation
(Preisig et al., 1993).

Per haps, the most es sen tial find ing was the
iden ti fi cation of many genes never be fore im
plicated in symbiosis. Transcriptional analy-
sis has revealed expression of 247 ORFs,
while the remaining 169 ORFs, i.e., nearly
40% were either inactive genes, or their ex-
pression was undetectable or uninduced un-
der conditions tested. Out of the expressed
ones, only 22 (mostly in ser tion-related genes)
were constitutive. Intriguingly, daidzein (a
flavonoid) induced expression of as many as
147 ORFs, among which nodulation genes
constituted only 20. While nodulation genes
were expressed during the first hours of in-
duction, the majority of the remaining
daidzein-induced ORFs were maximally ex-
pressed af ter 24 h. Al most all daidzein-in duc
ible genes were under con trol of nod box el e
ments. However, only 5 nod boxes precede
nodulation genes, two are not functional,
while the remaining 12 regulate the expres-
sion of genes whose roles have yet not been
elucidated. Among genes whose expression
was not under control of nod box elements
were ORFs involved in rhamnose synthesis
(Hurst et al., 1996).

The study of Perret et al. (1999), has re-
vealed a number of genes expressed in the
nodule under control of NifA-c>* promoters,
as well as those reg u lated in a NifAc>* in de
pendent manner. In addition, certain differ-

ences were found in gene ex pres sion pat terns
in determinate and indeterminate nodules.
For instance, 20 ORFs including nodD1 and
genes coding for components of ABC trans-
porters and trehalose synthesis, respectively,
wereinducedonly in de ter minate nod ules. In
con trast, much fewer genes were found ex clu
sively in indeterminate nodules. Most nod-
ule-expressed genes comfrise a 55 kb clus ter
that harbors 10 NifA-¢® -dependent promot-
ers. Among the remaining six NifA-c>* pro-
moters, oneregu latestheex pressionofaclus
ter carrying cytochrome P450 operon, while
two others control two opposing operons
(y4nGHIJ and y4nMN), both involved in
sugar metabolism. Subtractive DNA hybrid-
iza tion has shown which genes are missing in
S. fredii. Among them are not only nolL or
noeE (both linked to specific fucose modifica-
tions), but also genes in volved in sugar trans
port, as well as sugar epimerase (y4nG) and
aminotransferase (y4uB) genes.

More detailed studies conducted for a few
geneshave confirmedtheirsymbioticsignift
cance. Among them, the genes involved in
type Ill proteinexcretionsystem (TTSS) at
tracted the greatest attention. The TTSS
genes were previously described in various
(unrelated)pathogenicbacteria,implyinglat-
eral transferasaway of their dissemination
among distant species. In NGR234, type 1l
excretion may be one of the key determi-
nants responsible for the broad host range
(Viprey et al., 1998). Mutations in TTSS
genes abolish secretion of at least two pro-
teins (y4xL and NolX) and strongly affect
nodulationofavarietyoftropicallegumesin
cluding Pachyrhizus tuberosus and Tephrosia
vogelii. The pres ence of these genes on sym bt
osis plasmid suggests that similar mecha-
nisms function in both sym bi otic and patho
genic associations. It can be assumed that
also some other genes har bored by sym bi otic
plasmid may have primarily evolved in a
pathogenic association.
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