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The estab lish ment of the ni tro gen-fixing sym bi o sis be tween rhizobiaand 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
lowconcentrationsandinaspecificmanner,varioussymbioticresponsesonthe roots
of the le gume hosts. NFs from sev eral rhizobial spe cies have been char acterized. They
all are lipo-chitooligosaccharides, con sist ing of a back bone of gen er ally four or five
glucosamine residues N-acylated at the non-reducing end, and carrying various
O-substituents. The N-acyl chain and the other substituents are important determi
nants of the rhizobial host speci ficity. Anum 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
conserved nodABC genes responsible for the synthesis 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 cificnod genes, spec ify the sub sti tu tions of NFs. The central
role of NFs andnod 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 ¢ 8-unsatu 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
plantsbelongingtorelatedtribes 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 recognize the NFs with «,8-unsaturated fatty acids is limited 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.

*Presentedatthe Inter national Con ference on“Molecu lar Ar chitecture of Evo lution, Pri mary and Sec
ondary De ter mi nants” Poznafi, Po land, Oc to ber 29—31, 2000.
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Abbreviation: NF, Nod fac tor.
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Nod factors (NFs) are difficult to character
izebiochemically, their struc ture canbe de ter
mined only for a limited number of rhizobial
strains. We therefore wanted to assess
whether nodgene se quence, which iseasier to
obtain, could give clues on the NF structure.
We focused on the nodA gene, which is pres-
ent in a sin gle copy in all rhizobia, and whose
product, an NF acyl transferase, interacts
with two sub strates, an acyl chain do norand a
substituted chito oligomeric acceptor. These
two substrates vary in structure among
rhizobia, and might in flu ence the NodA struc
ture and sequence. We sequenced therefore
the en tirenodA gene of 36 strains whose NF
structure have been characterized. Phylogen-
etic analysis of the NodA sequences showed
that they form clus ters which do not cor re late
with rhizobial taxonomic position. Instead, a
correlation could be found between NodA se-
quence and struc tural fea tures of the NF such
as O-fuco sylation, O-arabinosylation, or N-acy
lation by «,f-unsaturated fatty acids. Four
structural types of NF were distinguished,
based on the struc ture of theN-acyl chain and
the type of O-glycosylation. The correlation
between NodA sequence and NF structural
type was confirmed by a statistical analysis
whichidentifiedamino-acid residuesinforma
tive on the NF type and pro vided a tool to pre
dict the NF type on the ba sis of thenodA gene
sequence. This tool will be useful to look for
novel NF structures and to study the evolu
tion of NF structure in the course of legume
evolution,

The symbiotic relationship between rhizo-
bium bacteria and le gumes re sults in the for-
ma tion on the roots of the host plant of dif fer-
entiated organs called nodules in which the
bacteria reduce atmospheric nitrogen into
am mo nia. Am mo niais used by the host plant
which in ex change pro vides the rhizobia with
carbon sources.

The rhizobium-legume sym bi o ses are highly
specific, each rhizobium infecting and nodu-
lating defined legume plants. Nevertheless,

the degree of specificity is variable. Some
rhizobia such as Sinorhizobium meliloti or
Rhizobium leguminosarum bv trifolii are spe-
cific for a few legume genera, the former for
Medicago, Melilotus and Trigonella the latter
for Trifolium. Other bacteria, like R. sp
NGR234 can in fect le gumes in more than 120
genera and even a non-legume, Parasponia.
Although both rhizobia and legumes can sur-
vive inthe ab sence of asym bi otic partner, the
tight association between plant and rhizo-
bium in the sym bi otic stage, and the speci fic
ity of the interactions, suggest that the host
and symbiont could have evolved in parallel.

POLYPHYLETIC ORIGIN OF
RHIZOBIA

Comparison of host plant and rhizobial
phylogenies does not support their cospe-
ciation. Rhizobium phylogeny, based mainly
on the analysis of 16S rDNA se quences, indk
cates that rhizobia belong to the four major
lineages of a-proteobacteria (Fig. 1), which
contain also non symbiotic bacteria. Thus
some rhizobia can be more closely related to
non symbionts than to other rhizobia, sug-
gestingapolyphyleticorigin of these bac te ria.
Rhizobia belonging to different phylogenetic
branches are able to nodulate the same le-
gume species. For example distantly related
Bradyrhizobium japonicum, B. elkanii and S.
fredii nodulate soybean. Similarly, Azorhi-
zobium caulinodans, S. terangae and S. saheli
nodulate Seshania. In ad di tion, strains of the
S. terangae or S. saheli species nodulate the
very distant Acacia (Mimosoideae subfamily)
and Seshania (Papilionoideae subfamily) le-
gumes. Thisindi cates that thereiis lit tle cor re
lation between rhizobium and host plant
phylogenies (Doyle, 1998), and that analysis
of 16S rDNA or house keep ing gene se quences
(Turner & Young, 2000) are unlikely to pro-
vide evidence of coevolu tion of the sym bi otic
partners. We therefore investigated genes
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that are directly involved in nodulation and
determinationof host specificity.

Rhodospirillum rubrum
Brucella abortus
Rhizobium galegae (Galega)
Agrobacterium vitis
Rhizobium leguminosarum (Trifolium,
Rhizobium etli (Phaseolus) Vicia)
Agrobacterium rhizogenes
Rhizobium tropici (Phaseolus)
Phyllobacterium rubiacearum
Mesorhizobi mediterr (Medicago)
Mesorhizobium huakuii (Astragalus)
Mesorhizobium loti (Lotus)
Mesorhizobium ciceri (Cicer)
Sinorhizobium meliloti (Medicago, Melilotus)
Sinorhizobium fredii (Glycine etc)
Sinorhizobium teranga (Acacia, Sesbania)
Sinorhizobium saheli (Acacia, Sesbania)
Azorhizobi linodans (Sesbania)

— Xanthobacter autotrophicus

Bradyrhizobium elkanii (Glycine)
Afipia felis
Nitrobacter winogradskii
m Bradyrhizobium japonicum (Glycine)
Rhodopseudomonas palustris

Figure 1. 16S rDNA phylo gen etic tree of rhizobia
(bold letters) and re lated bac teria.

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

All rhizobia identified so far carry nodu-
lation (nod, noe, nol) genes which are re quired
for infection and nodule organogenesis
(Downie, 1998). Some of these genes, such as
nodABCD are found in all rhizobia while other
are present only in some species. Sequence
anal y sis of thenod genes has shown that they
are highly conserved even between distantly
related lineages of rhizobia, suggesting that
they might have a monophyletic origin and
could have been transmitted to different
groups of non-symbiotic bacteria by horizon-
tal trans fer. For ex am ple, the nodD genes be-
long to the lysR fam ily of transcriptional ac tt
vators and the nodD genes from all rhizobia
are more closely related to each other than
they are to any other mem ber of the lysR fam-
ily. The nodulation genes are involved in an
exchange of signals between legume host
plants and rhizobia (Dénarié et al., 1996;

Perret et al., 2000). Legume plants secrete
into the rhizosphere secondary metabolites,
mainly flavonoids, which are thought to in ter-
act with the rhizobial regulatory NodD pro-
tein to activate the expression of the rhizo-
bium nodulation genes. These genes specify
the biosynthesis and secretion of lipo-chito-
oligosaccharidic molecules, the Nod factors,
which at very low concentrations can induce
in host plants symbiotic responses such as
root hair deformation, cortical cell division
and nodule primordium formation. Although
all NFs are lipo-chitooligosaccharides, NFs
from dif fer ent rhizobia dif fer in the sub stitu
ents of the chitooligosaccharide backbone,
which confer to them specificity towards a
sub set of le gume plants. ThenodABCD genes
specify the synthesis of the lipooligosac-
charide core of all NFs and are strictly re-
quired for nodulation. Host specificity genes,
such as nodL or nodH, spec ify the var i ous NF
substitutions. Mutations in these genes can
re sult in changes in the rhizobial host range.
Therefore nod genes and NFs play a central
role in nodulation and host range de ter mi na
tion. Thus, we won dered whether they could
be used as molecular markers to follow the
evolution of the rhizobium-legume symbio-
ses. In particular, we wanted to assess
whether NF struc tural fea tures could be as so
ciated with groups of phylogenetically re-
lated rhizobia and/or legume host plants.
This might give clues on how the mecha-
nismsofrecognitionbe tweensymbioticpart-
ners evolved from ancient to modern le-
gumes. In addition, this could shed light on
the molecular mechanisms of coevolution of
the symbioticpartners.

LEGUMES NODULATED BY RHIZOBIA
PRODUCING NFs WITH «,3-UNSATU-
RATED FATTY ACIDS ARE PHYLO-
GENETICALLY RELATED

Most rhizobia pro duce NFs acylated by fatty
acids from the general lipid metabolism,
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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 o, B-unsaturated fatty acidsi.e. fatty acids
carryingtransdou ble bonds con ju gated to the
car bonyl group. When pres ent, such fatty ac
ids are important determinants of the host
range. Their biosynthesis requires the host
specific nodFE genes and their trans fer to the
NF chitooligosaccharide backbone depends
onparticularnodA genes (Debelléet al., 1996;
Ritsema et al., 1996). Such «,f-unsaturated
fatty acids were previously known to substi
tute the NF of S. meliloti, R. leguminosarum bv
viciae and R. I. bv trifolii. More recently 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). Thee f-unsaturatedfattyacids
produced by these various strains differ in
their chain length, num ber of con ju gated dou
ble bonds and substitutions (Fig. 2). Bio-
synthesis of these fatty acids is achieved by
rhizobia belonging to various taxonomic
groups: Sinorhizobium, Rhizobium, Meso rhizo
bium which include also strains synthesizing
NF with general metabolism fatty acids.
Therefore the abil ity to synthe sizea,f-unsatu
rated fatty ac ids is not char ac ter is tic of a par
ticular taxonomic group of rhizobia. On the
con trary, the le gume hosts of the rhizobia pro
ducing a,B-unsaturated fatty acids all belong
to a group of phylogenetically related tribes,
the so-called galegoid group, which includes
the Trifolieae, Vicieae, and Galegeae tribes
(Fig. 3). Our interpretationoftheseresultsis
that most extant legumes, like archaic le-
gumes, do not rec og nize NFs with ¢.,f-unsatu
rated fatty ac ids but in ter act with NFs sub sti
tuted by general metabolism fatty acids. The
ability to recognize a,f-unsaturated fatty ac-
ids appeared once in legume evolution, in an
ancestor of the galegoid plants. In parallel,
rhizobia of several tax o nomic groups (ex clud
ing Azorhizobium and Bradyrhizobium) ac-
quiredbyhorizontaltransfernodFE andnodA

genes allowing the synthesis of NFs with
aB-unsaturated fatty acids. Then there oc-
curredadiversificationofthe NFrecognition
mechanismallowingthe plantstodistinguish
aB-unsaturated fatty acids differing in chain
length, number of unsaturations or substitu
tions. Simultaneously, allelic diversification
of nodFE and nodA in rhizobia allowed the
synthesisofthevariousa,-unsaturatedfatty
acids.

Sinorhizobium meliloti

CH — CH

HOOC N Pcu\ / /CH3

CH (CH.) (CH)
2%
02 25

C16:2

Rhizobium leguminosarum by viciae
Mesorhizobium huakuii
HOOC+ /cH CH
// // \ // \(EH)/ (CH
2'3 )
C184 2°

CH o CH /CH

Rhizobium galegae
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CH), (CH), (CH)

C183 25

Rhizobium leguminosarum bv trifolii

HOOC\ // // \ //cu\ /CH—CH /C“
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Mesorhizobium sp N33 (Oxytropis)
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Fig ure 2.nodAFE-de pendenta,3-unsaturatedacyl
substituents of Nod factors produced by various
rhizobia.

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

There are other exam ples of an orig i nal Nod
factor substitution associated with a specific
phylogenetic group of host legumes. One is
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Galegeae: Astragalus,Galega,Oxytropis
Vicieae: Vicia

Trifolieaet Medicago, Trifolium
Hedysareae

Milletticae

Loteae: Lotus

Robinieae: Sesbania
Phaseoleae: Glycine, Phaseolus, Lablab
Desmodieae

Indigofereae

Mirbelieae, Bossiacae

Sophoreae

Adesmieae

Aeschynomeneae

Amorpheae

Genisteae: Lupinus
Crotalarieae: Aspalathus
Podalyrieae

Thermopsideae

Brongnartieae

Sophoreae

Sophoreae, Swartzieae
Dipterygeae

-‘ ——— Caesalpinieae, Cassieae

Caesalpinieae
Mimosoideae: Leucaena, Acacia
Cassieae

Cassieae

Detarieae, Macrolobieae
Cercideae

Cassieae

loss of chloroplast
inverted repea

Figure 3. Phylogenetic tree of legume based on
theanalysisofrbcL se quence (after Doyle, 1998).

A cluster of phylogenetically re lated le gumes (un der
lined) is nodulated by rhizobia producingNodfactors
substituted by «,8-unsaturated fatty ac ids.

that of the arabinose found on NFs of Ses-
bania nodulating rhizobia. While many le-
gumes are nodulated by rhizobia producing
NFs 6-O sub sti tuted by a fucosyl group at the
reducing end, only rhizobia nodulating
Sesbania sp. in the Robinieae tribe produce
NFs with a 3-O arabinosyl group at the re duc
ing end, in addition to the fucosyl group
(Lorquin et al., 1997). These rhizobia — Azo-
rhizobium caulinodans, S. saheli bv sesbaniae
and S. terangae bv sesbaniae strains — belong
to taxonomically different groups but all of
them pro duce the same NFs which so far have
not been isolated from rhizobia nodulating
other le gumes. It is there fore tempt ing to hy
pothesize that, in the course of evolution,
Sesbania plants have ac quired the unique abit
ity to rec og nize the arabinose sub stitu entson
NFs and se lect rhizobia on thisbasis. The vart
ous Seshania-nodulating rhizobia are likely to
have acquired the genes required for the NF
arabinosyl substitution by horizontal trans-
fer.

Some substitutions are found on NFs of
rhizobia which nodulate plants belonging to
distinct phylaofle gumes. Oneexampleis that
of 6-O sulfation of the reducing end in S.
meliloti, M. huakuii, M. sp N33, and R. tropici
NFs. This substitution is an important deter-
mi nant of the host range (Rocheet al., 1991).
Rhizobiaproducing6-O sul fated NFs nodulate
plants of different tribes (Trifolieae, Gale-
geae, Phaseoleae, Acacieae) which also com-
prise legumes nodulated by rhizobia produc-
ing non-sulfated NFs. Thus it is likely that the
ability to recognize the O-sulfate substituent
was acquired (or lost) several times in the
course of legume evolution.

Finding of a correlation between legume
phylogeny and type of the NFs produced by
symbioticbacteriaismoredifficultinthecase
when the symbiotic associations are less spe-
cific. For example, Phaseolus species can be
nodulated by a variety of rhizobial strains
which produce at least two types of structur-
ally dif ferent NFs:R. etli pro duces NFs car ry
ing a fucosyl group at the reducing end
whereas R. tropici synthesizes NFs 6-O sul-
fatedatthereducingend. Oneexplanation for
these observations is that Phaseolus carries
nonstringentreceptorsabletorecognize both
types of NFs. Alternatively, these legumes
could carry two types of receptors.

Some rhizobia belonging to different cross
inoculation groups have been shown to pro-
duce similar Nod factors. Thus, the determi-
nants of the host range other than NF/recep-
tor in ter ac tion have to be taken into ac count.
For example, specific interactions between
NodD and flavonoids, and type 111 secretion
sys tems have been shown to play a role in the
hostrangedetermination(Perretet al., 2000).

A major prob lemin try ing to fol low the evo
lution of the mechanisms of recognition be-
tween symbiotic partners is the lack of NF
structural data for many symbiotic relation-
ships. NF structure determination requires
heavy work, and so far NF structures are
known for sym bi onts of only about a hun dred
among the 16000 species of legumes. Since
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molecular analysis of DNA is much easier to
carry out on a large scale, we at tempted to use
nod gene sequence analysis to gain insight
into NF structures.

nod GENE SEQUENCE ANALYSIS AS
A TOOL TO PREDICT NF
STRUCTURE

The genes involved in NF biosynthesis can
be clas si fied in two groups: the nodABC genes
arepresentinallrhizobiaandareresponsible
for the synthesis of the lipooligosaccharide
core common to all Nod fac tors; the host spec i
ficity genes are responsible for the bio-
synthesisof the var i ous sub stitu entsand their
transfer to the oligosaccharide backbone of
NFs. Thus characterization of the host spect
fic ity genes seems to be the most di rect way to
have access to NF structure. However not all
ofthegenesresponsibleforthevarioussubstt
tutions are known. In addition, due to fre-
guent rearrangements in rhizobial genomes,
truncated nod genes and nodpromoters have
been observed (Krishnan et al., 1992). Inac-
tive nod genes would make prediction of NF
structure based on the presence of specific
nodgenes unre liable. We thus fo cused on the
nodABC genes which are found in a single
copy in all rhizobial strains. Among them,
nodA which specifies the transfer of an acyl
chain to the oligosaccharide back bone of NFs,
appeared the most likely to provide informa-
tion on the structure of NFs. The NodA pro-
tein interacts with two substrates, an acyl
chain do nor and an acyl chain ac cep tor which
is a substituted chitin oligosaccharide. Previ
ous work had shown that dif fer ent NodA pro
teins exhibit different specificity for the acyl
chains (Debellé et al., 1996; Ritsema et al.,
1996). These differences in specificity might
be reflected in dif ferencesin NodA struc ture
and, thus, in the amino-acid sequence of
NodA. Similarly putativedifferencesinspect
ficity toward various acyl chain acceptors
might be reflected in NodA amino-acid se-

quences. Substituents of the NF oligosac-
charide backbone that are added before NF
acylation, such as fucose, are most likely to be
rec ognized by NodA.

We therefore determined the nodA sequen-
ces, when they were not available in data
bases, of all rhizobia whose NF structure is
known, and which belong to all known taxo-
nomic branches of rhizobia. Similarities be-
tween the NodA pro teinswere in vesti gated by
a phylogenetic analysis and we attempted to
correlate NodA phylogenetic clusters with
structural featuresof NFs. Thesecor relations
werefurthervalidatedbyastatisticalmethod.

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

Phylogenetic analysis grouped NodA se-
quences in eight clusters. One cluster in-
cluded all Bradyrhizobium and a second all
Azorhizobium strains, suggesting that this
clustering reflects taxonomic distance be-
tween strains. The NodA of other rhizobia
spread into six clus ters, half of them group ing
different genera. We were able to associate
each clus ter with NF sub sti tu tions shared by
all mem bers of the group. This allowed us to
define four major NF structural types: the F
type corresponding to NFs substituted by a
fucose derivative at the reducing end, the A
type corresponding to NFs arabinosylated
and fucosylated at the reducing end, the U
type cor re spond ing to NFs sub sti tuted by o,
unsaturated fatty acids at the non-reducing
end, the S type with none of the three above
mentioned substitutions.

We at tempted to val i date the group ing of the
NodA sequences in four groups correspond-
ing to the four NF types by usingastatistical
method. For this purpose we first identified
informative positions in the NodA sequence,
I.e. positions for which agood cor re lation be
tween the nature of the amino-acid residue
and the NF type was obtained (Moulin et al.,
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unpublished). Using amino-acid counts at
these positions the probability of the four NF
types could then be computed, allowing the
pre dic tion of the NF type for a given NodA se
quence (Moulin et al., unpublished). The
method was validated by cross validation: in
most cases, the predicted NF type corre-
sponded to what was known from bio chemi cal
analysis.

We used the above described method to-
gether with phylogenetic analysis to predict
the NF type for rhizobial strains re cently de
scribed for which no biochemical analysis of
NFs had been performed. In most cases the
prediction was in good agreement with what
we expected knowing the host range of the
strain. NodA se quence anal y sis could thus be
used, instead of 16S rDNA anal y sis, to char ac
terize the symbiotic phenotype of newly de-
scribed rhizobium strains isolated from vari-
ous ecosystems.

Analysis of NodA sequence together with
additional NFstructuredeterminationshould
also allow us to follow the evolution of NF
structures in the course of the le-
gume-rhizobium coevolution, from primitive
tomoremodernsymbioticassociations.
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