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The es tab lish ment of the ni tro gen-fixing sym bi o sis be tween rhizobia and le gumes
re quires an ex change of sig nals be tween the two part ners. In re sponse to flavonoids
ex creted by the host plant, rhizobia syn the size Nod fac tors (NFs) which elicit, at very
low con cen tra tions and in a spe cific man ner, var i ous sym bi otic re sponses on the roots 
of the le gume hosts. NFs from sev eral rhizobial spe cies have been char ac ter ized. They 
all are lipo-chitooligosaccharides, con sist ing of a back bone of gen er ally four or five
glucosamine res i dues N-acylated at the non-reducing end, and car ry ing var i ous
O-substituents. The N-acyl chain and the other sub stitu ents are im por tant de ter mi -
nants of the rhizobial host spec i fic ity. A num ber of nodulation genes which spec ify the
syn the sis of NFs have been iden ti fied. All rhizobia, in spite of their di ver sity, pos sess
con served nodABC genes re spon si ble for the syn the sis of the N-acylated oligo -
saccharide core of NFs, which sug gests that these genes are of a monophyletic or i gin.
Other genes, the host spe cific nod genes, spec ify the sub sti tu tions of NFs. The cen tral
role of NFs and nod genes in the Rhizo bium-legume sym bi o sis sug gests that these fac -
tors could be used as mo lec u lar mark ers to study the evo lu tion of this sym bi o sis.

We have stud ied a num ber of NFs which are N-acylated by α,β-un sat u rated fatty ac -
ids. We found that the abil ity to syn the size such NFs does not cor re late with tax o -
nomic po si tion of the rhizobia. How ever, all rhizobia that pro duce NFs such nodulate
plants be long ing to re lated tribes of le gumes, the Trifolieae, Vicieae, and Galegeae, all 
of them be ing mem bers of the so-called galegoid group. This sug gests that the abil ity
to rec og nize the NFs with α,β-un sat u rated fatty ac ids is lim ited to this group of le -
gumes, and thus might have ap peared only once in the course of le gume evo lu tion, in
the galegoid phy lum.
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Nod fac tors (NFs) are dif fi cult to char ac ter -
ize bio chem i cally, their struc ture can be de ter -
mined only for a lim ited num ber of rhizobial
strains. We there fore wanted to as sess
whether nod gene se quence, which is eas ier to
ob tain, could give clues on the NF struc ture.
We fo cused on the nodA gene, which is pres -
ent in a sin gle copy in all rhizobia, and whose
prod uct, an NF acyl transferase, in ter acts
with two sub strates, an acyl chain do nor and a 
sub sti tuted chito oligomeric ac cep tor. These
two sub strates vary in struc ture among
rhizobia, and might in flu ence the NodA struc -
ture and se quence. We se quenced there fore
the en tire nodA gene of 36 strains whose NF
struc ture have been char ac ter ized. Phylo gen -
etic anal y sis of the NodA se quences showed
that they form clus ters which do not cor re late
with rhizobial tax o nomic po si tion. In stead, a
cor re la tion could be found be tween NodA se -
quence and struc tural fea tures of the NF such
as O-fuco sylation, O-arabinosylation, or N-acy -
l a tion by α,β-un sat u rated fatty ac ids. Four
struc tural types of NF were dis tin guished,
based on the struc ture of the N-acyl chain and
the type of O-glycosylation. The cor re la tion
be tween NodA se quence and NF struc tural
type was con firmed by a sta tis ti cal anal y sis
which iden ti fied amino- acid res i dues in for ma -
tive on the NF type and pro vided a tool to pre -
dict the NF type on the ba sis of the nodA gene
se quence. This tool will be use ful to look for
novel NF struc tures and to study the evo lu -
tion of NF struc ture in the course of le gume
evo lu tion.
The sym bi otic re la tion ship be tween rhizo -

bium bac te ria and le gumes re sults in the for -
ma tion on the roots of the host plant of dif fer -
en ti ated or gans called nod ules in which the
bac te ria re duce at mo spheric ni tro gen into
am mo nia. Am mo nia is used by the host plant
which in ex change pro vides the rhizobia with
car bon sources.
The rhizobium-legume sym bi o ses are highly

spe cific, each rhizobium in fect ing and nodu -
lating de fined le gume plants. Nev er the less,

the de gree of spec i fic ity is vari able. Some
rhizobia such as Sinorhizobium meliloti or
Rhizobium legumino sarum bv trifolii are spe -
cific for a few le gume gen era, the for mer for
Medicago, Melilotus and Trigonella the lat ter
for Trifolium. Other bac te ria, like R. sp
NGR234 can in fect le gumes in more than 120
gen era and even a non-legume, Parasponia.
Al though both rhizobia and le gumes can sur -
vive in the ab sence of a sym bi otic part ner, the
tight as so ci a tion be tween plant and rhizo -
bium in the sym bi otic stage, and the spec i fic -
ity of the in ter ac tions, sug gest that the host
and symbiont could have evolved in par al lel.

POLYPHYLETIC ORIGIN OF
RHIZOBIA

Com par i son of host plant and rhizobial
phylogenies does not sup port their cospe -
ciation. Rhizobium phy log eny, based mainly
on the anal y sis of 16S rDNA se quences, in di -
cates that rhizobia be long to the four ma jor
lin eages of α-proteobacteria (Fig. 1), which
con tain also non sym bi otic bac te ria. Thus
some rhizobia can be more closely re lated to
non sym bi onts than to other rhizobia, sug -
gest ing a polyphyletic or i gin of these bac te ria. 
Rhizobia be long ing to dif fer ent phylo gen etic
branches are able to nodulate the same le -
gume spe cies. For ex am ple dis tantly re lated
Bradyrhizobium japonicum, B. elkanii and S.
fredii nodulate soy bean. Sim i larly, Azorhi -
zobium caulinodans, S. terangae and S. saheli
nodulate Sesbania. In ad di tion, strains of the
S. terangae or S. saheli spe cies nodulate the
very dis tant Aca cia (Mimosoideae subfamily)
and Sesbania (Papilio noideae subfamily) le -
gumes. This in di cates that there is lit tle cor re -
la tion be tween rhizobium and host plant
phylogenies (Doyle, 1998), and that analysis
of 16S rDNA or house keep ing gene se quences
(Turner & Young, 2000) are un likely to pro -
vide ev i dence of co evolu tion of the sym bi otic
part ners. We there fore in ves ti gated genes
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that are di rectly in volved in nodulation and
de ter mi na tion of host spec i fic ity.

THE NODULATION GENES HAVE A
MONOPHYLETIC ORIGIN AND
SPECIFY Nod FACTOR BIOSYNTHESIS

All rhizobia iden ti fied so far carry no du -
lation (nod, noe, nol) genes which are re quired 
for in fec tion and nod ule organogenesis
(Downie, 1998). Some of these genes, such as
nodABCD are found in all rhizobia while other 
are pres ent only in some spe cies. Se quence
anal y sis of the nod genes has shown that they
are highly con served even be tween dis tantly
re lated lin eages of rhizobia, sug gest ing that
they might have a monophyletic or i gin and
could have been trans mit ted to dif fer ent
groups of non-symbiotic bac te ria by hor i zon -
tal trans fer. For ex am ple, the nodD genes be -
long to the lysR fam ily of transcriptional ac ti -
va tors and the nodD genes from all rhizobia
are more closely re lated to each other than
they are to any other mem ber of the lysR fam -
ily. The nodulation genes are in volved in an
ex change of sig nals be tween le gume host
plants and rhizobia (Dénarié et al ., 1996;

Perret et al., 2000). Le gume plants se crete
into the rhizosphere sec ond ary me tab o lites,
mainly flavonoids, which are thought to in ter -
act with the rhizobial reg u la tory NodD pro -
tein to ac ti vate the ex pres sion of the rhizo -
bium nodulation genes. These genes spec ify
the biosynthesis and se cre tion of lipo-chito -
oligosaccharidic mol e cules, the Nod fac tors,
which at very low con cen tra tions can in duce
in host plants sym bi otic re sponses such as
root hair de for ma tion, cor ti cal cell di vi sion
and nod ule primordium for ma tion. Al though
all NFs are lipo-chitooligosaccharides, NFs
from dif fer ent rhizobia dif fer in the sub stitu -
ents of the chitooligosaccharide back bone,
which con fer to them spec i fic ity to wards a
sub set of le gume plants. The nodABCD genes
spec ify the syn the sis of the lipo oligo sac -
charide core of all NFs and are strictly re -
quired for nodulation. Host spec i fic ity genes,
such as nodL or nodH, spec ify the var i ous NF
substitutions. Mu ta tions in these genes can
re sult in changes in the rhizobial host range.
Therefore nod genes and NFs play a cen tral
role in nodulation and host range de ter mi na -
tion. Thus, we won dered whether they could
be used as mo lec u lar mark ers to fol low the
evo lu tion of the rhizobium-legume sym bi o -
ses. In par tic u lar, we wanted to as sess
whether NF struc tural fea tures could be as so -
ci ated with groups of phylo gen eti cally re -
lated rhizobia and/or le gume host plants.
This might give clues on how the mech a -
nisms of rec og ni tion be tween sym bi otic part -
ners evolved from an cient to mod ern le -
gumes. In ad di tion, this could shed light on
the mo lec u lar mech a nisms of co evolu tion of
the sym bi otic part ners.

LEGUMES NODULATED BY RHIZOBIA 
PRODUCING NFs WITH α,β-UNSA TU-
RATED FATTY ACIDS ARE PHYLO-
GENETICALLY RELATED

Most rhizobia pro duce NFs acylated by fatty
ac ids from the gen eral lipid me tab o lism,
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Fig ure 1. 16S rDNA phylo gen etic tree of rhizobia
(bold let ters) and re lated bac te ria.



which are sat u rated fatty ac ids (C18:0: stearic
acid, C16:0: palmitic acid) or fatty ac ids car ry -
ing one cis dou ble bond (C18:1: vaccenic acid). 
How ever, some rhizobia se crete NFs that con -
tain α,β-un sat u rated fatty ac ids i.e. fatty ac ids 
car ry ing trans dou ble bonds con ju gated to the
car bonyl group. When pres ent, such fatty ac -
ids are im por tant de ter mi nants of the host
range. Their biosynthesis re quires the host
spe cific nodFE genes and their trans fer to the
NF chitooligosaccharide back bone de pends
on par tic u lar nodA genes (Debellé et al., 1996;
Ritsema et al., 1996). Such α,β-un sat u rated
fatty ac ids were pre vi ously known to sub sti -
tute the NF of S. meliloti, R. leguminosarum bv 
viciae  and R. l. bv trifolii. More re cently we
have iden ti fied them on the NF of R. galegae,
Mesorhizobium huakuii (Yang et al., 1999) and
M. sp N33 (Oxytropis arctobia) (Poinsot et al.,
un pub lished). The α,β-un sat u rated fatty ac ids
pro duced by these var i ous strains dif fer in
their chain length, num ber of con ju gated dou -
ble bonds and sub sti tu tions (Fig. 2). Bio -
synthesis of these fatty ac ids is achieved by
rhizobia be long ing to var i ous tax o nomic
groups: Sinorhizobium, Rhizobium, Meso rhizo -
bium which in clude also strains syn the siz ing
NF with gen eral me tab o lism fatty ac ids.
There fore the abil ity to syn the size α,β-un sat u -
rated fatty ac ids is not char ac ter is tic of a par -
tic u lar tax o nomic group of rhizobia. On the
con trary, the le gume hosts of the rhizobia pro -
duc ing α,β-un sat u rated fatty ac ids all be long
to a group of phylo gen eti cally re lated tribes,
the so-called galegoid group, which in cludes
the Trifolieae, Vicieae, and Galegeae tribes
(Fig. 3). Our in ter pre ta tion of these re sults is
that most ex tant le gumes, like ar chaic le -
gumes, do not rec og nize NFs with α,β-un sat u -
rated fatty ac ids but in ter act with NFs sub sti -
tuted by gen eral me tab o lism fatty ac ids. The
abil ity to rec og nize α,β-un sat u rated fatty ac -
ids ap peared once in le gume evo lu tion, in an
an ces tor of the galegoid plants. In par al lel,
rhizobia of sev eral tax o nomic groups (ex clud -
ing Azorhizobium and Bradyrhizo bium) ac -
quired by hor i zon tal trans fer nodFE and nodA

genes al low ing the syn the sis of NFs with
α,β-un sat u rated fatty ac ids. Then there oc -
curred a di ver si fi ca tion of the NF rec og ni tion
mech a nism al low ing the plants to dis tin guish
α,β-un sat u rated fatty ac ids dif fer ing in chain
length, num ber of unsaturations or sub sti tu -
tions. Si mul ta neously, allelic di ver si fi ca tion
of nodFE and nodA in rhizobia al lowed the
syn the sis of the var i ous α,β-un sat u rated fatty
ac ids.

OTHER CORRELATIONS BETWEEN
LEGUME PHYLOGENY AND TYPE OF 
NF PRODUCED BY SYMBIOTIC
BACTERIA

There are other ex am ples of an orig i nal Nod
fac tor sub sti tu tion as so ci ated with a spe cific
phylo gen etic group of host le gumes. One is
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Fig ure 2. nodAFE-de pend ent α,β-un sat u rated acyl
sub stitu ents of Nod fac tors pro duced by var i ous
rhizobia.



that of the arabinose found on NFs of Ses -
bania nodulating rhizobia. While many le -
gumes are nodulated by rhizobia pro duc ing
NFs 6-O sub sti tuted by a fucosyl group at the
re duc ing end, only rhizobia nodulating
Sesbania sp. in the Robinieae tribe pro duce
NFs with a 3-O arabinosyl group at the re duc -
ing end, in ad di tion to the fucosyl group
(Lorquin et al., 1997). These rhizobia — Azo -
rhizo bium caulinodans, S. saheli bv sesbaniae
and S. terangae bv sesbaniae strains — be long
to tax o nom i cally dif fer ent groups but all of
them pro duce the same NFs which so far have
not been iso lated from rhizobia nodulating
other le gumes. It is there fore tempt ing to hy -
poth e size that, in the course of evo lu tion,
Sesbania plants have ac quired the unique abil -
ity to rec og nize the arabinose sub stitu ents on
NFs and se lect rhizobia on this ba sis. The var i -
ous Sesbania-nodulating rhizobia are likely to
have ac quired the genes re quired for the NF
arabinosyl sub sti tu tion by hor i zon tal trans -
fer.

Some sub sti tu tions are found on NFs of
rhizobia which nodulate plants be long ing to
dis tinct phyla of le gumes. One ex am ple is that
of 6-O sul fa tion of the re duc ing end in S.
meliloti, M. huakuii, M. sp N33, and R. tropici
NFs. This sub sti tu tion is an im por tant de ter -
mi nant of the host range (Roche et al., 1991).
Rhizobia pro duc ing 6-O sul fated NFs nodulate 
plants of dif fer ent tribes (Trifolieae, Gale -
geae, Phaseoleae, Acacieae) which also com -
prise le gumes nodulated by rhizobia pro duc -
ing non-sulfated NFs. Thus it is likely that the
abil ity to rec og nize the O-sul fate substituent
was ac quired (or lost) sev eral times in the
course of le gume evo lu tion.
Find ing of a cor re la tion be tween le gume

phy log eny and type of the NFs pro duced by
sym bi otic bac te ria is more dif fi cult in the case 
when the sym bi otic as so ci a tions are less spe -
cific. For ex am ple, Phaseolus spe cies can be
nodulated by a va ri ety of rhizobial strains
which pro duce at least two types of struc tur -
ally dif fer ent NFs: R. etli pro duces NFs car ry -
ing a fucosyl group at the re duc ing end
whereas R. tropici syn the sizes NFs 6-O sul -
fated at the re duc ing end. One ex pla na tion for 
these ob ser va tions is that Phaseolus car ries
non strin gent re cep tors able to rec og nize both 
types of NFs. Al ter na tively, these le gumes
could carry two types of re cep tors.
Some rhizobia be long ing to dif fer ent cross

in oc u la tion groups have been shown to pro -
duce sim i lar Nod fac tors. Thus, the de ter mi -
nants of the host range other than NF/re cep -
tor in ter ac tion have to be taken into ac count.
For ex am ple, spe cific in ter ac tions be tween
NodD and flavonoids, and type III se cre tion
sys tems have been shown to play a role in the
host range de ter mi na tion (Perret et al., 2000).
A ma jor prob lem in try ing to fol low the evo -

lu tion of the mech a nisms of rec og ni tion be -
tween sym bi otic part ners is the lack of NF
struc tural data for many sym bi otic re la tion -
ships. NF struc ture de ter mi na tion requires
heavy work, and so far NF struc tures are
known for sym bi onts of only about a hun dred
among the 16000 spe cies of le gumes. Since
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Fig ure 3. Phylo gen etic tree of le gume based on
the anal y sis of rbcL se quence (af ter Doyle, 1998). 

A clus ter of phylo gen eti cally re lated le gumes (un der -
lined) is nodulated by rhizobia pro duc ing Nod fac tors
sub sti tuted by α,β-un sat u rated fatty ac ids.



mo lec u lar anal y sis of DNA is much eas ier to
carry out on a large scale, we at tempted to use
nod gene se quence anal y sis to gain in sight
into NF struc tures.

nod GENE SEQUENCE ANALYSIS AS
A TOOL TO PREDICT NF
STRUCTURE

The genes in volved in NF biosynthesis can
be clas si fied in two groups: the nodABC genes
are pres ent in all rhizobia and are re spon si ble
for the syn the sis of the lipooligosaccharide
core com mon to all Nod fac tors; the host spec i -
fic ity genes are re spon si ble for the bio -
synthesis of the var i ous sub stitu ents and their 
trans fer to the oligo saccharide back bone of
NFs. Thus char ac ter iza tion of the host spec i -
fic ity genes seems to be the most di rect way to 
have ac cess to NF struc ture. How ever not all
of the genes re spon si ble for the var i ous sub sti -
tu tions are known. In ad di tion, due to fre -
quent re ar range ments in rhizobial geno mes,
trun cated nod genes and nod pro mot ers have
been ob served (Krishnan et al., 1992). In ac -
tive nod genes would make pre dic tion of NF
struc ture based on the pres ence of spe cific
nod genes un re li able. We thus fo cused on the
nodABC genes which are found in a sin gle
copy in all rhizobial strains. Among them,
nodA which spec i fies the trans fer of an acyl
chain to the oligosaccharide back bone of NFs,
ap peared the most likely to pro vide in for ma -
tion on the struc ture of NFs. The NodA pro -
tein in ter acts with two sub strates, an acyl
chain do nor and an acyl chain ac cep tor which
is a sub sti tuted chitin oligosaccharide. Pre vi -
ous work had shown that dif fer ent NodA pro -
teins ex hibit dif fer ent spec i fic ity for the acyl
chains (Debellé et al., 1996; Ritsema et al.,
1996). These dif fer ences in spec i fic ity might
be re flected in dif fer ences in NodA struc ture
and, thus, in the amino-acid se quence of
NodA. Sim i larly pu ta tive dif fer ences in spec i -
fic ity to ward var i ous acyl chain ac cep tors
might be re flected in NodA amino-acid se -

quences. Sub stitu ents of the NF oligo sac -
charide back bone  that are added be fore NF
acylation, such as fucose, are most likely to be
rec og nized by NodA.
We there fore de ter mined the nodA se quen -

ces, when they were not avail able in data
bases, of all rhizobia whose NF struc ture is
known, and which be long to all known tax o -
nomic branches of rhizobia. Sim i lar ities be -
tween the NodA pro teins were in ves ti gated by 
a phylo gen etic anal y sis and we at tempted to
cor re late NodA phylo gen etic clus ters with
struc tural fea tures of NFs. These cor re la tions
were fur ther val i dated by a sta tis ti cal method.

NodA SEQUENCE AS A TOOL TO
PREDICT NF TYPE AND TO STUDY
RHIZOBIUM-LEGUME COEVOLUTION

Phylo gen etic anal y sis grouped NodA se -
quences in eight clus ters. One clus ter in -
cluded all Bradyrhizobium and a sec ond all
Azorhizobium strains, sug gest ing that this
clus ter ing re flects taxonomic dis tance be -
tween strains. The NodA of other rhizobia
spread into six clus ters, half of them group ing
dif fer ent gen era. We were able to as so ci ate
each clus ter with NF sub sti tu tions shared by
all mem bers of the group. This al lowed us to
de fine four ma jor NF struc tural types: the F
type cor re spond ing to NFs sub sti tuted by a
fucose de riv a tive at the re duc ing end, the A
type cor re spond ing to NFs arabinosylated
and fucosylated at the re duc ing end, the U
type cor re spond ing to NFs sub sti tuted by α,β
un sat u rated fatty ac ids at the non-reducing
end, the S type with none of the three above
men tioned sub sti tu tions.
We at tempted to val i date the group ing of the 

NodA se quences in four groups cor re spond -
ing to the four NF types by us ing a sta tis ti cal
method. For this pur pose we first iden ti fied
in for ma tive po si tions in the NodA se quence,
i.e. po si tions for which a good cor re la tion be -
tween the na ture of the amino-acid res i due
and the NF type was ob tained (Mou lin et al.,
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un pub lished). Using amino-acid counts at
these po si tions the prob a bil ity of the four NF
types could then be com puted, al low ing the
pre dic tion of the NF type for a given NodA se -
quence (Mou lin et al., un pub lished). The
method was val i dated by cross val i da tion: in
most cases, the pre dicted NF type cor re -
sponded to what was known from bio chem i cal 
anal y sis.
We used the above de scribed method to -

gether with phylo gen etic anal y sis to pre dict
the NF type for rhizobial strains re cently de -
scribed for which no bio chem i cal anal y sis of
NFs had been per formed. In most cases the
pre dic tion was in good agree ment with what
we ex pected know ing the host range of the
strain. NodA se quence anal y sis could thus be
used, in stead of 16S rDNA anal y sis, to char ac -
ter ize the sym bi otic phe no type of newly de -
scribed rhizobium strains iso lated from var i -
ous eco sys tems. 
Anal y sis of NodA se quence to gether with

additional NF struc ture de ter mi na tion should 
also al low us to fol low the evo lu tion of NF
struc tures in the course of the le -
gume-rhizobium co evolu tion, from prim i tive
to more mod ern sym bi otic as so ci a tions.
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