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To understand the host specificity of rhizobia and the relationship between the evolution of Sym plasmids
and that of host plants, we determined partial nodC sequences of 10 representative rhizobium strains and then
constructed an evolutionary tree for the deduced amino acid sequences with four published sequences. These
coding sequences yield a phylogenetic tree similar to that for leghemoglobin of host plants, suggesting that the
evolution of common nodulation genes may be linked to host legume evolution and speciation.

Plants coexist with a great number of soil bacteria. Rhizo-
bium-legume interaction stands out from other plant-microbe
interactions as one in which a true developmental mutualism
occurs. The ability of rhizobial strains to form effective nodules
in which they reduce atmospheric nitrogen to ammonia and
supply the plant with nitrogenous compounds is limited to
certain host plants (2, 5, 27). For example, Vicia and Pisum spp.
are host plants for Rhizobium leguminosarum bv. viciae,
Phaseolus spp. are hosts for R. leguminosarum bv. phaseoli,
Trifolium spp. are hosts for R. leguminosarum bv. trifolii, Medi-
cago spp. are hosts for Rhizobium meliloti, Glycine spp. are
hosts for Bradyrhizobium japonicum, and the tropical legume
Sesbania rostrata is the host for Azorhizobium caulinodans. The
nodulation events occur when the rhizobia respond to the
presence of specific plant flavonoids that stimulate the coordi-
nate expression of bacterial nodulation genes (nod genes). The
nod genes, in turn, encode enzymes involved in the synthesis of
Nod factors which act as determinants for host specificity and
lead to formation of nitrogen-fixing root nodules (2, 5). The
nodABC genes have been characterized as common nod genes,
which are essential for nodulation to occur. Since NodC is
homologous to chitin synthase (1) and acts as an N-acylglu-
cosaminyltransferase (7), this protein is involved in the forma-
tion of the Nod factor backbone.

Recently, Young and Johnston reported that the phyloge-
netic tree for NodD protein does not correspond with the 16S
rRNA phylogeny and suggested lateral gene transfer of Sym
plasmids (25, 27). Oyaizu et al. also suggested lateral gene
transfer, since the phylogeny of 16S rRNA of rhizobia does not
relate to the host specificity of rhizobia (16).

These reports prompted us to study the relationship between
the evolution of Sym plasmids and that of host plants by anal-
ysis of the nodC sequences. Since some rhizobia have some
copies of nodD, analysis of nodD sequence may not be appro-
priate for the phylogenetic study of the plasmids. On the other
hand, because all rhizobia contain only a single copy of nodC
and this molecule has a role in the growth of the backbone of
Nod factor (1, 7), we determined the nodC sequences of 10
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representative rhizobium strains for the phylogenetic study of
the plasmids. Our resulting phylogenetic trees of NodC protein
suggest that the Sym plasmids evolved concordantly with host
plant species divergence on an evolutionary timescale. In this
report, we propose the hypothesis that coevolution has oc-
curred not in rhizobium-legume interaction, but in Sym plas-
mid-legume interaction.

Bacterial strains. Bacterial strains used in this study are
listed in Table 1. The rhizobium strains were grown in yeast
mannitol medium. All strains were grown at 30°C with shak-
ing.

Cloning and sequencing of nodC segments. After cultivation,
about 100 mg of harvested cells was resuspended in 50 mM
Tris—20 mM EDTA (final concentration, 1.5%) and lysed by
incubation at 65°C for 15 min. The lysate was treated with
RNase A and proteinase K followed by chloroform extraction
and isopropanol precipitation. Crude DNA was purified by
phenol extraction, chloroform extraction, and isopropanol pre-
cipitation. The primers for PCR amplification (17) were cho-
sen by careful inspection of the four published rhizobial nodC
sequences available in the GenBank, EMBL, and DDBJ DNA
databases. The region amplified is a relatively variable part of
the molecule and thus has a high density of information. The
amino acid sequence deduced for this region is proposed to be
an extracellular domain (9). The sequences of the amplifica-
tion primers are as follows: 251F, AYGTIGTYGAYGAYGG
WTC; 566R, AGCCARTACTCCATGTCGATCAA. The nodC
segments were amplified from bacterial DNA by PCR. Nega-

TABLE 1. Bacterial strains used in this study

Species and strain® DDBJ
accession no.
Bradyrhizobium japonicum USDA 6 ...........ccovvvvviicuninnnee. D28962
Bradyrhizobium elkanii USDA 46.... D28963
Bradyrhizobium elkanii USDA 61.... D28964
Bradyrhizobium elkanii USDA 9%4........ D28965
Bradyrhizobium japonicum USDA 122 ... D28956
Bradyrhizobium japonicum USDA 136 ... D28957
Bradyrhizobium japonicum USDA 142 ..................... D28958
Rhizobium leguminosarum by. trifolii USDA 2161.. D28959
Rhizobium leguminosarum bv. viciae USDA 2478....... D28960
Rhizobium leguminosarum bv. phaseoli USDA 2676.......... D28961

“USDA, U.S. Department of Agriculture, Beltsville, Md.
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1l.Bradyrhizobium japonicum USDA6

2.Bradyrhizobium japonicum USDA122
3.Bradyrhizobium japonicum USDA136
4.Bradyrhizobium japonicum USDA142

5.Bradyrhizobium elkanii USDA94
6.Bradyrhizobium elkanii USDA46
7.Bradyrhizobium elkanii USDA61
8.Rhizobium loti

9.Rhizobium leguminosarum bv. phaseori USDA2676

10.Rhizobium meliloti

11.Rhizobium leguminosarum bv. trifolii USDA2161

12.Rhizobium leguminosarum bv. viciae USDA2478

13.Rhizobium leguminosarum bv. viciae

14 .Azorhizobium caulinodans
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tive controls (water instead of DNA) showed no amplification.
The reaction conditions were as follows: 10 ng of template
DNA; 0.5 min at 37°C, 2 min at 60°C, and 0.5 min at 94°C
for the first 5 cycles; and 0.5 min at 50°C, 0.5 min at 72°C,
and 0.5 min at 94°C for the following 27 cycles. Products
were purified, and the nodC fragments were then cloned
into pT7BlueT vector by using Escherichia coli JIM109. Analy-
sis of double-stranded DNA with the universal M13 prim-
er and the T7 primer was done by using the Tag Dye Primer
Cycle Sequencing Kit and the DNA Sequencer model 373A
(Applied Biosystems, Foster City, Calif.) in accordance with
the manufacturer’s directions. All of the nucleotides were
confirmed by sequencing the complementary chain of the
DNA. We independently cloned and sequenced three PCR
fragments from each strain to make sure that they were the
same.

Phylogenetic analysis of NodC protein. The four published
nodC sequences are now available in the GenBank, EMBL,
and DDBJ DNA databases, and we have determined partial
sequences (of a 274-base segment amplified by PCR primers
251F and 566R) for 10 representative rhizobium strains by
PCR (17). The deduced amino acid sequences were then com-
pared with known sequences. As a result, none of the 10
analyzed sequences is identical to a published sequence. When
the 14 sequences were aligned, several regions were found to
be conserved in all sequences considered, whereas others were
found to be divergent, as shown in Fig. 1.

Figure 2A shows an evolutionary tree constructed from such
data analyzed by the neighbor-joining tree construction (NJ)
method (18). The NJ method, which does not require the
assumption of a constant substitution rate, appears to be one
of the most effective tree construction methods available at the
moment (14). In this analysis, the root of the tree was taken as

FIG. 1. Amino acid alignment of NodC proteins. Dots indicate identity, and
hyphens indicate gaps. The numbering at the top is that for R. meliloti NodC.
Database accession numbers are also indicated.

the midpoint of the longest path, which was between A. cau-
linodans and a cluster of other rhizobia. To examine whether
this tree topology remains the same since the rate of nucleotide
substitution has not changed during evolution, we also con-
structed a phylogenetic tree by the unweighted pair group
method using arithmetic averages (UPGMA) (13, 21) as shown
in Fig. 2B. Interestingly, this tree has almost the same topology
as the tree constructed by the NJ method. The reliability of the
tree nodes was analyzed by using the bootstrapping program
(4, 11). The percentages of 10,000 bootstrap resamplings that
support each topological element are indicated in Fig. 2. Fur-
thermore, we also constructed the NJ and UPGMA trees by
use of the numbers of nonsynonymous substitutions (15) using
the MEGA package (data not shown), and this showed that
both trees have the same topology as the tree constructed by
the NJ method with amino acid sequence data (Fig. 2A). These
data suggest that the topology shown in Fig. 2A might be
reliable and that nodC genes evolved at a relatively constant
rate.

Phylogenetic analysis of NodA protein and 16S rRNA. We
have also constructed phylogenetic trees by the NJ method
from NodA protein sequence data using the public databases,
as shown in Fig. 3. Though data for only five published se-
quences are available at the moment, we found that the topol-
ogy of an evolutionary tree of NodA protein is quite similar to
that of NodC protein. Furthermore, this NodA tree also has
the same topology as the NodD tree constructed by other
workers (19, 27). This analysis suggests that nodA4, nodC, and
nodD genes have evolved in a similar manner, which agrees
with the fact that the nodABCD genes are linked in all known
rhizobia. On the other hand, the topology of an evolutionary
tree of 16S rRNA is quite dissimilar to that of NodC protein,
as shown in Fig. 4. These data apparently suggest the lateral
gene transfer of Sym plasmids, as reported by other workers
(16, 25, 27).

Phylogenies of NodC protein and leghemoglobin in host
plants. In order to understand the host specificity of rhizobia,
we compared the topology of the NodC tree in Fig. 2A with
that of leghemoglobin in host plants, as shown in Fig. 5. Our
leghemoglobin phylogeny presented in Fig. 5 is consistent with
the current hypothesis of legume phylogeny based on some
sequences of nuclear genes (3). Interestingly, the topology of
the evolutionary tree of NodC protein is similar to that of
leghemoglobin in host plants. These observations, together
with the fact that strains of Rhizobium species have the nodu-
lation genes on the Sym plasmids (2, 5), suggest that the evo-
Iution of common nodulation genes may be linked to legume
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FIG. 2. Phylogeny of NodC protein sequences by the NJ method (A) and
UPGMA (B). All four known different nodC sequences, corresponding to posi-
tions 270 to 543 in the R. meliloti sequence, were extracted from the GenBank,
EMBL, and DDBJ DNA databases by using the ODEN system (8). The partial
nodC gene sequences were then translated and aligned with each other to
maximize the sequence similarity by using the ODEN multiple sequence align-
ment program (8) and by visual inspection. In estimating evolutionary distances,
we discarded the regions common to the 14 sequences where deletions are
observed even for one sequence, since there is no way to assess the rate and size
of deletions during the course of evolution. Omission of these regions left us 87
comparable amino acid sites. To estimate evolutionary distances between amino
acid sequences, we used Poisson correction. By using these estimates, molecular
evolutionary trees were constructed from the resulting distance matrix by the NJ
method (18) and UPGMA (13, 21) with the MEGA package (8). The percent-
ages of 10,000 bootstrap resamplings that support each topological element are
indicated (4).

evolution and speciation. In other words, mutual adaptations
of Sym plasmids and legumes have become refined in the
course of their association; thus, common nodulation genes
and their host plants appear to radiate in parallel, or cospeci-
ate. This pairwise coevolution may be related to interaction of
Nod factors and corresponding receptor proteins in legumes
on an evolutionary timescale (12). It is reported that the study
of coevolution must be the analysis of reciprocal genetic
changes that might be expected to occur in two or more eco-
logically interacting species, and very strong evidence for co-
evolution of two groups can be obtained if the phylogenetic
trees of the two groups are congruent or nearly so (6). Recently
it has also been suggested that the evolution of small-DNA-
virus families may be linked to vertebrate host evolution and
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Azorhizobium caulinodans L18897
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99
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FIG. 3. Phylogeny of NodA protein sequences by the NJ method. All five
known nodA sequences were extracted from the GenBank, EMBL, and DDBJ
databases by using the ODEN system (8). The sequences were translated and
then aligned with each other by visual inspection to maximize the sequence
similarity. In estimating evolutionary distances, we discarded regions common to
the five sequences where deletions are observed even for one sequence. Omis-
sion of the regions left us 151 comparable amino acid sites. To estimate evolu-
tionary distances between nucleotide sequences, we used Poisson correction. By
using these estimates, molecular evolutionary trees were constructed from the
resulting distance matrix by the NJ method (18) with the MEGA package (11).
The database accession numbers are indicated after the bacterial names. The
percentages of 10,000 bootstrap resamplings that support each topological ele-
ment are indicated (4).

speciation (20). To our knowledge, our experiments provide
the first molecular evidence that coevolution might have oc-
curred in plant-plasmid interaction. However, it must be noted
that some rhizobium strains, especially within the genus Bra-
dyrhizobium, have broad host ranges (2, 5). On the other hand,
strains within the genus Rhizobium tend to have rather narrow
host ranges, so we might reasonably look for signs of parallel
evolution of Sym plasmids in these strains and their host
plants. Furthermore, it must also be noted that the Bradyrhi-
zobium and Azorhizobium genes are all on the chromosome.
There might be some possibility that nodulation genes on Sym
plasmids had been integrated into their chromosome on an
evolutionary timescale.

Assuming that coevolution has occurred in plasmid-legume
interaction, Fig. 5 suggests that the rate of NodC evolution
is similar (within an order of magnitude) to that of leg-
hemoglobin evolution in host legumes. It is worthwhile to
note that the first ancestors of legumes are considered to
have appeared in the late Cretaceous-early Tertiary period,
60 to 70 million years before the present (22). Although
this would be an interesting opportunity to apply a plant
timescale to bacterial plasmid evolution, we cannot calculate
the rate of leghemoglobin and NodC protein evolution be-
cause we have no available data at the moment about diver-
gence time between the tribe Genisteae (Lupinus spp.) and
the common ancestor of four other tribes, Phaseoleae (Gly-
cine, Psophocarpus, and Phaseolus spp.), Trifolieae (Medicago
spp.), Vicieae (Pisum and Vicia spp.), and Robinieae (Sesbania
spp.)-

Moreover, these data also suggest that the partial sequence
of nodC can be used for identification of rhizobia at least to the
species level. The classic molecular phylogenetic studies of
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100
—— Rhizobium meliloti M55495
96
Rhizobium loti D12791
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FIG. 4. Phylogenetic tree for 16S rRNA of five representative rhizobium
strains. All five known 16S rRNA sequences were extracted from the GenBank,
EMBL, and DDBJ DNA databases by using the ODEN system (8). The se-
quences were then aligned with each other by visual inspection to maximize the
sequence similarity. In estimating evolutionary distances, we discarded regions
common to the five sequences where deletions are observed even for one se-
quence. Omission of these regions left us 1,229 comparable nucleotide sites. To
estimate evolutionary distances between nucleotide sequences, we used the
method of Tajima and Nei (23). By using these estimates, molecular evolutionary
trees were constructed from the resulting distance matrix by the NJ method (18)
with the MEGA package (11). The database accession numbers are indicated
after the bacterial names. The percentages of 10,000 bootstrap resamplings that
support each topological element are indicated (4).
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rhizobia have used 16S rRNA sequences (16, 24, 26). How-
ever, it is important to use other molecules at the same time,
since conflicting molecular phylogenies may arise when lateral
transfer among rhizobia is widespread. Further work on the
molecular phylogenetics of rhizobia might require not only
the identification of 16S rRNA molecules but also that of
common nodulation genes such as nodC. In general, the de-
gree of conservation is critical to resolving the phylogenetic
problem at hand. For 16S rRNA sequences, it is reported
that a partial sequence of 16S rRNA cannot be used for iden-
tification of rhizobia to the species level because of the high
degree of conservation of the molecule (16). Moreover, the
phylogeny of 16S rRNA molecules of rhizobia does not cor-
respond with that of host plants. Therefore, the informa-
tion on 16S rRNA alone might not be appropriate for identi-
fication and classification of rhizobia. The data presented
here might form a framework that will aid in a reclassifica-
tion of rhizobia. Furthermore, our data also suggest that phy-
logenetic analysis of common nodulation genes may be a sig-
nificant way of assessing phylogenetic relationships in host
plants.

Further phylogenetic analysis of more nodC sequences will
be needed in order to elucidate the coevolution in more detail
and is now in progress. Anyway, this molecular evolutionary
study of the plasmid-legume symbiosis might provide insight
into the evolution of symbiosis and might be important for
increasing crop plant productivity by encouraging beneficial
plant-microbe interactions.

Nucleotide sequence accession numbers. Sequences from
the clones reported here have been submitted to the DDBJ
nucleotide sequence database under accession numbers
D28956 through 28965.
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FIG. 5. Phylogenies of NodC protein sequences (A) and of leghemoglobin in host plants (B). The complete amino acid sequences of all 32 known leghemoglobins
were extracted from the GenBank, EMBL, and DDBJ DNA databases and the PIR protein database by using the ODEN system (8). The complete leghemoglobin
amino acid sequences were then aligned with each other by visual inspection to maximize the sequence similarity. In estimating evolutionary distances, we discarded
the regions common to the 32 sequences where deletions are observed even for one sequence. Omission of these regions left us 134 comparable amino acid sites.
To estimate evolutionary distances between amino acid sequences, we used Kimura’s method (10). By using these estimates, molecular evolutionary trees were
constructed from the resulting distance matrix by the NJ method (18) with the ODEN system (8). The database accession numbers are indicated after the bacterial

and plant names.
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