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ABSTRACT We have identified two Rhizobium meliloh
genes (nodD2 and nodD3) that are highly homologous and
closely linked to the regulatory gene nodD (nod!)). R. meliloti
strains containing mutations in the three nodD genes in all
possible combinations were constructed and their nodulation
phenotypes were assayed on Medicago sativa (alfalfa) and
Melilotus alba (sweet clover). A triple nodD1-nodD2-nodL3
mutant exhibited a Nod phenotype on alfalfa and sweet clover,
indicating that nodD is an essential nodulation gene in R.
meliloti. A nod!2 mutant exhibited no discernable defect in
nodulation and nod!3 mutants exhibited a delayed nodulation
phenotype of 2-3 days when inoculated onto either host. Alfalfa
nodules elicited by a nod!1 mutant appeared 5-6 days after
wild-type nodules, and sweet clover nodules elicited by a nod!l
mutant appeared 2-3 days after wild-type nodules. nod!)-
nodD2 double mutants formed nodules with the same delay as
single nodD, mutants on both hosts. nodL2-nod!3 double
mutants elicited sweet clover nodules at the same rate as single
nod!3 mutants, but this same double mutant was slightly more
delayed in alfalfa nodule formation than the nod!)3 mutant. The
nod)j-nodf3 mutant exhibited an extremely delayed nodula-
tion phenotype on alfalfa and elicited no nodules on sweet
clover. These experiments indicate that nod!l and nod!3 have
equivalent roles in nodulating sweet clover but that nod~l plays
a more important role than nod!3 in eliciting nodules on
alfalfa. The nod!2 gene appears to have some effect on alfalfa
nodulation and none on sweet clover. Our results indicate that
R. meliloti has three functional nod! genes that modulate the
nodulation process in a host-specific manner.

In Rhizobium meliloti, two clusters of nodulation (nod) genes
involved in the early stages of symbiotic nodule formation are
located on a large symbiotic plasmid (pRmeSU47a) and are
closely linked to a cluster of nitrogen fixation (nif) genes
(1-4). The so-called "common" nodulation genes (nodA,
nodB, nodC, nodD) are conserved structurally and function-
ally among several Rhizobium and Bradyrhizobium species
(5-9). In contrast, the host-specific nodulation genes are
involved in determining the range of plant hosts that a
particular Rhizobium species will nodulate. For example, the
R. meliloti host-specific nodulation genes (nodE, nodF,
nodG, nodH) allow it to form nodules on plants of the genera
Medicago, Melilotus, and Trigonella but not on Trifoliium,
which is a host of Rhizobium trifoldi (2, 4).

In Rhizobium leguminosarum, R. trifolii, and R. melioti,
the nodABC genes are induced only in the presence of
specific flavone exudates from the host root (11-16). This
induction was shown to be dependent on the nodD gene in R.
meliloti and R. leguminosarum (11, 13, 17). In the case of R.
leguminosarum, the host specificity genes (nodFE) are also
regulated by nodD (18) and it seems likely that the same is

true for other Rhizobium species as well. Mutations in the
nodABC operon block nodulation in all Rhizobium and
Bradyrhizobium species tested so far. Similarly, R. legumi-
nosarum and R. trifolii strains carrying mutations in nodD are
Nod-. In contrast, R. meliloti nodD mutants still elicit
nodules on alfalfa, suggesting that R. meliloti has more than
one functional nodD gene (5-7, 19).

In this report, we describe, two R. meliloti nodD
("nod!)1") homologous genes ("nod!2" and "nod!3") that
are closely linked to nodD,. Nodulation experiments with
nodDl, nodD2, and nodD3 mutants on alfalfa and sweet clover
indicate that all three nodD genes are functional and suggest
that the different nodD genes have host-specific roles in the
nodulation process.

MATERIALS AND METHODS
Bacterial Strains, Phages, and Plasmids. Bacterial strains,

phages, and plasmids used in these experiments are listed in
Table 1.
DNA Biochemistry. Isolation of total DNA from R. meliloti

(24), agarose gel electrophoresis, and radiolabeling of DNA
were performed as described (25). Southern blotting and
DNA hybridization using GeneScreen or GeneScreenPlus
were carried out according to the manufacturer's instructions
or by substituting 0.4 M NaOH/0.6 M NaCl for 1.5 M
NaCl/0.15 M sodium citrate (26) as transfer buffer. T4 DNA
ligase was purchased from New England Biolabs or Interna-
tional Biotechnologies (New Haven, CT) and restriction
enzymes were purchased from Boehringer Mannheim or
New England Biolabs.

Cloning of nodD2 and nodD3. DNA from R. meliloti strain
Rm3600 (derivative of RmlO21), which is deleted for nodD!
and nodD3, was used to construct a size-selected EcoRI gene
library consisting of 6.5- to 7-kb fragments cloned in plasmid
irR (S. Canning and B. Seed, personal communication). A
recombinant plasmid (pNodD2) carrying the 6.8-kb EcoRI
fragment was identified by colony screening using Gene-
Screen Colony/PlaqueScreen and the 3.5-kb EcoRI-BamHI
fragment containing the R. meliloti nodABCD genes as a
hybridization probe. The 15.5-kb EcoRI fragment containing
nodO3 (as well as the hsn genes) had previously been cloned
into plasmid pACYC184 (N. Olszewski and F.M.A., unpub-
lished).

Construction of nod!2, nodD3, nodD1-nodD2, nodD1-nodD3,
nod)2-nodD3, and nod! -nod 2-nodD3 Mutants. A R. meliloti
nodD2 deletion/insertion mutation was constructed as fol-
lows. A 0.5-kb Xba I-Cla I restriction fragment (see Fig. 1)
containing part of nodD2 was deleted from plasmid pNodD2.
Two Cla I sites were present in plasmid pNodD2; however,
since the Cla I site that overlaps with one Pvu I site (see Fig.
1) was methylated by dam methylase, only one Cla I site was
susceptible to digestion with Cla I. A 3.3-kb BamHI fragment
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Table 1. Bacterial strains, plasmids, and phages

Relevant markers Source or ref.
R. meliloti strain
RmlO21 strr derivative of SU47
AK631 Compact colony isolate of

Rm4l, wild type
Rm3600 RmlO21 deletion mutant
Rm2011 SU47, wild type
GMI963 Rm2011 deletion mutant
GM1255 Rm2011 deletion mutant
TJ9B8 RmlO21 (nodDl::Tn5)
RmD2 RmlO21 (nodD2::tm)
RmD3-1 Rm1021 (nodD3::sp/g-1)
RmD3-2 RmlO21 (nodD3::sp/g-2)
RmD1D2 RmlO21 (nodD1::TnS,

nodD2: :tm)
RmD1D3-1 Rm1021 (nodD,::Tn5,

nodD3::sp/g-1)
RmD1D3-2 RmlO21 (nodD1::TnS,

nodD3::sp/g-2)
RmD2D3-1 RmlO21 (nodD2::tm,

nodD3::sp/g-1)
RmD2D3-2 Rm1021 (nodD2::tm,

nodD3::sp/g-2)
RmDlD2D3-1 RmlO21 (nodD,::TnS,

nodD2::tm, nodD3::sp/g-l)
RmDlD2D3-2 RmlO21 (nodD,::TnS,

nodD2::tm, nodD3-2)
'lasmid
pNodD2 nodD2 in ffR
pNodD3 15.5-kb EcoRI fragment

(nodD3) in pACYC184
pWB5A pRK290 derivative, tet-r
pAgRR4 Tm gene in 3.3-kb BamHI

fragment
pRK607 TnS-233 in pRK2013
pHP45omega Sm/Sp gene in pBR322

derivative
pGMI467 30-kb region of pSym,

contains nodD2

785 bp of nodD! (6) in
M13mplO

R. meliloti transducing phage

This laboratory
A. Kondorosi

This laboratory
J. Denarie
3
3
17
This study
This study
This study
This study

This study

This study

This study

This study

This study

This study

This study
N. Olszewski

W. J. Buikema
W. J. Buikema

20
21

22

This study

23

R. meliloti were grown in TY medium (18). When appropriate,
media were supplemented with streptomycin (Sm) (250-500 ,ug/ml),
neomycin (40-100 gg/ml), spectinomycin (Sp) (10-100 gg/ml),
gentamycin (5-25 jtg/ml), trimethoprim (Tm) (300 ,ug/ml), tetracy-
cline (5 ,ug/ml), or ampicillin (50 ,ug/ml). Ampicillin/tetracycline
selections for ir plasmids used ampicillin (25 jg/mI) and tetracycline
(7.5 ,ug/ml). kb, Kilobase; bp, base pairs.

carrying the trimethoprim gene from R751 (23) was inserted
following treatment of the fragments with DNA polymerase
to create blunt ends. The mutated nodD2 gene was introduced
into the wild-type RmlO21 genome by marker exchange (27).
A R. melioti nod)3 mutation was constructed by using TnS

mutagenesis of pNodD3 in Escherichia coli followed by
marker exchange in R. meliloti (27). Two different insertions
(nodD3: :sp/g-1 and nodD3: :sp/g-2) were isolated that
mapped within the 2.2-kb Cla I fragment carrying nodD3.
Southern hybridization analysis indicated that both of these
TnS insertions were located very close to or within nodD3
(data not shown). The two nodD3 alleles were introduced into
the RmlO21 genome by marker exchange. Because the nodD)
mutant already carried a TnS insertion, the TnS in the nodD3
gene was replaced by recombination with TnS-233 (gentamy-
cin/spectinomycin) (20), resulting in a nodD3 mutation
marked by gentamycin and spectinomycin resistance.

All possible combinations of nodD mutants (RmDlD2,
RmD1D3, RmD2D3, RmDlD2D3) were made by using phage
M12-mediated transduction (28). To verify these construc-
tions, four transductants from each experiment were screen-
ed by Southern blotting and hybridization using pNodD1,
ColEl::TnS, pAgRR4 (trimethoprim), and pHP45 (spectino-
mycin) as hybridization probes (data not shown).
Nodulation Assays. Plant tests with alfalfa and sweet clover

were done as described in the legend to Fig. 3. To optimize
nodulation conditions, the amount of wild-type inoculum
(Rm1021) was varied over a range of 5 x 102 to 108 cells per
plant. When 5 x 102 to 4 x 106 wild-type bacteria were
inoculated onto alfalfa, nodules began to appear after 5 days.
By 13 days, >90% of the plants had one or more nodules.
Sweet clover nodules appeared earliest on plants inoculated
with 5 x 102 to 104 wild-type bacteria.

In an initial experiment, the eight strains carrying the two
different nodD3 alleles (nodD3::sp/g-1 and nodD3::sp/g-2)
were tested along with wild-type RmlO21 on alfalfa and sweet
clover plants. The nodD3-1 mutation showed a more severe
phenotype, whereas the nodD3-2 mutation showed a partially
defective phenotype. The RmDlD2D3-1 mutant was com-
pletely Nod- on both hosts, and the RmDlD2D3-2 mutant
still nodulated. Therefore, the nodD3-1 mutation was used in
the experiments that follow.

RESULTS

R. meliloti pSym Contains Two Genes Homologous to nodD.
The R. meliloti nodD gene (nodDj) is directly upstream of
nodABC in strains RmlO21 and Rm4l (two independent
wild-type isolates) and is located on 8.7- and 8.5-kb EcoRI
restriction fragments, respectively (Fig. 1). A 32P-labeled
plasmid (pNodD1) carrying the coding sequences ofnodD, (6)
was used to probe a Southern blot ofEcoRI-digested genomic
DNA from RmlO21 and Rm4l. Two hybridization bands, in
addition to the one carrying nodDj, were observed in each
strain. In RmlO21, these were 15.5 and 6.8 kb, whereas the
additional hybridization bands in Rm4l were 12 and 14 kb
(Fig. 2).
To determine whether the nodD1-homologous sequences in

RmlO21 were located in the nod/nif region of pRmeSU47a,
a nodD, probe was hybridized to a Southern blot containing
EcoRI-digested DNA from three R. meliloti strains contain-
ing deletions in the nod/nif region (Rm3600, RmGMI255,
RmGMI963; see Fig. 1). In addition, the nodD1 probe was
hybridized to plasmid pGMI467 DNA, which contains a
30-kb insert ofR meliloti pRmeSU47a DNA originating -80
kb upstream of nodD, (Fig. 1). The results (shown in Fig. 2
and illustrated in Fig. 1) showed that the 6.8- and 15.5-kb
EcoRI nodD homologous fragments in RmlO21 map within 80
kb of nodD1. We designated the nodD1 homologous regions
in the 6.8-kb and 15.5-kb EcoRI fragments nodD2 and nodD3,
respectively. In additional hybridization experiments (data
not shown), nodD2 was mapped to a 1.5-kb EcoRI-HindIII
segment within the central 6.8-kb EcoRI fragment (Fig. 1);
similarly, nodD3 was mapped 5 kb downstream of nodH
within a 2.2-kb Cla I fragment.

Nodulation Phenotypes of Single, Double, and Triple nodD
Mutants. To assay the symbiotic phenotypes of the different
nodD mutants, alfalfa and sweet clover plants were grown
and inoculated (as described in the legend to Fig. 3) with
Rm1021 (wild type), RmTJ9B8 (nodD^), RmD2, RmD3-1,
RmD1D2, RmDlD3-1, RmD2D3-1, and RmDlD2D3-1. Gen-
otypes of strains are listed in Table 1. Several independent
nodulation experiments were carried out and similar results
were obtained in each; in total, 3000 plants were inoculated
and analyzed. The results of one experiment are shown in
Fig. 3.

p

Phage
pNodD,

M12
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FIG. 1. Physical-genetic map of the nod/nifregion of the symbiotic plasmids ofR. meliloti RmlO21 and Rm4l (20). Short vertical hatch marks
indicate EcoRI restriction sites. Other sites marked are Ba (BamHI), C (Cla I), RI (EcoRI), H (HindI11), P (Pvu I), Xb (Xba I), and Xh (Xho
I). The horizontal lines represent the region present in the RmlO21 and Rm2011 deletion mutants. pGMI467 is a pLAFR1 clone containing nodD2.
The numbers below each genome map denote the lengths of selected EcoRI restriction fragments in kb.

Alfalfa and sweet clover nodules elicited by wild-type R.
meliloti (RmlO21) first appeared 5-6 days after inoculation.
By 13 days after inoculation, >90% of the plants had one or
more nodules. The triple nodDj-nodD2-nodD3 mutant exhib-
ited a Nod- phenotype when inoculated onto alfalfa and
sweet clover, indicating that nodD codes for an essential
nodulation function. The nodD2 mutant elicited nodules at
the same rate as wild type. In contrast, inoculation with
strains carrying a mutation in either the nodD, or the nodD3
gene resulted in nodule formation that was delayed in
comparison to wild type. When alfalfa was inoculated with
the nodD1 mutant or double mutant nodDj-nodJ2, the ap-
pearance of nodules was delayed 5-6 days compared to
plants inoculated with wild-type R. meliloti (Fig. 3A). The
nodD3 mutant elicited alfalfa nodules at a rate that was
intermediate to wild-type and nodD1-induced nodules, with a
delay of 2-3 days. The nodD2-nodD3 double mutant elicited
nodules with a slight delay relative to the single nodJ3

_ 0 e cot,CE 4C- )

E E E a
kb c i cc EL

15.5 _
12.5 _so
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6.8 _n _ _ 4_
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FIG. 2. Southern hybridization of a R. meliloti nodDI-specific
probe (pNodDj, see Table 1) to EcoRI-digested DNA from R.
meliloti 1021 (lane 1), Rm4l (lane 2), Rm3600 (lane 3), GM1255 (lane
4), GM1963 (lane 5), and plasmid pGMI467 (lane 6).

mutant. The nodD^-nodD3 double mutant nodulated alfalfa
plants but at a very delayed rate. Bumps and swellings began
appearing on the roots of plants inoculated with this mutant
12 days after inoculation and nodules appeared 2-10 days
later. By 28 days after inoculation, about 50% of the plants
and bumps on their roots, and after 35 days, 40% of the plants
had one or more nodules.

Interestingly, different results were obtained when the
same mutants were used to inoculate sweet clover. The four
mutants, nodD,, nodD1-nodD2, nodD3, and nodD2-nodD3, all
exhibited the same 2- to 3-day delay in nodulation. In contrast
to alfalfa, no nodules were formed on sweet clover roots after
inoculation with double nodD1-nodD3 mutant, although a
"browning response" was observed and 10% of the plants
had root bumps after 5 weeks.

DISCUSSION
In several Rhizobium species, fourcommon nodulation genes
(nodA, nodB, nodC, nodD) are required for the induction of
nodule meristems (5-8). Recently, several laboratories have
shown that the nodD product is required for activation of the
nodABC operon in the presence of root exudates or specific
flavones or flavanones (11, 13). One possibility is that the
nodD product interacts with specific root exudate molecules.
As shown in this paper, in contrast to R. leguminosarum

and R. trifolii, R. meliloti has three copies of nodD that are
located within an 80-kb region of the pRmeSU47a megaplas-
mid. We have designated the originally described nodD gene
as nodD, and the other two copies as nodD2 and nodD3.
Southern blot and sequence analysis (of the nodD2 gene;
M.A.H., unpublished data) showed that the R. meliloti nodD2
and nodD3 genes are highly homologous to nodD,. The nodD2
gene from Rm1021 corresponds to nodD2 identified in R.
meliloti strain 41 with respect to DNA sequence and genome
location (ref. 29; M.A.H., unpublished data).

Additional functional nodD genes would explain the ob-
servation that a single R. meliloti nodD, mutant has no
defective nodulation phenotype on alfalfa (17), whereas R.
trifolii and R. leguminosarum nodD mutants fail to elicit any
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FIG. 3. Nodulation kinetics of wild-type R. meliloti 1021, RmD1, RmD2, RmD3-1, RmD1D2, RmDlD3-1, RmD2D3-1, and RmDlD2D3-1
mutants inoculated onto Medicago sativa (alfalfa) (A) and Melilotus alba (sweet clover) (B). *, RmlO21, wild-type R. meliloti; o, RmD1; A,

RmD2; A, RmD3-1; v, RmDlD2; o, RmDlD3-1; v, RmD2D3-1; *, RmDlD2D3-1. Plant tests were carried out as described with the exceptions
noted below (24). Seeds were sterilized by immersion in concentrated H2SO4 for 10 min, rinsed, washed for several hours, and germinated
overnight on 0.8% water agar. One-day-old seedlings were transferred to nitrogen-free plant medium in tubes. One to 2 days later, the seedlings
were inoculated with 103 to 104 bacteria per plant. Twenty-five to 40 plants were inoculated with each bacterial strain and plant tubes were

randomized in racks. Time of appearance and number of nodules were scored every day from day 5 until day 16 and every 2 days thereafter.
Medicago sativa (variety Iroquois) seeds were obtained from Agway (Waltham, MA). Melilotus alba seeds were a generous gift of B. Kneen
and T. La Rue (Boyce Thompson Institute, Cornell University, Ithaca, NY).

nodules on their respective host plants (5, 7). As described in
this paper, we tested this possibility by constructing single,
double, and triple mutants in the different nodD genes and
assayed their phenotypes on alfalfa and sweet clover. Our
results showed that all three nodD genes are functional and
that at least two nodD genes are required for optimal
nodulation. The triple nodD mutant exhibited a Nod- phe-
notype on both hosts, demonstrating that nodD is an essential
nodulation gene in R. meliloti as it is in R. trifolii and R.
leguminosarum. All single and double nodD mutants, with
the exception ofthe nodDj-nodD3 mutant, elicited nodules on
both host plants. The nodD1-nodD3 mutant exhibited a severe
nodulation phenotype. Alfalfa plants inoculated with this
mutant formed nodules at an extremely delayed rate relative
to plants inoculated with wild type. No nodules appeared on
sweet clover inoculated with the nodDj-nodD3 mutant. These
data indicate that nodD2 is functional in alfalfa but not sweet
clover nodulation.
Our data also suggest that the R. melioti nodD genes may

play different roles in the establishment of the symbiosis with
two alternative hosts Medicago sativa (alfalfa) and Melilotus
alba (sweet clover). Although the nodD, and nodD3 mutants
nodulated at the same rate on sweet clover, the nodD3 mutant
nodulated at a faster rate than the nodD, mutant on alfalfa.
In addition, the nodD2 gene appears to have some minimal
function in alfalfa nodulation but none in sweet clover
nodulation. It appears that in alfalfa nodulation, the nodD,
gene is more important than the nodD3 gene; the nodD2 gene
has a minimal role. In sweet clover nodulation, the nodD, and
the nodD3 genes appear to be equivalent, and the nodD2 gene
has no function.
There are at least three possible explanations for the

different phenotypes of the nodD mutants. (i) The nodDj,
nodD2, and nodD3 products may be functionally interchange-

able, but they may be expressed at different levels. (ii) They
may differ in their ability to activate expression of the other
nodulation genes. (iii) They interact with different root
exudate factors (flavones) or with varying affinities for the
same flavone. Correspondingly, one would expect that dif-
ferent host plants would produce different flavones and/or
different amounts of the same flavones. A variety of combi-
nations of these explanations is also possible.

Direct evidence that supports the production of host-
specific root exudate factors has been obtained by Hermann
Spaink and co-workers (30). They compared the ability of
nodD genes from different Rhizobium species to activate the
nodA promoter of R. leguminosarum following addition of
flavones or clover (host of R. trifoid) root exudate. Their
results showed that the induction level of the nodA promoter
was dependent on the origin of the nodD gene as well as the
inducing substance. They concluded that, although the var-

ious nodD gene products were functionally interchangeable,
they were not identical. It has been shown by Horvath and
co-workers (10) that the nodD genes may encode determi-
nants of host specificity by interacting with different plant
factors. If R. meliloti NodD, and NodD2 interact with
different flavones, one would expect that sweet clover
produces less or no "NodD2-specific" flavone compared to
alfalfa.
Why does R. meliloti have three nodD genes? Under

laboratory conditions at least two nodD genes are required
for optimal nodulation of R. meliloti. It seems likely that the
mutants that are delayed for nodulation in the test tube would
be severely impaired in the field.
R. meliloti forms an effective symbiosis on plants of at least

three genera: Medicago, Melilotus, and Trigonella. The
different nodD genes of R. meliloti may have evolved to
optimize the interaction with specific flavones in the root
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exudates of different host plants. Therefore, multiple nodD
genes may define one level of host specificity in the interac-
tion of R. meliloti with its legume hosts.
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