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Prokaryotic or gan isms are ex posed in the course of evo lu tion to var i ous im pacts, re -
sult ing 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
such whose genomes have un der gone con sid er able en large ment. Ge nome re duc tion
is a con se quence of ob li gate intracellular life style ren der ing nu mer ous genes ex pend -
able. An other con se quence of intracellular life style is re duc tion of ef fec tive pop u la -
tion size and lim ited pos si bil ity of gene ac quire ment via lat eral trans fer. This causes a 
state of re laxed se lec tion re sult ing in ac cu mu la tion of mildly del e te ri ous mu ta tions
that can not be cor rected by re com bi na tion with the wild type copy. Thus, gene loss is
usu ally ir re vers ible. Ad di tionally, con stant en vi ron ment 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 sult ing in a high A+T con tent.

While causes of ge nome re duc tion are rather in dis put able, those re sult ing in ge -
nome ex pan sion seem to be less ob vi ous. Pre sum ably, the ge nome en large ment is an
in di rect con se quence of ad ap ta tion to chang ing en vi ron men tal con di tions and re -
quires the ac qui si tion and in te gra tion of nu mer ous genes. It seems that the need for a
great num ber of ca pa bil i ties is com mon among soil bac te ria ir re spec tive of their
phylo gen etic re la tion ship. How ever, this would not be pos si ble if soil bac te ria lacked
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in dig e nous abil i ties to ex change and ac cu mu late ge netic in for ma tion. The lat ter are
con sid er ably fa cil i tated when house keep ing genes are phys i cally sep a rated from
adap tive loci which are use ful only in cer tain cir cum stances.

GE NOME RE DUC TION OF INTRA- 
CELLULAR OB LI GATE SYM BI OTIC
AND PATHO GENIC BAC TE RIA

A great num ber of Bac te ria live solely in
eukaryotic cells or tis sues as chronic patho -
gens or mutualistic bacteriocyte as so ci ates.
Some of these spe cies, usu ally hu man (or an i -
mal) patho gens are the ob jects of ex ten sive re -
search in clud ing se quenc ing of their com plete 
genomes. Two such com plete ge nome se -
quences have be come avail able in re cent years 
in pub lic da ta bases. The first re lates to Rick -
ett sia prowazekii Ma drid E strain patho genic
to hu mans, whereas the other is Buchnera sp.
ASP, a mutualistic bac te rium liv ing in sym bi -
o sis with Aphids. There are some other ob li -
gate intracellular bac te ria whose genomes
should be com pleted in near fu ture. They in -
clude one Buchnera aphidicola strain, at least
two Rick ett sia spe cies and three Wolbachia
strains. De spite dis tinct phylo gen etic or i gins,
all these bac te ria bear cer tain com mon char -
ac ter is tics, di rectly re sult ing from their
intracellular life style. This mode of life lim its
the pos si bil ity of ac qui si tion of for eign genes
via lat eral gene trans fer. More over, all ob li -
gate intracellular bac te ria have a much lower
ef fec tive pop u la tion size than free-living ones.
The small pop u la tion size causes a state of re -
laxed se lec tion, thus al low ing ac cu mu la tion of 
mod er ately del e te ri ous mu ta tions (Werne -
green & Moran, 1999). This phe nom e non is
known as near-neutral evo lu tion or Mul ler’s
ratchet (Moran, 1996). One of the con se -
quences of Mul ler’s ratchet is ac cel er ated evo -
lu tion of all gene se quences (Brynnel et al.,
1998). On the other hand, the avail abil ity of
com pounds in the host cell, and rel a tive safety 
in con stant cel lu lar en vi ron ment ren ders
many genes ex pend able. The con se quence of
these two fac tors is in ac ti va tion and sub se -
quent loss of genes, which fi nally causes ge -
nome re duc tion of ten ap proach ing the low est

size lim its. Ad di tionally, the loss of cer tain
func tions in volved in DNA re pair and re com -
bi na tion re sults in a strong mutational bias to -
wards a high A+T con tent, a fea ture usu ally
as so ci ated with intracellular mode of life. All
these fea tures de fine the so-called “res i dent”
ge nome (Andersson & Kurland, 1998). How -
ever, ob li gate intracellular bac te ria share
some other fea tures as well. They in clude a
small num ber of reg u la tory genes as well as a
re duced amount of genes linked to up take or
trans port of the com pounds from the out side
en vi ron ment. 
Phylo gen etic anal y sis re veals that intra -

cellular ob li gate bac te ria be long to dis tinct
and usu ally deeply branch ing lin eages. This is
in ter preted as the fac tor which pre cludes fre -
quent shift from sym bi otic to patho genic life -
style and vice versa (Moran & Wernegreen,
2000). Ir re vers ible loss of genes which could
con trib ute to ei ther patho genic or mutualistic
as so ci a tion ap pears to be the main cause of
lin eage sta bil ity that is ob served in most ob li -
gate intracellular bac te ria. Nev er the less,
there are ex am ples of closely re lated lin eages
com pris ing both mutualistic and patho genic
bac te ria, such as Flavo bacteria, one lin eage of
which con tains an ob li gate mutualist of cock -
roaches, whereas the other com prises
male-killing par a sites in la dy bird bee tles. Sim -
i larly, Wolbachia spp. in clude re pro duc tive
(male-killing) par a sites of ar thro pods and
mutualists of nem a todes (Bandi et al., 1992;
Hurst et al., 1996). Per haps, for that rea son
genomes of Wolbachia spp. are still rather
large (1.4–1.7 Mb), sug gest ing that ge nome
re duc tion in these bac te ria is in its ini tial
phase.
In this pa per we fo cus on Buchnera which

is a symbiont of Aphids and whose ge nome
has prob a bly reached one of the low est size
lim its, as well as on Rick ett sia spp. in which
the ge nome re duc tion is still an on go ing pro -
cess.
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GENOMES OF BUCHNERA APHI -
DICOLA AND ITS APHID HOST
EN CODE COM PLE MEN TARY
MET A BOLIC FUNC TIONS

Buchnera spp. are endosymbionts of Aphids, 
in which they spend their en tire life in hab it -
ing a spe cial ized cell-line, the so-called
bacteriocytes. A phylo gen etic anal y sis has re -
vealed that this sym bi otic as so ci a tion be -
tween Buchnera and Aphids was es tab lished
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
in te gra tion of their metabolisms, and com -
plete mu tual de pend ence of the part ners on
each other. It has been no ticed that Buchnera
shares fea tures of both patho genic bac te ria
and eukaryotic organelles, be ing prob a bly in -
ter me di ate be tween the two (Andersson,
2000). Buchnera pro vides its host with a va ri -
ety of nu tri ents, in clud ing es sen tial amino ac -
ids, vi ta mins, and prob a bly some nu cleo tides
(Baumann et al., 1995). Re cently, a com plete,
0.64 Mb genomic se quence of Buchnera sp.
APS strain has been pub lished (Shigenobu et
al., 2000). Buchnera sp. APS strain is an
endosymbiont of the pea aphid, Acyrthio -
siphon pisum. This sec ond, small est ge nome
pub lished to date is com posed of a cir cu lar
chro mo some and two small plasmids, har bor -
ing 583 open read ing frames a to tal. One of
the plasmids car ries leuABCD operon (pLeu
plasmid), while the other trpEG operon (pTrp
plasmid) (Rouhbakhsh et al., 1996; Silva et al.,
1998). Thus, some genes that es sen tially con -
trib ute to this unique as so ci a tion oc cur in
mul ti ple cop ies that may pos i tively in flu ence
the amount of the amino ac ids syn the sized.
Actually, all genes ir re spec tive of their lo ca -
tion are mul ti ple copy ones, since each cell of
these bac te ria con tains an av er age of 120
genomic cop ies (Komaki & Ishikawa, 1999).
The av er age G+C con tent of Buchnera ge nome 
is 26.3%. Sim i larly to other prokaryotes of
com pa ra ble ge nome size, in clud ing all
intracellular Bac te ria, Buchnera ge nome har -

bors sin gle cop ies of 16S, 5S and 23S rRNA
genes and only 32 tRNA genes. The chro mo -
some har bors 564 ORFs, with av er age size of
988 bp, which cover 88% of chro mo some
length. Both the ORF size and the per cent age
of cod ing re gions are sim i lar to those found in
the ma jor ity of se quenced prokaryotic
genomes. In ter est ingly, un like free-living
prokaryotes, the Buchnera ge nome misses in -
ser tion or phage-related se quences. This im -
plies that lat eral gene trans fer played a very
lim ited role in the evo lu tion of these bac te ria,
as well as that there was a strong pres sure to
elim i nate re dun dant or ex pend able se -
quences. Buchnera se quences have been the
first pub lished ones, and ma jor ity of them
have their coun ter parts in the da ta base: For
500 out of 583 ORFs a func tion based on sim i -
lar ity searches in the da ta base could be as -
signed. For other 79 ORFs, sim i lar genes al -
beit of un known func tions were found, while
only four ORFs ap pear to be unique. As ex -
pected, the ma jor ity of most sim i lar ORFs
orig i nate from Esch e richia coli, which is phylo -
gen eti cally most re lated among all fully se -
quenced Bac te ria (Shigenobu et al., 2000).
Ge nome anal y sis has re vealed that Buchnera

har bors genes for biosynthesis of es sen tial
amino ac ids, while those which are re spon si -
ble for non-essential amino ac ids are al most
com pletely miss ing. Thus, Buchnera pos -
sesses only those genes which are lack ing in
the host ge nome. Sim i lar mu tual de pend ence
can be found for pantothenate-coenzyme A
(CoA) biosynthesis. The genes for panto -
thenate are pres ent in Buchnera, while the
host cells lack such func tions. On the other
hand, no genes for the path way 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 -
ex pected. Be sides, Buchnera ge nome car ries
only a few genes for cell-surface com po nents,
since the host pro vides some com po nents nec -
es sary for lipopolysaccharide syn the sis.
There are also only a few genes en cod ing
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outer mem brane pro teins and lipoproteins.
Scar city of genes cod ing for cell sur face com -
po nents ren ders Buchnera cells vul ner a ble to
en vi ron men tal chal lenges and fully de pend -
ent on its host’s cells (Shigenobu et al., 2000).
An other pe cu liar ity of Buchnera ge nome is

the lack of recA, lexA, umuCD, and uvrABC
genes, which are re spon si ble for ho mol o gous
re com bi na tion and DNA re pair, as well as the
lack of genes in volved in DNA methylation
and re stric tion. Pre sum ably, the lack of these
genes is re spon si ble for mutational bias to -
wards a high AT con tent, which is usu ally ob -
served among intracelullar spe cies (Moran &
Wernegreen, 2000).

GE NOME DEG RA DA TION IN
RICK ETT SIA

Rick ett sia spp. are ob li gate intracellular par -
a sites that be long to the al pha proteobacteria.
These bac te ria are usu ally as so ci ated with ar -
thro pods, from which they are trans fer to hu -
mans (Raoult & Roux, 1997). This ge nus can
be di vided into two groups: one (the ty phus
group or TG) com prises R. prowazekii and R.
typhi spp., which are patho genic to hu mans
and mice, while the other so-called spot ted fe -
ver group (SFG) in cludes R. rickettsii, a spe -
cies known as an eti o log i cal agent of Rocky
Moun tain spot ted fe ver. Rick ett sia genomes
are larger than those of Buchnera, and range
from 1.1 to 1.4 Mb. Pre sum ably, this ge nus
orig i nates from a free-living an ces tor whose
ge nome was much larger (Andersson et al.,
1998). The ge nome of R. prowazekii strain Ma -
drid E con tains 834 com plete ORFs of av er age 
length 1005 bp. A bi o log i cal role has been as -
signed to 62.7% of ORFs, while 12.5% have
sim i lar coun ter parts al though of un known
func tion. In ter est ingly, this ge nome car ries a
much higher pro por tion of non-coding se -
quences (24%) than most prokaryotic chro mo -
somes char ac ter ized to date, the av er age per -
cent age for which is about 10%. Only small
frac tions of R. prowazekii non-coding se quen -

ces, i.e., 0.9% and 0.2% are rep re sented by
pseudogenes or non-coding re peat ing se -
quences, re spec tively. The re main ing 22.9%
do not code for pro teins com posed of more
than 100 amino ac ids. A small num ber of re it -
er ated se quences is com mon among ob li gate
intracellular bac te ria, more over, all these se -
quences are rel a tively short (< 500 bp), and oc -
cur in intergenic re gions. A low G+C con tent
(mean 23.7%), slightly lower than the av er age
for the whole ge nome (29.1%) is a char ac ter is -
tic fea ture of non-coding se quences.
Con sis tently with other find ings con cern ing

ob li gate intracellular bac te ria, the num ber of
genes in volved in biosynthetic path ways in
Rick ett sia is highly re duced. This con cerns the 
genes re spon si ble for amino acid syn the sis, as 
well as those genes in volved in de novo  syn the -
sis of nu cleo sides. The lat ter are most likely
taken up from the host cell cy to plasm in the
form of monophosphates, which later are con -
verted into di- and triphosphates by en zy matic 
ma chin ery of the patho gen. Un like in
Buchnera, Rick ett sia ge nome har bors a full
com ple ment of genes cod ing for tricarboxylic
acid cy cle–re spi ra tory chain com plexes. It in -
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 car ries genes

en cod ing α, β, and β′ subunites of RNA poly -
mer ase, and σ70 and σ32 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 al though these
bac te ria have heat shock en cod ing genes (Alm 
et al., 1999; Fra ser et al., 1997; Stephens et al., 
1998; Tomb et al., 1997). Like wise, Rick ett sia
has fewer genes in volved in DNA re pair and
re com bi na tion, for in stance mutH , mutY
genes and recBCD operon are miss ing. 
The ge nome of Rick ett sia has 21 genes cod -

ing for 18 out of 20 aminoacyl-tRNA syn the -
tas es which are nec es sary for pro tein syn the -
sis. The genes en cod ing glutaminyl-tRNA
(glnS) and asparaginyl-tRNA (asnS) syn the -
tas es are miss ing. This sug gests that, like in
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the ma jor ity of Bac te ria, Gln-tRNAs and
Asn-tRNAs are formed fol low ing trans -
amidation re ac tions of glutamic and apartic
ac ids, re spec tively (Handy & Doolittle, 1999).
Like in other intracellular ob li gate bac te ria,

the num ber of reg u la tory genes in Rick ett sia
seems to be sig nif i cantly re duced. Among
these genes are a few mem bers of two-com -
ponent reg u la tory sys tems, such as barA,
envZ, ntrY, ompR and phoR, all of which are
also miss ing in Buchnera ge nome.
Un like Buchnera, Rick ett sia ge nome has

most genes in volved in lipopolysaccharide
syn the sis, in clud ing lpxA, lpxB, lpxC, lpxD
genes. This ge nome con tains most genes im -
pli cated in ketodeoxyoctonate syn the sis (in -
clud ing kdsA, kdsB and kdtA), and sev eral
genes cod ing for outer mem brane pro teins. It
car ries genes in volved in pro tein ex cre tion
such as secA secB, secD, secE, secF, secG and
ffH genes. In com par i son, Buchnera ge nome
has secA, secB, secE, secG, and ffH, but not
secC, secD, and secF genes (Shigenobu et al.,
2000).
The mo lec u lar ba sis of patho ge nic ity is still

un clear. Nev er the less, the ge nome anal y sis
has re vealed two types of genes whose
homologs may be long to prin ci pal fac tors ren -
der ing the bac te rium patho genic. The first re -
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 of virD2 and virE2, which in 
A. tumefaciens en code pro teins con fer ring
DNA trans fer by bind ing to sin gle-stranded
T-DNA, may sug gest yet an other role. It seems 
likely, es pe cially tak ing into ac count that
homo logues of virB  genes in Bordetella per tus -
sis and H. pylori are re lated to pro tein se cre -
tion. Thus, in R. prowazekii these virB
homologs may be in volved in both con ju gal
DNA trans fer and pro tein ex port. Two other
pu ta tive de ter mi nants of patho ge nic ity are
ho mol o gous to capD and capM genes of Staph -
y lo coc cus aureus, in which these two genes par -
tic i pate in syn the sis of cap su lar poly -
saccharide, which is one of the prin ci pal de ter -

mi nants of patho ge nic ity in this spe cies (Lin
et al., 1994).
Un like other ob li gate intracellular bac te ria

whose ge nome se quences have been de ter -
mined in re cent years, R. prowazekii car ries a
much higher pro por tion of non-coding se -
quences. This in di cates that in this group of
bac te ria the ge nome re duc tion is still an on go -
ing pro cess. This may im ply that Rick ett sia an -
ces tors for a much 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 ex am ple of ini tial evo lu tion ary pro cesses
that lead to gene in ac ti va tion co mes from a
com par i son of gene se quences cod ing for
S-adenosylmethionine synthetase (metK) in
sev eral Rick ett sia spp. This gene has house -
keep ing func tion and the en coded en zyme is
re spon si ble for biosynthesis of S-adeno -
sylmethionine (SAM), a sub strate nec es sary
for methylation pro cesses (Newman et al.,
1998). In most of the Rick ett sia spe cies ana -
lysed, this gene is in ac tive al though in each
case the mu ta tion has dis tinct na ture
(Andersson & Andersson, 1999).

SYM BI OTIC NI TRO GEN FIX A TION
WITH LE GU MI NOUS PLANTS IS
A FEATURE THAT IS LARGELY
CON FINED TO THE AL PHA
PROTEOBACTERIA

Like Rick ett sia, all rhizobia be long to al pha
proteobacteria. Cur rently, this group of sym -
bi otic bac te ria is clas si fied into the gen era:
Allorhizobium, Azorhizobium, Bradyrhizobium, 
Mesorhizobium, Rhizobium and Sinorhizobium
(Broughton & Perret, 1999; van Berkum &
Eardly, 1998). How ever, the iden ti fi ca tion of
Methylobacterium nodulans ex tends the scope
of this sym bi o sis onto an other group of the al -
pha proteobacteria (Sy et al., 2001). A unique
prop erty of sym bi otic ni tro gen fix a tion by le -
gumes and rhizobia is the for ma tion of nod -
ules on the roots, or, in some cases, also on the 
stems. The nod ules are novel plant or gans
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whose main, and pre sum ably the only func -
tion, is ni tro gen fix a tion. Within these struc -
tures the rhizobia un dergo trans for ma tion
into bac te roids that are able to fix at mo -
spheric ni tro gen. Al though the le gume de ter -
mines a nod ule type and a site of nod ule for -
ma tion, a sig nal mol e cule that trig gers nod -
ule for ma tion is pro duced by a rhizobium.
Bac te rial sig nals are lipochito oligosac -
charides known as Nod fac tors (NFs or
LCOs) (Lerouge et al., 1990). There are two
main fea tures which are as so ci ated with Nod
fac tors. One con cerns the rec og ni tion pro -
cess that al lows a le gume plant to se lect its
proper micro symbiont, while an other is in -
duc tion of di vi sions of meristematic cells in
the root tis sues, which in con se quence gives
rise to a nod ule.
Note wor thy is the fact that the ma jor ity, if

not all gen era of rhizobium have di verged
prior to the emer gence of le gu mi nous plants,
which oc curred not ear lier than 140 mil lion
years ago. Taking into ac count that the most
phylo gen eti cally dis tant Bradyrhizobium ge -
nus di verged from the last com mon an ces tor
of all rhizobia some 500 mil lion years ago, i.e., 
well be fore the emer gence of land plants
(Turner & Young, 2000), it is ap par ent that
dur ing most of the time these rhizobia were
non-symbiotic. Pre sum ably, the same might
be said about the re main ing gen era. One can
only spec u late about rhizobium life style prior
to the emer gence of le gumes. None the less,
there are sug ges tions that they may have been 
soil saprophytes, pos si bly liv ing in the
rhizosphere or in an endophytic as so ci a tion
with plants (Chaintreuil et al., 2000). In con -
trast to ob li gate intracellular bac te ria, the
intracellular stage in this case is lim ited to a
frac tion of all cells that mul ti ply in the
rhizosphere, or within the plant root. This is
log i cal, since trans for ma tion into bac te roids
is pre sumed to be ir re vers ible. For this rea -
son, like other soil bac te ria, rhizobia must
carry nu mer ous genes nec es sary for liv ing in
soil, be ing more over equipped with func tions
al low ing for in va sion into and sur vival in an

eukaryotic cell. The lat ter abil ity might be a
very an cient one, pos si bly car ried even since
the time pre ced ing the ap pear ance of mi to -
chon dria (Andersson et al., 1998).

OR GA NI ZA TION OF RHIZOBIUM
GE NOME FA CIL I TATES AC QUI SI TION
OF FOR EIGN GENES NEC ES SARY 
TO COPE WITH AD VERSE
EN VI RON MEN TAL CON DI TIONS

Ap par ently, liv ing in soil is some thing very
dif fer ent from life in a rather con stant
eukaryotic cell en vi ron ment. 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 wa ter), sa lin ity, al -
ka line or acid con di tions. More over, liv ing in
an en vi ron ment which is poor in nu tri ents,
they must be able to com pete with other mi -
cro or gan isms, some of which pro duce toxic or
in hib i tory com pounds. As could be ex pected,
rhizobium ge nome har bors all these func tions 
that are nec es sary to sur vive in such a rigid
en vi ron ment. It in cludes the abil ity to syn the -
size cell com po nents from sim ple sub strates
and to use nu mer ous com pounds as en ergy,
car bon and ni tro gen sources. Ad di tionally,
the rhizobium must be equipped with a num -
ber of genes in volved in quo rum-sensing,
intercellular com mu ni ca tion and sig nal ing, as 
well as with a num ber of reg u la tory, up take
and se cre tion genes. To ac com mo date all
these func tions, rhizobia are ex pected to have
larger genomes than the spe cies se quenced to
date. In deed, the ge nome of Bradyrhizobium
japonicum USDA110 has been as sessed to be
of 8.7 Mb (Kundig et al., 1993), the size that is
close to the larg est prokaryotic genomes of
Myxococcus xanthus and Stig ma tella
aurantiaca, whose sizes have been es ti mated
for 9.2 MB and 9.2–9.9 Mb, re spec tively
(Casjens, 1998). Actually, the 7.6 Mb-large ge -
nome of Mesorhizobium loti MAFF303099
strain is the larg est prokaryotic one com -
pleted to date (Kaneko et al., 2000).
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Ge nome ex pan sion would not be pos si ble
with out lat eral gene trans fer. Actually, lat eral 
gene trans fer seems to be the ma jor force re -
spon si ble for shap ing gene con tent and or ga -
ni za tion of prokaryotic genomes. It is also the
most ef fec tive mech a nism re spon si ble for ac -
qui si tion of for eign genes that are nec es sary
for oc cu pa tion of a novel niche (Ochman et al., 
2000). Some bac te rial spe cies show the link -
age equi lib rium, which im plies a high fre -
quency of re com bi na tion caused by lat eral
gene trans fer (Smith et al., 1993). How ever,
“novel” genes, if not car ried by a broad range
plasmid, rarely find ho mol o gous se quences in
the re cip i ent ge nome. In such cases, their suc -
cess ful in te gra tion usu ally de pends on re com -
bi na tion (ei ther le git i mate or il le git i mate) me -
di ated by other mo bile el e ments, such as in -
ser tion se quences, trans posons or phages
(Ochman et al., 2000). Ge nome anal y sis shows 
that mo bile el e ments, as well as re it er ated and 
other ac ces sory se quences are not ran domly
dis trib uted, but are lo cated mainly in dis crete
re gions known as re com bi na tion hot spots
(Romero et al., 1991). Such a state could be
caused by a pure chance al though it might be
also an in di rect con se quence of se lec tion. It is
con ceiv able that the pres ence of house keep ing 
genes on a plasmid may in di rectly limit the
num ber of those DNA el e ments, which en -
hance genomic in sta bil ity, ren der ing such
plasmid more sta ble. This in turn may fa vor
the ac qui si tion of other house keep ing genes,
re sult ing in the fi nal change of its sta tus from
“ac ces sory” to “chro mo somal”. In this way
some plasmids may have evolved into a sec -
ond chro mo some. On the con trary, the lack
(or loss) of house keep ing genes makes more
likely an ac cu mu la tion of ac ces sory el e ments,
since a higher level of genomic in sta bil ity has
a lim ited ef fect on cell fit ness, if de le tions are
con fined only to ex pend able se quences. Prob -
a bly, the same logic could be ap plied to ex -
plain the mo saic char ac ter of chro mo somes,
where adap tive genes are of ten not only sep a -
rated from house keep ing ones, but are also lo -
cated in re gions rich in in ser tion el e ments,

transposons and re it er ated se quences. Thus,
de le tions that are of ten formed dur ing re com -
bi na tion events en com pass mostly non-coding 
se quences or genes that are dis pens able. This
al lows the in te gra tion of nu mer ous genes
with out loss of the es sen tial ones (Moxon et
al., 1994). An other mech a nism of ten re ported 
in the re gions which bear genes re lated to
patho ge nic ity, ex ploits tRNA genes as tar get
se quences for in te gra tion through ho mol o -
gous re com bi na tion. Such dis crete re gions
usu ally flanked by two di rect tRNA gene re -
peats are termed patho ge nic ity is lands. Their
dis tinct G+C con tent, as well as the pres ence
of integrase (and other mo bil ity loci), and ge -
netic in sta bil ity ar gue for the gen er a tion of
patho ge nic ity is lands by lat eral gene trans fer, 
a pro cess that is well known to con trib ute to
mi cro bial evo lu tion (Hacker & Kaper, 2000).
High level of con ser va tion of tRNA gene se -
quences makes them ideal tar gets for re com -
bi na tion of DNA frag ments, even when a se -
quence orig i nates from a phylo gen eti cally dis -
tant spe cies. Al though most newly ac quired
se quences are neu tral or del e te ri ous, and
there fore are lost (or the bac te ria har bor ing
them be come outcompeted), some may ul ti -
mately de velop into a func tion that al lows oc -
cu pa tion of a novel niche. Thus, the mo saic
struc ture of chro mo somes and plasmids, as
well as a dis tinct se lec tive sta tus of par tic u lar
re gions fa cil i tate ge nome plas tic ity nec es sary
for ad ap ta tion to chang ing en vi ron ment and
re duce the costs re lated to this pro cess.
Finally, this is one of the mech a nisms re spon -
si ble for the in crease of ge nome size.

SYM BI O SIS PLASMIDS, IS LANDS AND 
RE GIONS

Sym bi otic ni tro gen fix a tion is a “com pos ite”
func tion. Con ven tionally, sym bi otic genes are 
di vided into two groups: genes in volved in
nodulation (nod, nol and noe), and those re -
lated to ni tro gen fix a tion (nif and fix). All
these genes be long to “adap tive” loci, i.e., they 
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seem to be dis pens able for cell func tion ing (at
least in lab o ra tory con di tions) but en able oc -
cu pa tion of a dis crete eco log i cal niche (Perret
et al., 2000; Pres ton et al., 1998). In some
rhizobia, the ma jor ity of sym bi otic loci are lo -
cated on an in dig e nous plasmid, the so-called
sym bi o sis, or Sym plasmid. It seems that such 
lo ca tion of sym bi otic func tions oc curs in all
spe cies be long ing to the gen era Rhizobium
and Sinorhizobium, as well as in many
Mesorhizobium spp., while in Azorhizobium,
Bradyrhizobium and Meso rhizobium loti sym bi -
otic genes are lo cated on the chro mo some
(Schlaman et al., 1998).
Al though more than 60 genes di rectly in -

volved in nodulation have been iden ti fied to
date, a given strain car ries only 15–20 nod
genes (Schlaman et al., 1998). There is no sin -
gle gene ar range ment of nodulation loci. The
most fre quently found is com posed of three
com mon nodA, nodB and nodC genes (oc cur
in all rhizobia) which are fol lowed by nodI and
nodJ, both in volved in Nod fac tor trans port,
as well as by a few hsn (host spec i fic ity
nodulation) genes re spon si ble for chem i cal
mod i fi ca tions of the Nod fac tor (Mergaert et
al., 1997). Such nod gene operon is un der con -
trol of nodD gene of the LysR fam ily of
prokaryotic transcriptional reg u la tors (Dow -
nie, 1998). In ter est ingly, the nodulation clus -
ters have not been re ported in or gan isms
other than the rhizobia, al beit some what
lower G+C con tent of nodulation genes in
com par i son to G+C con tent of non-symbiotic
loci could sug gest the op po site. While the or i -
gin of nodulation func tions re mains un -
known, some Nod pro teins show a dis tant sim -
i lar ity to pro teins found in un re lated or gan -
isms.
The pres ence of non-symbiotic rhizobia

clones in nat u ral pop u la tions has sug gested
that the loss of sym bi otic loci has rather a
mod er ate ef fect on strain sur vival. Al though
this is sue de serves ad di tional stud ies, those
car ried out so far in di cate that non-symbiotic
rhizobia may con sti tute the ma jor ity of clones
in soil pop u la tions (Segovia et al., 1991). The

re cur rent loss and ac qui si tion (via lat eral
trans fer) of sym bi otic loci could have some
evo lu tion ary sig nif i cance pro vided that such
func tions are or ga nized as dis crete gene clus -
ters. Actually, lat eral gene trans fer seems to
be a ma jor fac tor re spon si ble for clus ter ing
genes into func tional operons (Pres ton et al.,
1998). While cur ing of sym bi o sis plasmid is
gen er ally easy, a de riv a tive of S. meliloti miss -
ing pSym megaplasmid has been re ported
very re cently, sug gest ing the pres ence of
genes which in flu ence the growth rate even in
a rich me dium (Oresnik et al., 2000). Sym bi -
otic genes can be har bored by a 1200 kb (or
larger) replicon, i.e., some of them are larger
than the whole prokaryotic chro mo somes.
The sym bi o sis plasmids dif fer sig nif i cantly
even among closely re lated strains, how ever it 
seems rather un likely 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, ear lier stud ies have sug -
gested that a small num ber of genes is nec es -
sary for de vel op ment of ef fec tive sym bi o sis.
For in stance, the nod-nif-fix re gion on 180 kb
pSym (plasmid a) of R. leguminosarum bv.
trifolii ANU843 is con fined to a 32 kb DNA
frag ment (Innes et al., 1988). How ever, pSym
of ANU843 lacks some es sen tial genes, e.g., it
misses the fixNOQP operon, there fore such a
con clu sion on the lim ited num ber of sym bi -
otic genes may not be jus ti fied. Actually, tak -
ing into ac count only re cent se quenc ing data,
there could be as many as sev eral hun dred
genes. For such con clu sion seems to in di cate
the stud ies con cern ing the sym bi o sis re gions
(both plasmids and is lands) in Sinorhizobium
sp. NGR234, M. loti strains and in B.
japonicum USDA110, all of which com prise
DNA frag ments of >400 kb (Freiberg et al.,
1997; Göttfert et al., 2001).
In M. loti the chro mo somal sym bi otic genes

form the so-called sym bi o sis is land. Un like
other sym bi otic re gions, a sym bi o sis is land
car ries genes re spon si ble for ex ci sion and in -
te gra tion within the tar get phenylalanine
tRNA gene se quence (Sullivan & Ronson,
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1998). Both ex ci sion and in te gra tion are car -
ried out by an integrase of the phage P4 fam -
ily. Im por tantly, nei ther of these two pro -
cesses dis rupts the con ti nu ity of tRNA gene.
Actually, the is land in te grates into phe-tRNA
gene, re con struct ing 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 is land.
Ad di tionally, the is land har bors genes in -
volved in biosynthesis of bi o tin, thi a mine and
nicotinate for which non-symbiotic clones are
auxotrophic. This gives a se lec tive ad van tage
over non-symbiotic clones even prior to the
on set of sym bi o sis, ex plain ing the dis sem i na -
tion of the sym bi otic genes among cog nate
Mesorhizobium strains. This >500 kb DNA
frag ment car ries all genes which are known to 
be as so ci ated with sym bi o sis in clud ing
fixNOQP, fixGHIS, exsBCD and dctABD
operons, which usu ally are not car ried by sym -
bi o sis plasmids, as well as many other genes
of largely un clear func tion. It is note wor thy
that, the ge nome of M. loti MAFF303099 car -
ries a cer tain num ber of genes, the find ing of
which was rather un ex pected. To such genes
be long nodE, and nodF as well as nodG, nodP
and nodQ genes. The pres ence of well con -
served nodE, nodF to gether with nodZ, nolL
genes is sur pris ing as the α−β unsaturation
of Nod fac tor fatty acid chain (for which nodE
and nodF are re spon si ble) has not been so far
re ported in rhizobia whose Nod fac tor re duc -
ing end is glycosylated (in this case it car ries
acetylfucose) (Downie, 1998; Kaneko et al.,
2000). The pres ence of acetylfucose moi ety,
which is con ferred by nodZ and nolL genes,
ap pears to be a cru cial mod i fi ca tion re spon si -
ble for rec og ni tion of Lo tus (or lu pine) plants
by M. loti (Lopez-Lara et al., 1995; Stacey et
al., 1994). Al though, in this strain, the genes
re lated to spe cific mod i fi ca tions of Nod fac tor
fatty acyl chains pre sum ably are in ac tive (or
si lenced), their pres ence po ten tially gives to
the strain a pos si bil ity to in fect (or adapt to)
those le gumes spe cies which rec og nize dis -
tinct unsaturation lev els. This may hap pen
pro vided that gene(s) for in stance nodZ, is in -

ac ti vated. That this could be the case, is
shown by rather re cent in ac ti va tion of noeE
gene, whose still well-preserved se quence re -
mains in the 410 kb-long sym bi otic re gion of
B. japonicum USDA110. The noeE gene en -
codes a sulfotransferase spe cific for fuco -
sylated Nod fac tors. In ter est ingly, sul fa tion of 
fucose mol e cule which is pres ent at Nod fac tor 
re duc ing 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 re garded as a
spe cific ad ap ta tion to wards the soy beans.
This sym bi otic re gion car ries some other
genes whose in ac ti va tion took place rather re -
cently. They in clude for in stance, a few genes
in volved in hy dro gen up take (hupD, hupH,
hupK, hypA and hypB), sev eral genes en cod -
ing type III pro tein se cre tion sys tem, and a
gene in volved in trans port of branched amino
ac ids (braC). It is not clear whether the loss of
these genes had any im pact on sym bi o sis, or if 
genes of sim i lar func tion com pen sate for their 
loss. Nev er the less, this also sug gests that cer -
tain genes may be linked to sym bi o sis loci
rather ac ci den tally, prob a bly the link age re -
sult ing from co-transfer with the sym bi otic
genes.
It seems that sym bi o sis re gions can sig nif i -

cantly dif fer even among closely re lated
rhizobia. In lu pine-nodulating Bradyrhizobium
sp. WM9, a DNA frag ment car ry ing most
nodulation and a few ni tro gen fix a tion genes
has the same gene con tent and gene ar range -
ment as that of B. japonicum USDA110. How -
ever, apart from the genes pres ent in both
strains, the sym bi o sis clus ters of Brady -
rhizobium sp. WM9 carry genes which are not
pres ent on the 400 kb sym bi o sis re gion of B.
japonicum USDA110. More over, nu cle o tide
se quences of nodulation genes of Brady rhizo -
bium sp. WM9 are much less sim i lar with re -
spect to nod genes of B. japonicum USDA110
than the lat ter are to B. elkanii, and nod gene
phy log eny con tra dicts the phy log eny de duced
upon anal y sis of nonsymbiotic genes. In this
case, Brady rhizobium sp. WM9 and B. japo -
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nicum USDA110 are in the same branch on
16S rRNA and dnaK phylo gen etic trees
(Legocki et al., 1997; Sikorski et al., 1999;
Stêpkowski et al., 2001).
To some de gree, var i ous pro por tions of

non-coding se quences, in ser tion and other ac -
ces sory el e ments may be re spon si ble for dif -
fer ences in size among sym bi o sis plasmids.
This seems to be the case, since (as it has been
dis cussed above) sym bi o sis clus ters, like
other adap tive loci carry more in ser tion and
mo saic el e ments than those mainly com posed
of the house keep ing genes. The se quenc ing of
sym bi o sis re gions in Sinorhizobium sp.
NGR234, M. loti and B. japonicum fully con -
firms this as ser tion. In all these spe cies, in ser -
tion and mo saic el e ments make up ap prox i -
mately one-fifth of the to tal sym bi otic se -
quence. Most in ser tion se quences or mo saic
el e ments are clus tered, and some flank the
func tion ally im por tant genes, im ply ing that
these genes have been ac quired by re cent lat -
eral gene trans fer. In ter est ingly, some re -
peated se quences are suf fi ciently pre served to 
be po ten tial tar gets for ho mol o gous re com bi -
na tion; more over, some of them have coun ter -
parts in the genomes of other rhizobium spe -
cies (Göttfert et al., 2001). In the sym bi otic re -
gion of USDA110, sev eral cop ies of well-pre -
served in ser tion el e ment (all in the same ori -
en ta tion), re ferred to as RSα flank the genes
re lated to hy dro gen up take, nif-fix clus ter,
type III pro tein ex cre tion gene clus ter, as well
as nod-nol-noe nodulation clus ter, re spec -
tively, im ply ing that these dis tinct cat e go ries
of sym bi otic genes may have been ac quired in -
de pend ently. Such “mod u lar” ar range ment
fa cil i tates ac cu mu la tion of var i ous genes, fur -
ther em pha siz ing the “com pos ite” char ac ter
of sym bi o sis loci.

SYM BI O SIS 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 stud ies on sym bi otic ni tro gen fix a tion
(Freiberg et al., 1997). This strain char ac ter -
izes the broad est host range among known
rhizobium spp., com pris ing more than 300
spe cies of 112 gen era (Pueppke & Broughton,
1999). The mo lec u lar ba sis for such ex tremely 
broad nodulation po ten tial is still an un re -
solved is sue. At least in part, it re sults from
NGR234 unique abil ity to pro duce a much
higher num ber of var i ous Nod fac tors (mostly
dif fer ing at their re duc ing end) than any other 
rhizobium sp. (Berck et al., 1999; Jabbouri et
al., 1998; Perret et al., 2000; Price et al., 1992;
Quesada-Vincens et al., 1998). Nev er the less,
this broad host range must be de ter mined by
some un rec og nized fac tors as well, since the
closely re lated S. fredii (shares > 95% se -
quence iden tity with nodulation genes of
NGR234) nodulates many spe cies of Legu -
minosae, even though it pro duces only one or
two types of Nod fac tors. How ever, all le -
gumes in fected by S. fredii are nodulated by
NGR234 (Pueppke & Brough ton, 1999). Prob -
a bly, most le gumes nodulated by these two
rhizobium spe cies are pro mis cu ous plants
that tol er ate var i ous NFs. Nev er the less,
nodulation of cer tain le gumes re quires the
pres ence of in trin sic mod i fi ca tions con ferred
by host spec i fic ity genes, which are pres ent
ex clu sively 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 small est-
known ge nome of Mycoplasma genitalium
(Fra ser et al., 1995). Out of its 416 open read -
ing frames, 136 lack sim i lar ity to any known
pro tein in the da ta base. For the ma jor ity of
the re main ing 280, the role is still rather the o -
ret i cal, based upon pre dic tions of bio chem i cal
func tions of their most sim i lar coun ter parts
in the da ta base. How ever, what seems to be
im por tant, nei ther of the genes found in this
sym bi o sis plasmid is re lated to tran scrip tion,
trans la tion or pri mary met a bolic func tions.
This fact ex plains why sym bi o sis plasmid can
be elim i nated from the cell. The nodulation
genes are uniquely ar ranged into three dis -
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tinct clus ters (hsnI, hsnII and hsnIII), all dis -
persed around the whole plasmid (Freiberg et
al., 1997). This plasmid car ries all genes that
are im pli cated in mod i fi ca tions of the Nod fac -
tor, in clud ing those that en code fucose
transferase (nodZ), and fucose-specific; acetyl
(nolL), methyl (noeI), and sul fate (noeE) trans -
fer as es. How ever, the plasmid misses some
sym bi otic genes, e.g., nodEG, and nodPQ
nodulation genes, as well as fixNOQP and
fixGHIS operons. The lat ter two are nec es sary 
for res pi ra tion un der microaerobic con di tions 
that oc cur in nod ule dur ing ni tro gen fix a tion
(Preisig et al., 1993).
Per haps, the most es sen tial find ing was the

iden ti fi ca tion of many genes never be fore im -
pli cated in sym bi o sis. Transcriptional anal y -
sis has re vealed ex pres sion of 247 ORFs,
while the re main ing 169 ORFs, i.e., nearly
40% were ei ther in ac tive genes, or their ex -
pres sion was un de tect able or uninduced un -
der con di tions tested. Out of the ex pressed
ones, only 22 (mostly in ser tion-related genes)
were con sti tu tive. In trigu ingly, daidzein (a
flavonoid) in duced ex pres sion of as many as
147 ORFs, among which nodulation genes
con sti tuted only 20. While nodulation genes
were ex pressed dur ing the first hours of in -
duc tion, the ma jor ity of the re main ing
daidzein-induced ORFs were max i mally ex -
pressed af ter 24 h. Al most all daidzein-in duc -
ible genes were un der con trol of nod box el e -
ments. How ever, only 5 nod boxes pre cede
nodulation genes, two are not func tional,
while the re main ing 12 reg u late the ex pres -
sion of genes whose roles have yet not been
elu ci dated. Among genes whose ex pres sion
was not un der con trol of nod box el e ments
were ORFs in volved in rhamnose syn the sis
(Hurst et al., 1996).
The study of Perret et al. (1999), has re -

vealed a num ber of genes ex pressed in the
nod ule un der con trol of NifA-σ54 pro mot ers,
as well as those reg u lated in a NifA-σ54 in de -
pend ent man ner. In ad di tion, cer tain dif fer -

ences were found in gene ex pres sion pat terns
in de ter mi nate and in de ter mi nate nod ules.
For in stance, 20 ORFs in clud ing nodD1 and
genes cod ing for com po nents of ABC trans -
port ers and trehalose syn the sis, re spec tively,
were in duced only in de ter mi nate nod ules. In
con trast, much fewer genes were found ex clu -
sively in in de ter mi nate nod ules. Most nod -
ule-expressed genes com prise a 55 kb clus ter
that har bors 10 NifA-σ54-de pend ent pro mot -
ers. Among the re main ing six NifA-σ54 pro -
mot ers, one reg u lates the ex pres sion of a clus -
ter car ry ing cytochrome P450 operon, while
two oth ers con trol two op pos ing operons
(y4nGHIJ and y4nMN), both in volved in
sugar me tab o lism. Subtractive DNA hy brid -
iza tion has shown which genes are miss ing in
S. fredii. Among them are not only nolL or
noeE (both linked to spe cific fucose mod i fi ca -
tions), but also genes in volved in sugar trans -
port, as well as sugar epimerase (y4nG) and
aminotransferase (y4uB) genes.
More de tailed stud ies con ducted for a few

genes have con firmed their sym bi otic sig nif i -
cance. Among them, the genes in volved in
type III pro tein ex cre tion sys tem (TTSS) at -
tracted the great est at ten tion. The TTSS
genes were pre vi ously de scribed in var i ous
(un re lated) patho genic bac te ria, im ply ing lat -
eral trans fer as a way of their dis sem i na tion
among dis tant spe cies. In NGR234, type III
ex cre tion may be one of the key de ter mi -
nants re spon si ble for the broad host range
(Viprey et al., 1998). Mu ta tions in TTSS
genes abol ish se cre tion of at least two pro -
teins (y4xL and NolX) and strongly af fect
nodulation of a va ri ety of trop i cal le gumes in -
clud ing Pachyrhizus tuberosus and Tephrosia
vogelii. The pres ence of these genes on sym bi -
o sis plasmid sug gests that sim i lar mech a -
nisms func tion in both sym bi otic and patho -
genic as so ci a tions. It can be as sumed that
also some other genes har bored by sym bi otic
plasmid may have pri mar ily evolved in a
patho genic as so ci a tion.
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