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Eighty accessions representing 23 species from the
enus Oryza were examined for the presence of homo-
ogues of early nodulin (ENOD) genes. Southern anal-
ses indicated a widespread distribution of homo-
ogues of ENOD genes across all the genomes of rice as
ell as other monocots. The degree of cross-hybrid-

zation of the legume ENOD genes with sequences in
he genomes of various species, as revealed by hybrid-
zation differentials measured in terms of signal inten-
ities, however, suggests that the homologues of ENOD
enes are conserved to varied extents in different
ryza species. The presence of homologues of ENOD
enes in a wide variety of plant species denotes that
he biological functions of early nodulins may be di-
erse, and not restricted to nodule organogenesis
lone. The fact that ENOD gene homologues exist
idely both in dicots and monocots provides evidence

hat these homologues have arisen from a common
ncestral plant. © 1999 Academic Press

Nitrogen is the mineral element that most fre-
uently limits plant productivity, and there is always a
eed to supplement the crop with additional nitrogen

n the form of fertilizer for attaining enhanced crop
roduction. Application of inorganic nitrogen fertilizer
hough helps in attaining greater yields, its continuous
se leads to environmental degradation. Certain
lants, such as legumes, that fix nitrogen symbiotically
ave a built-in supply of reduced nitrogen, which al-

ows them to meet their nitrogen demands indepen-
ent of nitrogen levels in soil and therefore without the
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ith the production and use of nitrogen fertilizer.
The symbiotic association between leguminous

lants and rhizobia results in the formation of root
odules, in which the rhizobia reside and fix atmo-
pheric nitrogen as ammonia. All steps of nodule de-
elopment involve the expression of nodule-specific
lant genes (1, 2). During the process of rhizobial in-
ection and subsequent early stages of nodule develop-

ent, several genes (denoted as early nodulin genes,
NOD genes) are expressed in a tissue-specific manner
t the site of rhizobial interaction leading to the accom-
lishment of crucial processes involved in infection and
nitiation of nodule ontogeny in homologous legume
lants.
Rice is the most important staple food for more than

.4 billion people worldwide. There is much interest
ecently in determining whether nitrogen-fixating ca-
ability could be transferred to a monocot such as rice
o render the crop self-reliant in its nitrogen require-
ents (3, 4 & references therein). One possibility of

ransferring nitrogen-fixing capability to rice is by de-
eloping a rice plant possessing an ability to form
nodosymbiotic associations with Rhizobium (5). The
ossibility of extending the host range of rhizobia to
onlegumes was motivated by the discoveries that
arasponia forms nitrogen-fixing nodules with Rhizo-
ium (6, 7) and that some other nonlegumes like oil-
eed rape and rice exhibited ability to develop nodule-
ike structures/hypertrophies, albeit at low frequencies,
n response to rhizobial inoculation (3, 8-10 & refer-
nces therein). Moreover, some nonleguminous plants
ncluding rice were found to have the ability to perceive
ipochitooligosaccharide nodulation signal molecules
Nod factors) produced by rhizobia (11, 12). These find-
ngs suggest that nodule formation programs are con-
erved, at least partially, in nonlegumes. Inherent
odulation potential of nonlegumes can probably be
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NOD genes in these plants.
Investigations of legume symbioses have unveiled a

umber of critical genetic components in legumes that
re important for the accomplishment of symbioses,
ut presence of these components has not been as-
essed in the members of monocotyledonous plants
uch as rice. In our attempts to determine the genetic
redisposition of rice towards rhizobial infection, we
nitiated investigations on identification and charac-
erization of homologues of ENOD genes in rice. In this
aper we present evidence for a widespread occurrence
f homologues of ENOD genes in various rice species
cross different genomes, and related monocots.

ATERIALS AND METHODS

Plant materials. The material comprised of 80 rice accessions
elonging to 23 Oryza species, 6 related genera, 2 cultivated mono-
ots (maize and sugarcane) and 1 dicot (soybean) (Table 1). Green
eaves of these plant samples were obtained from the Genetic Re-
ource Center and the Plant Breeding, Genetics and Biochemistry
ivision, International Rice Research Institute.

Probes. Polymerase chain reaction (PCR) generated nodule-
pecific cDNAs of PsENOD5, PsENOD12 and PsENOD14 from Pi-
um sativum L. cv. Sparkle (13) and subtracted cDNAs of GmENOD2
GmN234), GmENOD40 (GmN36b), GmENOD55 (GmN315),
mENOD70 (GmN70) and GmENOD93 (GmN93) prepared from
ascent nodules of Glycine max L. cv. Akisengoku (14) were used as
robes in the present study.

DNA extraction, digestion and Southern blotting. Healthy green
eaves from actively growing plants at the tillering stage were col-
ected in liquid nitrogen. High molecular weight genomic DNA
as prepared from fresh leaves (;10 g) according to the method of
ellaporta et al. (15) with minor modifications. The quality and
uantity of DNA was determined both spectrophotometrically, as
ell as visually by ethidium bromide staining on agarose gels.
DNA (8 mg) from each sample was digested with Dra1, electropho-

esed overnight in a submerged horizontal agarose gel (0.9%) at 30 V
n 1x TAE buffer (40 mM Tris acetate; 1 mM EDTA; pH 8.0) and
outhern blotted onto Hybond N1 nylon membrane following alka-

ine transfer protocol as detailed by the manufacturer (Amersham,
.K.). Six identical sets of Southern blots, each representing 89 plant

amples, were made and each set of blots was reprobed 3-4 times
fter stripping. cDNAs of ENOD genes were labeled by random
riming with 32P-a-dCTP according to the manufacturers’ instruc-
ions (Amersham, U.K. and Promega, U.S.A.) and used as probes.
ybridization was carried out in a solution containing 53 SSPE (13
SPE is 0.15 M NaCl, 10 mM NaH2PO4, 1 mM EDTA, pH 7.5), 53
enhardt’s solution (13 Denhardt’s solution is 0.02% Ficoll 400,
.02% polyvinylpyrrolidone, 0.02% bovine serum albumin), 0.5%
DS and 100 mg ml21 denatured salmon sperm DNA at 58-60°C for
6-18 h (16). The membranes were washed twice for 15 min each in
3 SSC (13 SSC is 0.3 M NaCl, 0.03 M sodium citrate; pH 7.0), 0.5%
DS at 55°C, and then in 23 SSC, 0.1% SDS at 60°C two times for
5 min each. The membranes were autoradiographed for 2-4 days.

Signal quantification. Differences in the hybridization signal ob-
ained on autoradiographs were measured semi-quantitatively by
canning densitometry (Molecular Dynamics densitometer, Sunny-
ale, CA, U.S.A.) according to Aggarwal et al. (17). The total hybrid-
zation signal intensity of band(s) in individual lanes on the autora-
iographs was calculated in optical density units in volume
ntegration mode after subtracting the background value. Subse-
uently, for the estimation of hybridization differentials, the values
149
he total hybridization signal intensity of the bands derived from the
oybean genomic DNA probed with the same ENOD cDNA.

ESULTS AND DISCUSSION

DNA transfer blot analysis of Oryza and related gen-
ra including maize and sugarcane genomic DNA
robed with legume ENOD cDNAs revealed that ho-
ologues of ENOD genes are widely distributed across

ll genomes of Oryza and other plant species tested
Figs. 1-3, Table 1).

The Dra1-digested DNA of Oryza species probed
ith ENOD2, ENOD5 and ENOD12 cDNAs revealed

he homologue-banding profiles more distinctly on
NA transfer blots than ENOD14, ENOD40, ENOD55,
NOD70 and ENOD93 probes. The differential hybrid-

zation profiles generated by probing with ENOD
DNAs, nevertheless, demonstrated that the majority
f the variation in general was found to be between
ccessions from different species. On the other hand,
xcept in a few species, the variation between acces-
ions within a species was found to be marginal. These
ndings evidence a closer genetic relatedness within a
pecies, irrespective of their geographical distribution,
ith respect to the distribution of homologues of
NOD genes.
Stringency of the posthybridization washing regime

23 SSC, at 60°C) of DNA transfer blots employed in
he present study favors the visualization, on the au-
oradiographs, of DNA sequences with approximately
0-65% homology to the ENOD probes used (17). In the
resent study, of all the ENOD probes employed,
NOD40, a critical gene responsible for cortical cell
ivisions leading to the initiation of nodule develop-
ent in legumes (1), produced relatively weak hybrid-

zation signals in all genomes of Oryza species and
elated monocots tested (Fig. 1, Table 1). Despite this,
haracterization of the ENOD40 homologue from
ryza sativa revealed about 50% nucleotide identity to

he soybean ENOD40 (Kouchi et al., submitted). Fur-
hermore, analysis of an another homologue, ENOD93
solated from O. sativa, which exhibited hybridization
ignal of low intensity when probed with the legume
NOD93 cDNA (Table 1), revealed a homology of more

han 60% to soybean ENOD93 (18). These findings
videnced that the hybridizing fragments are indeed
omologues of ENOD genes. The findings also demon-
trated that the employed stringency-wash conditions
nabled the visualization of the homologues having a
inimum of 50-60% identity to the ENOD probes used.
Though all species tested exhibited the DNA bands

hat hybridized with the ENOD probes, intensity of the
ands generated in response to a particular probe var-
ed depending on the species (Table 1). Semi-
uantitation of hybridization signals revealed that in
omparison to the rest of the species, relatively more
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Semiquantitation of Hybridization Signals Obtained in Various Genomes of Oryza Species
and Related Monocots after Probing with Legume ENOD cDNAs
150
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TABLE 1—Continued
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ntense bands were produced with ENOD2 probe in the
ase of DNA of O. sativa, O. rufipogon, O. longistami-
ata, O. nivara and O. perennis species belonging to
A genome, with ENOD14, ENOD40 and ENOD55 in
. brachyantha of FF genome and with ENOD70 in O.
ustraliensis of EE genome (Fig. 2, Table 1). Also,
ompared to that in other Oryza species, the bands
isualized by ENOD5 were found to exhibit stronger
ignal in O. punctata (both BB and BBCC), O. eich-
ngeri (CC), O. minuta (BBCC) and O. malam-

Note. Hybridization signal strengths: 100% ( ); 51–75% (h
species in the Oryza complex and in the related genera that g
probes. Densitometric readings were scored from the autoradiog
densitometer detector response. Serial numbers of the species c
blots represented in Figs. 1–3.
151
huzhaensis (BBCC) while with ENOD12 it was in O.
ustraliensis (EE) and O. brachyantha (FF) and with
NOD93 in O. sativa, O. rufipogon and O. nivara (AA),
nd O. rhizomatis (CC), O. eichingeri (CC), O. minuta
BBCC), O. malamphuzhaensis (BBCC) and O. latifolia
CCDD). Among the related genera of Oryza, DNA
ands of higher signal strength were generated with
NOD2 probe in Leersia tisseranti, L. perrieri and
hychoryza subulata while with ENOD5 and ENOD14
nly in L. tisseranti (Fig. 3, Table 1). On the other

26–50% (a); less than 25% ( ). Asterisks depict the plant
relatively the strongest hybridization signals with respective
hs showing the hybridization signals that did not saturate the

espond to the numbers denoted over the lanes in the Southern
);
ave
rap
orr
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and, probing with ENOD12, ENOD55, ENOD70
nd ENOD93 displayed intense hybridization signals
ith Chikusichloa aquatica, R. subulata, Hygroryza
ristata and L. perrieri, respectively. With ENOD40,
owever, relatively more prominent bands were visu-
lized in L. perrieri and R. subulata. It is well estab-
ished that the DNA sequences that are more homolo-
ous to the probes form stronger hybrids and exhibit

FIG. 1. Southern blots of DraI-digested DNA of 89 representati
DNA probe. Numbers represented over the lanes correspond to the

FIG. 2. Southern blots of DraI-digested DNA of Oryza species
robes. Numbers represented over the lanes correspond to the seria
152
he bands with higher intensity on autoradiographs
han those that are less related. In the present study,
he apparent contrasts in the intensities of the bands
hat are visualized by the ENOD probes suggest that
he homologues of ENOD genes are conserved to varied
xtents in different Oryza species and related genera.
t is likely that in the species, the hybridizing frag-
ents which displayed greater intensity upon hybrid-

Oryza species and other taxa hybridized with 32P-labeled ENOD40
ial number of the species denoted in Table 1.

t gave strong hybridization signals with 32P-labeled ENOD cDNA
mber of the species denoted in Table 1.
ve
ser
tha
l nu
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zation with the ENOD probes on DNA gel blots
epresent the ENOD homologues which are more con-
erved than in those which displayed the bands of
ower intensities.

Despite the general perception that the ENOD genes
re exclusively induced during nodule organogenesis
19), some of these genes are also expressed, albeit to a
esser extent, in non-symbiotic organs of legumes (14,
0–23). In addition, recent studies revealed the exis-
ence of homologues of ENOD40 even in a nonlegume
uch as tobacco (24). In the present study, cross-
ybridization of legume ENOD genes with sequences

n the genomes of Oryza species and other related
enera suggest that the ENOD gene homologues are
idely dispersed across monocots as well, and possibly
biquitous in all plants. The expression of the homo-

ogues of the ENOD genes in various organs of legume
lants, as well as the presence of ENOD gene homo-
ogues in a wide variety of plant species suggest that
he biological functions of early nodulins may be di-
erse, and not restricted to nodule organogenesis
lone. Though the precise functions of the ENOD gene
roducts in legume nodule organogenesis are yet to be
etermined, these early nodulins fall into broad gen-
ral categories such as prolin-rich cell wall proteins
ENOD2, ENOD5 and ENOD12), putative metal-
inding proteins (ENOD14, ENOD55), auxin modula-
ors (ENOD40) and membrane sulfate transporters

FIG. 3. Southern blots of DraI-digested DNA of monocotylede-
ous genera related to Oryza species that gave strong hybridization
ignals with 32P-labeled ENOD cDNA probes. Numbers represented
ver the lanes correspond to the serial number of the species denoted
n Table 1.
153
f homologues of ENOD40 (Kouchi et al., submitted)
nd ENOD93 (18) from rice revealed that they encode
eptides that are considerably homologous to the pro-
eins encoded by the corresponding genes in legumes,
ut their expression is not associated with symbiotic
nteractions. Thus it is likely that the products of
NOD gene homologues perform more general func-

ions in controlling growth and development of plants.
n legumes, however, similar to that of the symbiotic
emoglobin genes (26), the nodule-specific alleles of
arious ENOD genes might have apparently evolved as
result of gene divergence/modification in order to
eet the specific requirements of nodule organogene-

is. The fact that ENOD gene homologues exist widely
oth in dicots and monocots probably suggest that
hese homologues are derived from corresponding an-
estral ENOD gene homologues in progenitor plants,
nd the subsequent evolution of the ENOD genes with
odule-specific symbiotic functions resulted after the
eparation of dicots from monocots.
The research on the Rhizobium-legume symbiosis

as revealed that the host plant possesses a genetic
rogram for the development of root nodule, a niche for
hizobial inhabitation, that is activated by signal mol-
cules such as Nod factors produced by the microsym-
iont (27 & references therein). It is unlikely that a
onocot plant such as rice would possess the complete

omplement of genes or genetic programs involved in
he nodule ontogeny program that could be induced by
hizobial strains. However, a reason for optimism is
hat rice, although do not develop symbiotic association
ith rhizobia, is able to enter into symbiotic associa-

ions with mycorrhizal fungi (28). Genetic links be-
ween the processes involved in nodulation and arbus-
ular mycorrhiza have been found in legumes (29, 30).
tudies on nodulation mutants of pea have demon-
trated that the early nodulin genes ENOD2,
NOD11, ENOD12 and ENOD40 which control initial
teps of nodulation also govern early stages of mycor-
hiza development (31). Thus, as rice is able to form
ymbiotic associations with mycorrhizal fungi, and
ince the formation of such an association of mycorrhi-
al fungi with legumes is mediated by ENOD genes, it
an be inferred that at least some of the genetic ma-
hinery required to promote endosymbiosis with rhizo-
ia likely exist and function in rice. Recent studies
evealed that indeed rhizobial Nod factors are able to
nduce the expression of legume ENOD12 promoter in
ice, thus strongly suggesting that at least a portion of
he signal transduction machinery important for le-
ume nodulation exist in rice (12). The present study
emonstrated that homologues of ENOD genes are
onserved, probably to varying extents, in all Oryza
pecies. This finding is reinforced by the characteriza-
ion of two of these homologues, OsENOD40 (Kouchi et
l., submitted) and OsENOD93a (18), from rice which



revealed open reading frames for encoding peptides
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aving significant homologies to legume ENOD40 and
NOD93, respectively. Taken together, these findings
uggest that the genetic machinery regulating nodule
evelopment in legumes is conserved, at least par-
ially, in rice. It is therefore essential that future stud-
es be extended at the cellular and molecular levels to
dentify why rhizobia-induced symbiotic responses do
ot fully occur in rice, in order to contemplate geneti-
ally engineering this major cereal crop to form a more
ntimate endosymbiotic association with rhizobia.
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