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Abstract

Plant hormones, especially auxin, cytokinin, and ethylene, have long been implicated in nodule development. In
addition, plant hormones have been shown to have increased concentrations in mycorrhizal associations. We show
that the early nodulin (ENOD) genes can be used as indicators for the status of endogenous hormones in symbiotic
root tissues. Transcripts for ENOD2 and ENOD40 genes are shown to accumulate in uninoculated, cytokinin-treated
alfalfa roots, even in roots of the non-nodulating alfalfa mutant MN1008, which is unresponsive to Rhizobium
meliloti inoculation and to Nod factor treatment. Transcripts for these ENOD genes also accumulate in mycorrhizal
roots of alfalfa. A model describing the involvement of cytokinin and auxin in stimulating cell divisions in the
inner cortex which leads to nodule formation is presented.

Introduction

The formation of a nitrogen-fixing root nodule is a
complex developmental event requiring the exquisite
coordination of gene expression of two very distinct
organisms, one a prokaryote and the other a eukary-
ote. The developmental pathway giving rise to nodu-
lation has been under intense scrutiny for a number
of years, and major progress has been made especial-
ly with respect to the bacterial partner. However, the
plant partner has been much more recalcitrant in part
because the genetic tools which have been applied so
successfully to the prokaryote have not been routinely
used for the plant. Nevertheless, this is rapidly chang-
ing because of the recent interest in studying host plants
that are mutated in stages of the nodulation pathway.

An important question that can be asked in light
of such studies is: what are the antecedents of the
nitrogen-fixing symbiosis? Is the legume nitrogen-
fixing nodule a modified root, for example, as the acti-
norhizal nodule clearly is, or some other type of modi-
fied plant organ, for example, a storage organ? Or is it
something very different, such as an organ sui gener-
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is as suggested by Libbenga and Bogers (1974)? As
an extension of this hypothesis, could the Rhizobium-
legume interaction have evolved from an even older
symbiosis, like that of endomycorrhizae as suggested
by LaRue and Weeden (1994)?

Our goal in this article is to look at the molecules
that serve as mediators of a "molecular conversation" in
an attempt to see whether there are conserved elements
among the various symbiotic associations. We start
by looking at Nod factor, a recently identified signal
molecule produced by the rhizobia, and then turn our
attention to the phytohormones. We will keep in mind
the overall picture of legume and non-legume symbios-
es, both nitrogen-fixing and mycorrhizal, to determine
whether there are any common features linking them
together. Finding answers to questions of this type may
give us leads for designing future experiments.

The conversation between symbiotic microbes and
their host plants involves small molecules

Nod factor
Perhaps one of the most exciting findings in the stud-
ies of legume nodulation in the last few years was
the identification of Nod factor, the end-product of
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Figure 1. Generalized chemical structure of Nod factor. n refers to the number of glucosamine residues. R1 can be H, sulfate, fucose,
methylfucose, sulfo-methylfucose, acetyl-methylfucose, or D-arabinose. R2 is either H or glycerol, whereas R3 is either H or a methyl group.
R4 is an acyl group and is usually 18 or 16C; the degree of unsaturation varies. R5 is either H or a carbamoyl group, and R6 can be H, or an
acetyl or carbamoyl group.

the expression of Rhizobium meliloti nod genes (Ler-
ouge et al., 1990) (Figure 1). The major Nod fac-
tor of R. meliloti, NodRm-IV (Ac, S) is a sulfated �
1,4 tetra D-glucosamine with three acetylated amino
groups. A C16 fatty acid with two double bonds occu-
pies the non-reducing end of the molecule, while the
reducing end contains a sulfate. There is also an O-
acetyl group at carbon 6 of the terminal sugar of the
non-reducing end (Truchet et al., 1991). Nod factors
have also been chemically characterized from other
rhizobia (see review by van Rhijn and Vanderley-
den, 1995). All of the Nod factors are N-fatty acid
oligoglucosamines with variations in the length and
degree of unsaturation of the acyl group as well as
showing differences in the substitutions on the oli-
goglucosamine backbone. In addition, tri, penta- and
even hexaglucosamine chains as well as the more com-
mon tetraglucosamine oligomer are detected in Rhi-
zobiaceae (Schultze et al., 1992; López-Lara et al.,
1995). In addition, many rhizobia produce more than
one Nod factor-type molecule; perhaps a combination
of Nod factors is important for host recognition.

Nod factor has been defined as a primary mor-
phogen for the legume nitrogen-fixing symbiosis
because it elicits not only deformation of treated root
hairs, but also cortical cell divisions that lead to nodule
primordium formation. However, higher concentra-
tions of Nod factor are required for the latter response
(Truchet et al., 1991). One of the major questions
now facing the legume-Rhizobium research commu-
nity is the mechanism of action whereby Nod factor
elicits plant responses. Several models have been pro-
posed suggesting that Nod factor binds to a plasma
membrane-bound receptor (Hirsch, 1992; Ardourel et
al., 1994). Ehrhardt et al. (1992) and Kurkdjian (1995)

have shown that adding purified Nod factor to root
hairs leads to membrane depolarization within min-
utes after application, and Ehrhardt et al. (1996) have
demonstrated that exogenous Nod factor leads to rapid
spiking of the root hair calcium levels in treated root
hairs. These studies suggest that the root hair mem-
brane is the site of Nod factor action.

However, some recent experiments demonstrate
that the tetraglucosamine itself, without its fatty acid,
after being ballistically targeted into plant cells, elic-
its cell divisions and nodule primordium formation
(Spaink et al., 1995), suggesting that an intracellu-
lar receptor may exist. In addition, a number of Nod
factor-degrading enzymes are produced by the host
legume, indicating that the vast majority of lipochi-
tooligosaccharide molecules are degraded into smaller
constituents (Staehelin et al., 1995). Thus, the ques-
tions of mechanism of action and how the signal is
perceived and transduced are still unanswered.

In addition to the legume-Rhizobium symbiosis,
there are two other very important plant-microbe inter-
actions that involve some type of molecular signal-
ing: the nitrogen-fixing symbiosis between Frankia
and actinorhizal plants, and the phosphate-acquiring
mycorrhizal associations that exist between a number
of diverse fungi and a broad spectrum of plant hosts.
Very little is known about these molecular conversa-
tions, with respect to either the ligand or the recep-
tor(s). Although attempts have been made to find nod
gene homologs in Frankia (Reddy et al., 1988; Chen
et al., 1992), so far there is no evidence that a Nod
factor-like molecule is produced, implying that some
other type of signaling interaction may be taking place.
These two symbioses represent the areas where the next
breakthroughs need to be made, especially in light
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of the finding that the signal transduction pathways
between legume symbiosis and mycorrhizae may be
conserved (van Rhijn et al., 1997; see later section).

Plant hormones
The various phytohormones, which can be considered
as more "traditional" signal molecules, in the sense
that they have been known for a longer time than
Nod factors, are also important for plant growth and
development. Plant hormones have been assumed to
be part of the nodulation process ever since Thimann
(1936) reported that pea nodules contain elevated lev-
els of auxin. Although there have been more studies on
the involvement of plant hormones in legume nodule
development than of any other symbiosis, it is likely
that the plant hormones also play a role in nodulation of
non-legumes. Earlier, we briefly reviewed some of the
literature about the different classes of phytohormones
and their involvement in nodulation (Hirsch and Fang,
1994). In this report, we will concentrate on auxin
and cytokinin because these two hormones frequently
interact with one another, often times in antagonistic
ways. For example, cytokinins applied exogenously
to seedling roots or excised roots repress lateral root
formation whereas exogenous auxin stimulates lateral
root development in seedling roots, excised roots, and
roots of mature plants (see references in Torrey, 1986).

Although the evidence for hormones having an
important role in nodulation is striking (Table 1), it
is difficult to determine which partner produces the
hormone. As these are phytohormones, it is likely that
the plant up-regulates their synthesis in the produc-
tion of a new organ. However, the production of plant
hormones by rhizobia is well documented (see Torrey,
1986). Rhizobia synthesize both auxins and cytokinins
but the genes responsible for cytokinin production are
as yet unknown. Mutants defective in IAA synthesis
have been described, but none of them are Nod�, sug-
gesting that auxin production by rhizobia is not essen-
tial for nodule morphogenesis (see references in Hirsch
and Fang, 1994). Thus, rigorous testing of the involve-
ment of rhizobial-produced hormones on nodulation is
not possible at this time.

As far as the Frankia-actinorhizal plant symbiosis
is concerned, Frankia appear to produce both auxins
and a cytokinin (Stevens and Berry, 1988; Berry et al.,
1989). However, none of the genes have been identi-
fied so their relationship to other hormone-synthesizing
genes in bacteria is completely unknown.

The major questions now revolve around exactly
how phytohormones are involved mechanistically in
the nodulation pathway as well as which of the symbi-
otic partners is the source of the hormone(s). The latter
question may be less important than the first because
there are examples of nodules that form without an
inductive stimulus from Rhizobium. These are the so-
called "spontaneous" nodules originally described by
Truchet et al. (1989) for alfalfa. This phenotype has
been described as Nar+ (Nodulation in the Absence of
Rhizobium) and is the consequence of a mutation in
a dominant gene (Caetano-Anollés et al., 1992). Sur-
prisingly, this phenotype has not been described for
legumes other than alfalfa, suggesting that it is not a
common mutation in legumes. In any case, expression
of the Nar gene may result in the production of some
factor (hormone?) that allows the constitutive forma-
tion of bona fide nodules. Similar to nitrogen-fixing
nodules, these nodules have a discrete nodule meris-
tem, peripheral vascular bundles, and express the early
nodulin gene ENOD2 (Truchet et al., 1989; Hirsch et
al., 1992).

What evidence links either cytokinin or auxin or a
balance between the two hormones to the nodulation
pathway?

Several reports have suggested that the balance of hor-
mones, particularly that between auxin and cytokinin,
is part of the nodulation stimulus, but a priori it is
not obvious in which direction the balance is shift-
ed. There are no simple, accurate methods to mea-
sure hormone concentration on a cell-to-cell basis.
Allen et al. (1953) treated several legumes with com-
pounds that function as auxin transport inhibitors (ATI)
and found that nodule-like structures were formed.
These structures resulted from an inhibition of later-
al root elongation and the subsequent fusion of close-
ly spaced root primordia. Hirsch et al. (1989) deter-
mined that alfalfa pseudonodules induced by the ATI
N-(1-naphthyl)phthalamic acid (NPA) contained tran-
scripts for the early nodulin gene ENOD2, suggesting
that this "nodule-specific" gene was developmentally
rather than symbiotically regulated. This study fur-
ther indicated that the early nodulin genes could be
used as diagnostic makers for changes in hormone bal-
ance. The nodule-like structures more closely resem-
bled roots than nodules in that they had a single central
vascular bundle and no distal meristem (Hirsch et al.,
1989). Later, Scheres et al. (1992) determined that
the ENOD12 gene was expressed in pseudonodules
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Table 1. Cytokinins and nodulation-related events in legumes and non-legumes

Nodulation-related event Reference

Cytokinins induce pseudonodules on tobacco roots Arora et al., 1959

Cytokinin induces pseudonodules on roots of Alnus Rodriguez-Barrueco and

glutinosa Bermudez de Castro, 1973

Cytokinins detected in nodules of Phaseolus vulgaris Puppo et al., 1974

Cytokinins detected in nodules of Vicia faba Henson and Wheeler, 1976

Identification of cytokinins in pea nodules Syono and Torrey, 1976

Cytokinins detected in nodules of Myrica gale Rodriguez-Barrueco et al.,

1979

Cytokinins detected in nodules of Phaseolus mungo Jaiswal et al., 1981

High levels of cytokinins measured in pea nodules Badenoch-Jones et al., 1987

Cytokinins induce ENOD2 expression in Sesbania rostrata Dehio and deBruijn, 1992

Nod� R. meliloti carrying Agrobacterium trans-zeatin Cooper and Long, 1994

synthase gene induce nodules and ENOD2 gene expression

in alfalfa

Cytokinins induce pseudonodules on siratro roots Relic et al., 1994

Cytokinins induce ENOD12 expression in alfalfa Bauer et al., 1996

formed on Afghanistan pea in response to ATIs. Wu et
al. (1996) found that even non-nodulating mutants of
sweetclover (Melilotus alba Desr.) after NPA treatment
developed pseudonodules which contained transcripts
that hybridize to A2ENOD2.

Suggestions that the auxin:cytokinin balance is
pushed into the direction of cytokinin comes from sev-
eral additional studies (Table 1). Exogenous cytokinin
has been found to induce pseudonodules on tobacco, a
plant that normally is not nodulated (Arora et al.,1959).
The pseudonodules originated from cortical cells, an
origin consistent with that of legume nodules rather
than of lateral root primordia. However, the pseudon-
odules did not exhibit any tissue specialization and
consisted solely of large, highly vacuolated parenchy-
ma cells (Arora et al., 1959).

There is considerable data showing that nodule
development ensues in a zone of the root where the
root hairs are susceptible to infection (Bhuvaneswari
et al., 1980). The cortical cells in this region of the
uninoculated root are mitotically quiescent but often
are tetraploid due to endoreduplication. In contrast,
the cells of the pericycle are diploid. The levels of
cytokinin in the root hair-emerging zone are generally
low. Short and Torrey (1972) determined that the high-
est levels of cytokinin were in the area 1 mm behind the
apex. There was a decrease in cytokinin concentration
1-5 mm behind the apex, and very little cytokinin in
older sections of the root.

Torrey (1961) found that tetraploid cortical cells
could be stimulated to divide when kinetin was added
to the culture medium in which pea root segments
excised 10-11 mm behind the root tip had been grown.
Few diploid cells of the central cylinder divided under
these conditions. Thus, from outside to inside of the
root, a gradient of cells which differ in their sensitivity
to cytokinin exist. Libbenga et al. (1973) studied this
transverse gradient by stripping the cortex from the
stele and growing the cortical explants on a defined
medium containing auxin alone. When cytokinins or
stelar extracts were added to the medium, cell divisions
were stimulated, usually opposite protoxylem points.
This stelar extract has been identified as uridine (Smit
et al., 1995).

Actinorhizal nodule development can also be
induced by plant hormones. Rodriguez-Barreco and
Bermudez de Castro (1973) induced pseudonodules
on the roots of Alnus glutinosa with cytokinin. Var-
ious phytohormones have also been detected in acti-
norhizal nodules, namely, auxin (Wheeler et al., 1979),
gibberellic acid (Henson and Wheeler, 1977) and
cytokinins (Henson and Wheeler, 1977).

Involvement of Ppytohormones in
arbuscular-mycorrhizal associations

Mycorrhizal formation enhances the growth and sur-
vival of numerous plant species (Hyman, 1980). Many
of the observed plant growth responses may be reg-
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ulated in part by alterations in endogenous phytohor-
mone levels. Host-AM fungus associations result in
elevated levels of ABA, cytokinins, or gibberellin-
like substances (Allen et al., 1980, 1982) in different
plant organs. Recently, a correlation between altered
zeatin riboside (ZR) levels and growth was described
by Drüge and Schönbeck (1992) to support their con-
clusion that the improved growth of AM-plants was
caused by the enhanced cytokinin production by myc-
orrhizal roots. However, does the elevated level of
cytokinins play a role in the establishment of the
symbiosis or are these phytohormones produced in
response to fungal colonization? For a more compre-
hensive discussion on the role of phytohormones in
the function and biology of mycorrhizae, the reader is
referred to a review by Beyrle (1995).

Regardless of their origin, cytokinins typically
stimulate protein and chlorophyll synthesis as well
as cell division and expansion in plants (van Stader
and Davey, 1979). In the symbiosis, and as a result of
the AM-fungal colonization, enhancement of cytokinin
levels in mycorrhizal Bouteloua gracilis plants was
reported (Allen et al., 1980). A higher cytokinin lev-
el was found in leaves compared to the levels in
roots (Allen et al., 1982). It has also been pointed
out that AM fungal colonization increases the flux of
cytokinins from roots to shoots in Citrus (Dixon et al.,
1988), suggesting that AM fungal colonization may
alter both the production and allocation of cytokinin in
the host plant.

The enhanced root and leaf cytokinin levels in myc-
orrhizal associations might come about in response to
a number of causes: (i) cytokinin production by the
fungus and subsequent translocation into the plant; (ii)
an inhibition of cytokinin degradation by compounds
produced by the fungus or the plant; or (iii) a stimu-
lation of cytokinin production by the plant as a result
of improved nutrition or in response to a signal from
the fungus. Edriss et al. (1984) demonstrated that the
enhancement of cytokinin production in Citrus mycor-
rhizae was associated with AM fungal infection rather
than with increased P uptake, arguing against the for-
mer. Nevertheless, it is still not clear whether nutrients
other than P are important or whether cytokinin is actu-
ally required for the establishment or for later stages
of the symbiosis.

Several soil microorganisms, e.g., Azotobacter
(Taller and Wong, 1989), Rhizobium (Sturtevant and
Taller, 1989), and Azospirillum (Okon and Itzigsohn,
1995) among others, are known to produce plant
growth regulators. In some cases, the alteration of plant

growth responses to a particular class of growth regu-
lators was suggested as a consequence of inoculation
with these bacteria (Brown, 1972). Auxin, cytokinin,
GA, and B-vitamin production by ectomycorrhizal fun-
gi has been reported (Slankis, 1973; Strzelczyk et
al., 1977; Crafts and Miller, 1974). Also, Barea and
Azcon-Aguilar (1982) demonstrated that germinated
spores of the endomycorrhizal fungus Glomus mosseae
synthesize cytokinin and gibberellin-like substances in
vitro. However, it is unclear at the present whether oth-
er AM fungi share these properties.

In conclusion, the AM symbiosis results in an
increase in the internal cytokinin levels of the infected
tissue and improves the fluxes of this phytohormone to
other plant organs, independently of the nutrient sta-
tus of the host plant, albeit by mechanism(s) not yet
understood. Whether such mechanism(s) are common
to all AM fungal-plant interactions or whether they
exhibit similarities with the induction of other plant
hormones (e.g., auxins and gibberellins) remains to be
demonstrated.

In this paper, we investigate the involvement of
cytokinins in plant-microbe associations by treating
mutant or wild-type alfalfa roots or roots from trans-
genic plants carrying MsENOD40 promoter-Gus con-
structs, with cytokinin or with rhizobia genetically
engineered to produce cytokinin. Alfalfa roots colo-
nized with the arbuscular-mycorrhizal (AM) fungus
Glomus intraradices were also studied.

Materials and methods

Plants, treatments, and growth conditions

Three-day old alfalfa seedlings (Medicago sativa cv.
Iroquois) were transferred to Magenta jars contain-
ing Jensen’s medium with nitrogen (Vincent, 1970)
and various concentrations of different plant hor-
mones. The phytohormones tested were: �-napthalene
acetic acid (NAA); 2,4-dichlorophenoxyacetic acid
(2,4-D); gibberellic acid (GA3); abscisic acid (ABA);
6-benzylaminopurine (BAP), and kinetin. The concen-
trations used in initial tests were 10�9 to 10�5 M
for all the hormones, except for 2,4-D which was
utilized as high as 10�4 M. Three separate experi-
ments for each phytohormone were performed. Roots
were also flood-inoculated with wild-type Rhizobium
meliloti (Rm1021) which had been grown on RDM
(Rhizobium Defined Medium; Vincent, 1970). Plants
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were also treated with purified Nod factor [PNF; NodR-
mIV(Ac,S)] at 10�8 M.

For some experiments, healthy stems of M. sati-
va cv. Saranac and the non-nodulating mutant derived
from cv. Saranac, MN1008, were rooted as cuttings in
Magenta jars containing sterilized vermiculite watered
with 1/4 strength Hoagland’s medium plus N (Mach-
lis and Torrey, 1956). After roots were regenerated
(ca. 2 weeks), the plants were transferred to sterilized
Magenta jars containing Jensen’s medium minus N
(Vincent, 1970) with the appropriate cytokinin dilu-
tion. Some plants were transferred to square Petri
dishes (Labtek) containing solidified Jensen’s medium
minus N and spot-inoculated with either Rhizobium
meliloti strain SL44/pTZS, which is a Nod� mutant
(�nodDABC) of R. meliloti carrying the trans-zeatin
synthase gene of Agrobacterium tumefaciens (Coop-
er and Long, 1994). Plants were spot-inoculated fol-
lowing a previously published protocol (Dudley et al.,
1989).

In some experiments, 1-mm2 1.5% agar blocks con-
taining concentrations of BAP from 10�4 to 10�7 M
were placed on the root at the root-hair emerging zone.
Control plants were sham-inoculated with blocks con-
taining Jensen’s medium in 1.5% agar. India ink was
used to mark the point of agar block or bacterial place-
ment. After varying times, sections of the root adjacent
to the marked spot, ca. 5 mm in length, were fixed in
FAA for further analysis.

All plants were grown in a Conviron growth cab-
inet where they were maintained under 16 h 21 �C
day/8 h 19 �C night with a relative humidity of 80%.
The bottoms of the Magenta jars were covered with
aluminum foil to exclude light and the containers were
left slightly ajar to avoid ethylene accumulation.Tissue
was harvested into liquid nitrogen at the termination of
the experiments, and stored at �70 �C until RNA was
isolated.

For the mycorrhizal studies, alfalfa (M. sativa
L. cv. Gilboa) seedlings were grown in sand under
microbiologically controlled Rhizobium-free condi-
tions as described previously (Volpin et al., 1994).
Before planting, surface-sterilized spores of Glomus
intraradices (Schenck and Smith) were layered 4 cm or
8 cm, respectively, below the soil surface to supply 10
to 40 spores per seedling. After each harvest, the roots
were immediately frozen in liquid nitrogen and kept at
�70 �C until assayed. Mycorrhizal colonization was
estimated colorimetrically by measuring glucosamine
released from fungal chitin (Hepper, 1976). All assays
were conducted in two or three replicates; each repli-

cate containing roots from 12 seedlings. Analysis of
variance was tested for significant (p < 0.05) differ-
ences, and when appropriate, standard error (SE) val-
ues were calculated.

RNA isolation, RNA transfer blot analysis, and in situ
hybridization

These procedures were performed as previously
described (McKhann and Hirsch, 1993; McKhann and
Hirsch, 1994). RNA was isolated from the treated roots
and subjected to electrophoresis. Twenty �g of total
RNA were loaded per lane for the RNA transfer blot
analyses. The RNA was subsequently transferred to
nylon membranes for hybridization experiments with
probes derived from MsENOD40-2 (Asad et al., 1994)
and A2ENOD2 (Dickstein et al., 1988) cDNAs. An
Msc27 cDNA clone (Kapros et al., 1992) was used to
normalize RNA loading.

Alfalfa transformation and Gus staining

Five MsENOD40 genomic clones were isolated
by screening an alfalfa genomic library with the
MsENOD40-2 cDNA clone (Asad et al., 1994). The
putative promoter regions were subcloned into the
HindIII-BamHI site of the binary vector pBI101.3
(Clontech). The resultant plasmids were electroporat-
ed into A. tumefaciens strains LBA4404, which was
then used to transform alfalfa (Medicago sativa L.) cv.
Regen. Transformation and plant regeneration proce-
dures were performed as previously described (Hirsch
et al., 1995).

Cuttings from transgenic plants were rooted in
1/4 strength complete Hoagland’s medium for 3 to
4 weeks. Individual rooted plants were transferred
into 50-mL Falcon tube (Fisher) containing 50 mL of
nitrogen-free Jensen’s medium. Six to 7 d after trans-
fer, the plants were either inoculated with R. meliloti
strain 1021, treated with purified Nod factor at 10�8M,
or with phytohormones at 10�6 M. Gus staining was
carried out as described by Jefferson (1987).

Results

The MsENOD40 Gene is expressed in uninoculated
roots treated with cytokinin

To monitor whether or not cytokinin was an inductive
stimulus for MsENOD40 gene expression, we treated
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Figure 2. Densitometric analysis of MsENOD40 gene expression
relative to Msc27 in alfalfa seedling roots following Rm1021 inoc-
ulation or different phytohormone treatments for 4 d. 10�6 M IAA,
10�6 M GA3, or 10�6 M ABA did not result in an increased accu-
mulation of MsENOD40 transcripts after this time period.

alfalfa roots with several concentrations of the dif-
ferent plant hormones (Figure 2). We found that the
cytokinin benzylaminopurine (BAP) at concentrations
ranging from 10�8 to 10�5 m induced MsENOD40 and
MsENOD2 gene expression. BAP at 10�6 M induced
MsENOD40 gene expression to levels comparable to
that of Rm1021 (Figure 2). This response appeared
to be specific to cytokinins, as the only other phyto-
hormone which induced MsENOD40 gene expression
was kinetin. All of the cytokinins are adenine deriva-
tives. Other nucleotide bases, such as uridine (recently
identified as the stele factor; Smit et al., 1995) did not
induce MsENOD40 gene expression (data not shown).

We then proceeded to localize the sites of
MsENOD40 gene expression in cytokinin-treated alfal-
fa roots using in situ hybridization. The roots were
spot-inoculated either with 10�6 M BAP dissolved in
a 1 mm2 agar block or with a drop of SL44/pTZS
bacteria as described in the Materials and methods. In
both treatments, by in situ hybridization, we detect-
ed MsENOD40 transcripts in the cells of the cortex
and the epidermis, and also in the pericycle (Figure 3b
and c). These are the same sites where MsENOD40 is
expressed in alfalfa roots upon R. meliloti inoculation
(Asad et al., 1994; Crespi et al., 1994). Figure 3a is a
sense control.

MsENOD40 and MsENOD2 are expressed in
nodulation mutants of alfalfa that do not respond to
R. meliloti.

The alfalfa mutant MN1008 undergoes neither root hair
deformation nor cellular divisions in response to wild-
type R. meliloti (Dudley and Long, 1989), suggesting
that the mutation potential is in a receptor for Nod fac-
tor. When RNA from BAP-treated roots from rooted
cuttings of MN1008 plants were examined by north-
ern blot analysis, both MsENOD40 and MsENOD2
transcripts were detected (BAP; Figure 4). Both genes
were also expressed in the parental cultivar Saranac
(Figure 4).

M. sativa cv. MN1008 roots were spot-inoculated
with Nod�/pTZS+ bacteria as well as with agar blocks
containing different concentrations of BAP to deter-
mine the site of localization of MsENOD40 transcripts.
Twenty to 27 dpi with Nod�/pTZS+ rhizobia, small
uninfected sites of cell division activity were observed
on MN1008 roots (Figure 3d). No such sites were
observed on mutant alfalfa roots spot-inoculated with
BAP-containing agar blocks, even 27 d after treatment.
The small regions of cell division activity in MN1008
roots included both cortical and pericycle divisions;
vascular tissue differentiated into the base of the small
nodule-like structure, but no further. MsENOD40 tran-
scripts were detected by in situ hybridization in epider-
mal cells, enlarged outer cortical cells and mid-cortical
cells (arrows, Figure 3e), or in cells which appear to
be derived from the pericycle (data not shown). No
transcripts were detected in cells of a fully developed
outgrowth, however (Figure 3d). We concluded that
these sites of localized cell division were arrested nod-
ules.

Although agar blocks containing BAP, even with
concentrations as high as 10�4 M, did not routinely
elicit cell divisions on treated alfalfa roots, microscop-
ic examination of the roots indicated that histologi-
cal changes occurred. Both epidermal and outer corti-
cal cells expanded in response to BAP concentrations
ranging from 10�7 to 10�4 M (Figure 3f).

Neither cell divisions, MsENOD40 or MsENOD2
gene expression, nor or any other histological changes
were detected in control roots spot-inoculated with
Jensen’s medium (data not shown).

Isolation of the MsENOD40 gene promoter

Using a full-length alfalfa cDNA clone (MsENOD40-
2; Asad et al., 1994), we screened an alfalfa genomic
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Figure 4. MsENOD40 (A) and MsENOD2 (B) genes can be induced
by purified Nod factor or cytokinin treatment in wild-type and non-
nodulating alfalfa mutant roots. Rooted cuttings were transferred
to Jensen’s medium without nitrogen and treated as indicated for
4 d. Twenty �g of total root RNA per lane were used for analy-
sis. (C) Msc27 was used to standardize the amount of RNA load-
ed. C, untreated control plants; Rm, wild-type Rhizobium meliloti
strain 1021; PNF, 10�8 M purified Nod factor; BAP, 10�6 M ben-
zylaminopurine. This figure is a composite from two independent
experiments. Replicates gave identical results.

library to obtain phage DNAs that contained putative
promoter elements. Southern analysis had previously
indicated that there were probably two ENOD40 genes
in alfalfa (Asad et al., 1994). Five genomic clones were
isolated, and two were found to be identical. Subse-
quent analysis of the four remaining clones showed
that there were two distinct promoters; they were only
40% similar to one another at the 50-distal ends. The
two promoters were designated as MsENOD40-1 and
MsENOD40-2 (Fang and Hirsch, manuscript submit-
ted).

The transcriptional start site for each of the promot-
ers was determined, and they were then transcription-
ally fused to the reporter gene uidA (gusA). The con-
structs were introduced into A. tumefaciens by elec-
troporation, and transformation of alfalfa (Medicago

Figure 3. Light micrographs of treated roots of alfalfa. (a) Transverse section of an alfalfa root treated with Nod�/pTZS+ bacteria for 9 d.
MsENOD40 sense control. Scale bar = 60 �m. (b) Transverse section of an alfalfa root treated with Nod�/pTZS+ bacteria for 9 d. MsENOD40
expression as shown by the blue color (digoxigenen-labeled probe) is detected in the epidermis (arrow) and in the stele, specifically in the
pericycle (arrow) and to some extent in the cortex (dividing nuclei). Same magnification as (a). (c) Longitudinal section showing the epidermis
and cortex of an alfalfa root treated with 10�6 M BAP in agar for 20 d. MsENOD40 transcripts as detected by an 35S-labeled antisense probe
(white dots are silver grains) are found over the nuclei of the cortical cells (arrow). Same magnification as (a). (d) A small region of cell division
activity (arrow) on an MN1008 root collected 27 d after spot-inoculation with Nod�/pTZS+ bacteria. Scale bar = 60 �m. (e) Longitudinal
section of an MN1008 root collected 20 d after spot-inoculation with Nod�/pTZS+ bacteria. MsENOD40 transcripts are localized by the
blue-purple color in epidermal and cortical cells (arrows). Note that the nucleus has moved from a peripheral to a central position within the
expanded cortical cell. Digoxigenin-labeled probe. Scale bar = 30 �m. (f) Outer epidermis and cortex of an alfalfa root treated with 10�6 M
BAP in agar for 20 d. Enlargement of (c). Same magnification as (e). (g) Part of an entire transgenic (MsENOD40-2 promoter-Gus construct)
alfalfa root stained for Gus after treatment with 10�6 M BAP for 4 d. Blue color is detected in the cortex and in the stele. A region of cell division
activity in the inner cortex is indicated by the arrow. (h) Transverse section of the same root shown in (g). Blue color indicating Gus product is
found in the stele and in inner cortical cell derivatives (arrow). The blue color in the cortex does not show in the section. Scale bar = 60 �m. (i)
Transverse section of a mycorrhizal root. MsENOD40 sense control. Scale bar = 120 �m. (j) Transverse section of a mycorrhizal root showing
blue color in most of the tissues of the root. MsENOD40 antisense. Digoxigenin-labeled probe. Same magnification as (i). (k) Transverse to
oblique section of a mycorrhizal root. MsENOD40 transcripts (detected as white dots) are over most of the cortical cells. 35S-labeled probe.
Scale bar = 40 �m.

sativa L. cv. Regen) proceeded as previously described
(Hirsch et al., 1995). More than 50 independent trans-
genic lines were generated for each of the promoters.

We found that the full-length promoter-Gus con-
structs were expressed in the same tissues as
MsENOD40 transcripts were detected by in situ
hybridization methods (Asad et al., 1994; Crespi et
al., 1994). The MsENOD40-2 promoter was found
to be stronger than the MsENOD40-1 promoter. Gus
staining was detected within a few hours for the for-
mer promoter whereas roots containing constructs with
the MsENOD40-1 promoter required staining for 10-
12 h. For both promoters, Gus staining was found in
the nodule meristem and in the pericycle of the nodule
vascular bundles. However, Gus product indicating the
expression of the MsENOD40-2 construct was found
in non-symbiotic tissues even in uninoculated roots,
e.g., in non-emergent lateral root primordia, and in the
root pericycle. On the other hand, the MsENOD40-1
promoter appeared to be induced upon inoculation and
Gus product was found in the root hairs, both outer and
inner cortical cells, usually in the pericycle adjacent to
the site where the nodule was to develop, and final-
ly in the nodule primordium itself (Fang and Hirsch,
manuscript submitted).

Ten different lines of plants containing the differ-
ent promoter-constructs were then used for studies on
cytokinin induction of the MsENOD40 promoter. We
found that both MsENOD40 promoters were induced
by cytokinin treatment two-fold over the untreated
controls (Fang and Hirsch, manuscript submitted).
Again, the MsENOD40-2 promoter was stronger than
the MsENOD40-1 promoter. MsENOD40-2 promoter-
Gus plants had Gus product localized to the stele,
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the pericycle, and the cortex following treatment with
10�6 M BAP for 3 days (Figure 3g). Occasionally, cell
divisions were induced in the inner cortex following
cytokinin treatment (arrow, Figure 3g). When these
roots were sectioned, blue color was detected in the
stele and in the inner cortical cell derivatives (Fig-
ure 3h). The blue color of the outer cortical cells was
lost during the tissue processing for paraffin embed-
dment. The MsENOD40-1 promoter-Gus transgenic
roots gave a similar response but the blue color of
the outer cortical cells was not as intense as that just
described for the MsENOD40-2 promoter. Thus, the
cytokinin inducibility of MsENOD40 is established,
thereby confirming the idea that this gene can be con-
sidered a marker for increased cytokinin levels in the
plant tissues.

The MsENOD40 gene is expressed in mycorrhizal
roots

We examined RNA from alfalfa roots that had
been inoculated either with G. intraradices, or left
uninoculated. Hybridization to a MsENOD40 probe
occurred only in the roots that were colonized with G.
intraradices and not in control roots (data not shown)
(van Rhijn et al., 1997). In situ hybridization stud-
ies localized MsENOD40 transcripts to the outer and
inner cortical cells of the root as well as to the pericycle
(Figure 3j and k). Figure 3i is a sense control.

Discussion

Several early nodulin (ENOD) genes, have been found
to be induced by cytokinin–ENOD2, ENOD12A, and
ENOD40 (Dehio and deBruijn, 1992; Bauer et al.,
1996; Hirsch and Fang, 1994; van Rhijn et al., 1997).
The increase in transcript accumulation for these three
early nodulin genes is thus likely to reflect the endoge-
nous status of cytokinin in the inoculated root.

In this report, we have demonstrated that cytokinin
induces MsENOD40 gene expression not only in
uninoculated alfalfa roots, but also in a non-nodulating
mutant of alfalfa. This demonstrates that MsENOD40
expression and Nod factor perception are uncoupled in
the non-nodulating alfalfa MN1008, which is blocked
in perceiving and transducing the first signal, i.e., Nod
factor. However, MN1008 is not blocked in those
stages that lead to nodule organogenesis. MsENOD40
is expressed and aborted nodules are formed.One inter-
pretation of these results is that a change in endoge-

nous hormone balance occurs downstream of the per-
ception of Nod factor. Nod factor perception could
lead to an alteration of endogenous hormone(s) levels
and/or sensitivities which then triggers early nodulin
gene expression. This implies that in wild-type alfalfa
Nod factor and exogenous cytokinin intercept at the
same point in the signal transduction cascade although
each may utilize different mechanisms to reach this
common point.

However, other research points to the involvement
of auxin in triggering nodulation as evidenced by the
expression of auxin-induced genes in response to Nod
factor or Rhizobium. Auxin rather than cytokinin levels
could change after Rhizobium inoculation or Nod fac-
tor application, or alternatively Nod factor and auxin,
instead of cytokinin, could work through the same sig-
nal transduction pathway. Van de Sande et al. (1996)
have implicated auxin resistance as part of the response
of tobacco protoplasts transformed with one of the con-
served regions of the soybean ENOD40 cDNA. Proto-
plasts lacking this GmENOD40 construct are unable
to divide in the presence of high auxin concentra-
tions, whereas tobacco protoplasts carrying the con-
struct divide even up to 13.8 �M NAA. These authors
propose that ENOD40 encodes a small peptide that
modulates the action of auxin.

Röhrig et al. (1995) found that very low concen-
trations of synthetic Nod factors alleviated the require-
ment for auxin and cytokinin for continued division
of tobacco protoplasts. Also, in these studies syn-
thetic Nod factor treatment was found to induce the
expression of genes which are auxin- responsive. The
-90-base pair region of the CaMV 35S RNA promot-
er was fused to Gus and used to measure transient
expression after synthetic Nod factor application; this
promoter region is responsive to auxin, jasmonic acid,
and salicylic acid. Similarly, the axi1 gene, which is
both auxin- and cytokinin responsive, is expressed in
response to synthetic Nod factor and derivatives.

The auxin responsive promoter GH3 (Hagen et al.,
1991) linked to Gus as well as constructs consisting of
chalcone synthase (CHS) genes fused to a Gus reporter
gene have been used to gauge the auxin levels of white
clover (Trifolium repens) in response to Rhizobium
inoculation (Larkin et al., 1996) and to target molecules
such as Nod factor, auxin, NPA, and flavonoids ballis-
tically into clover root cells (Mathesius et al., 1997).
GH3 expression linked to Gus is detected in inner cor-
tical cells as early as 10 h post-inoculation, but not in
the nodule primordium approximately 70 h after inoc-
ulation. Seven dpi, the nodule primordium cells which
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will differentiate into vascular tissue stain blue and
later, Gus activity is detected in the nodule meristem
suggesting that auxin levels are elevated in these cells.

Thus, there is evidence for the involvement of both
auxin and cytokinin in the elicitation of nodule devel-
opment. To understand how these two growth reg-
ulators change in the root in response to Rhizobium
inoculation, we first must review the status of the phy-
tohormones in the uninoculated root. Auxin transport
in the root is thought to proceed basipetally from the
shoot and then acropetally in the root via the vascu-
lar parenchyma of the stele. A considerable amount
of auxin accumulates in the root tip and it is likely
that some of this auxin is actually synthesized by the
root tip. Immunolocalization of auxin in the root tip
of Zea mays shows that the auxin levels in certain
root tip cells–quiescent center, root cap cells, vascular
tissue and outer cortical cells are elevated compared
to others–root cap meristem region, inner cortex, and
epidermis (Kerk and Feldman, 1995). Uninoculated
transgenic clover roots exhibit GH3-Gus expression in
the phloem region of the stele and in the root apical
meristem as well as the pericycle just before and during
the formation of a lateral root, indicating that auxin is
accumulating in these cells (B G Rolfe, pers. comm.).

Figure 5 summarizes the changes in auxin and
cytokinin concentrations after inoculation based on our
studies and those of Mathesius et al. (1997). Twenty-
four to 50 h after inoculation, auxin accumulates tran-
siently in the inner cortical cells that are opposite a
protoxylem point (Mathesius et al., (1997)) (Figure 5).
Although the source of auxin is unknown, it is likely to
be derived from the vascular tissues. However, anoth-
er possibility is that there is a localized accumulation
of auxin due to a block in auxin transport. This block
in auxin transport could come about due to a local-
ized increase in flavonoid production (Hirsch, 1992).
Flavonoids are known to function as auxin transport
inhibitors (Jacobs and Rubery, 1988). Evidence sup-
porting this hypothesis comes from Mathesius et al.
(1997) who used a CHS promoter-Gus construct in
transgenic clover roots to detect localized changes in
the activity of this promoter in response to inoculation.

What about cytokinin? Based on our stud-
ies with the MsENOD40-1 promoter-Gus fusions,
cytokinin levels are elevated in cells opposite a pro-
toxylem point soon after inoculation also (Fang and
Hirsch, manuscript submitted). The response of the
MsENOD40-2 promoter to exogenous cytokinin repli-
cates this result (see Figure 3g and h). Unlike auxin,
however, cytokinin accumulates in a horizontal gra-

Figure 5. Diagram of a indeterminate nodule-forming legume root
showing the localization of GH3-Gus activity [right to left slanted
lines indicating auxin levels; based on the results of Mathesius et
al., (1997)] and MsENOD40-Gus activity (left to right stanted lines
indicating cytokinin levels; based on this report and Fang and Hirsch,
manuscript submitted) approximately 48 hours after inoculation with
R. meliloti. The inner cortical cells, where both auxin and cytokinin
concentrations are elevated, are stimulated to divide. Auxins and
cytokinins (based on Gus reporting) overlap also in the root tip and
in the stele approximately 2 to 3 mm behind the root apical meristem.

dient extending from the root hair cells, extending
through the outer cortical cells and to the inner cor-
tical cells; Gus product is found in all these cells (sum-
marized in Figure 5). The higher level of cytokinins
observed in these cells may be reflective of or causal
for the change in cell cycle from G1 to G2 (Yang et
al., 1994). Nevertheless, the outer cortical cells do not
divide even though they have been activated. Instead,
they form a phragmoplast or preinfection thread, a
mass of centralized cytoplasm through which the infec-
tion thread penetrates (van Brussel et al., 1992), where-
as the inner cortical cells divide and establish the nod-
ule primordium. Thus, the cells which show an increase
in both cytokinin and auxin levels based on the detec-
tion of Gus product from the two different promoters
are stimulated to divide. In contrast, the outer cortical
cells, which do not accumulate auxin, remain undivid-
ed.

Figure 5, which is based on the hypothesis that
both auxin and cytokinin are required for the cell divi-
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sions lead to the formation of the nodule primordium,
allows us to make some predictions. If both auxin and
cytokinin levels must increase for the elicitation of
cell divisions, then the pattern for determinate nod-
ules would be such that GH3-Gus and ENOD40-Gus
together would first be expressed in the outer cortical
cells and then in the inner cortical cells. Moreover,
mycorrhizal roots which express ENOD40, but which
do not exhibit any cell divisions, should exhibit little
or no GH3-Gus expression in the root zones where
AM-fungi are present. We measured the concentration
of cytokinins by radioimmunoassay and found that ZR
concentration within the mycorrhizal roots was signif-
icantly higher than the concentrations in control roots
(van Rhijn et al., 1997). Thus, elevated cytokinin con-
centration and MsENOD40 gene expression are cou-
pled in this symbiosis as well.

If these predictions hold, then we will have an
understanding of some of the triggers for cell division
leading to nodule formation. However, we will still not
understand how Nod factor sets this entire process into
motion. This is a challenge for the future.
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