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BACTERIAL-INDUCED CHANGES IN PLANT FORM AND FUNCTION 
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Numerous steps occur between the mutual recognition of host and Rhizobium and the establishment 
of a nitrogen-fixing indeterminate nodule: root hair curling and infection thread formation, cortical cell 
divisions and initiation of a nodule primordium, nodule meristem formation, differentiation of specific 
cell types and tissues, and induction of nitrogen fixation. Rhizobia with defined mutations or Agrobac- 
terium tumefaciens transconjugants carrying R. meliloti symbiotic genes have been used to interrupt these 
steps. Using this approach, we have detected transcripts of the early nodulin MsENOD2 in alfalfa nodules 
induced by A. tumefaciens transconjugants carrying one or both symbiotic plasmids of R. meliloti. We 
have also specifically localized MsENOD2 transcripts by in situ hybridization to nodule parenchyma cells 
in nodules that form spontaneously on alfalfa roots. These bacteria-free nodules differentiate a discrete 
nodule meristem and other tissues that are typical of normal nodules. Transcripts for MsENOD 12, a 
proline-rich protein normally found in the invasion zone of wildtype R. meliloti-induced nodules, were 
not detected in nodules induced by the Agrobacterium transconjugants or in the spontaneously formed 
nodules. However, we have detected MsENOD 12 mRNAs in nodules formed in response to R. meliloti 
exoH mutants. The exoH mutants, which induce nodules without a persistent nodule meristem, infect 
host cells at a reduced frequency compared with wildtype or with fix or nif mutant R. meliloti. These 
results indicate that infection rather than the formation of a persistent nodule meristem is correlated with 
MsENOD1 2 gene expression. 

Introduction 
Plants grow indeterminately because of meri- 

stems, which are located at the tips of each stem 
and root. The continued mitotic activity of these 
meristems produces all plant tissues, including 
the reproductive structures. In addition, the shoot 
apical meristem controls the shape of the aerial 
part of the plant by maintaining dominance over 
axillary meristems. Growth and differentiation of 
cells derived from the meristem occur in a highly 
organized manner in both root and shoot. How- 
ever, pathogenic bacteria such as Agrobacterium 
tumefaciens can disturb the organized pattern of 
plant development by initiating hyperplasias that 
lack apical meristems. The activity of hormone 
biosynthetic genes on the T-DNA, integrated into 
the host genome, results in the production of a 
crown gall, a disorganized, undifferentiated tis- 
sue. 

In contrast, the interaction between host le- 
gumes and Rhizobium results in the development 
of a highly specialized organ, the nodule, which 
is organized into distinct tissues. Before nodule 
development commences, however, the two sym- 
biotic partners must recognize each other. Rhi- 
zobium species are chemotactically attracted to 
the roots of their respective host; their nod genes 
are induced by host-secreted flavonoids (Denarie 
and Roche 1992; Long 1992). Induction of the 
nod genes results in the formation of Nod fac- 
tor(s), molecules that trigger dedifferentiation of 
mitotically quiescent root cortical cells and their 
subsequent redifferentiation into nodule initials. 
The Nod factor produced by R. meliloti is a sul- 
fated glycolipid (Lerouge et al. 1990) that, at 
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concentrations of 10-7 M, induces cortical cell 
divisions and nodule primordium formation in 
alfalfa roots (Truchet et al. 1991). It is not known 
how the plant perceives and transduces this sig- 
nal, but the root hairs are most likely the first 
cells to respond to the Nod factor. 

The first morphological symptom of a com- 
patible infection is root hair deformation (fig. 1). 
Nod factor alone, at very low concentrations 
(10-"1 M), causes root hairs to deform (Truchet 
et al. 1991). However, rhizobia are required to 
initiate the typical 3600 curling or shepherd's crook 
formation that is diagnostic of a compatible in- 
fection (fig. 1). Rhizobia are also necessary for 
the development of infection threads through 
which the bacteria invade the nodule primordi- 
um. 

Depending on the legume host, either a deter- 
minate or an indeterminate nodule develops. 
Soybean, mungbean, common bean, or Lotus 
form determinate nodules that have a globular 
shape at maturity. In soybean, Bradyrhizobium 
japonicum induces cell divisions in the outer root 
cortex resulting in the formation of a nodule pri- 
mordium. Meristematic activity of the nodule 
primordium cells ceases 12-18 d after inocula- 
tion (Newcomb et al. 1979), and, thereafter, the 
derivatives of the nodule primordium give rise 
to a central body of cells surrounded by peripheral 
tissues that include nodule parenchyma, nodule 
endodermis, and the nodule cortex (Rolfe and 
Gresshoff 1988). The central tissue consists of 
uninfected cells and cells that contain bacteroids, 
the differentiated rhizobia that convert atmo- 
spheric nitrogen into ammonia. 

Indeterminate nodules, like those of pea and 
alfalfa that are induced by R. leguminosarum bv. 
viciae or by R. meliloti, respectively, originate 

S171 



S172 INTERNATIONAL JOURNAL OF PLANT SCIENCES 

2 

n. p. 

4 

Fig. 1 Diagram of alfalfa root nodule development. After plant-bacterial recognition, the root hair curls, forming a shepherd's 
crook, and the infection thread (i.t.) invades the root hair cell (1). Anticlinal cell divisions take place in the inner root cortex 
opposite a protoxylem pole as the infection thread continues its growth (2). A meristem is initiated at the distal end of the 
nodule primordium (n.p.) and the infection thread elongates toward the meristem (3). A nodule develops with its distinctive 
histological zonation: meristem (m.), invasion zone (i.z.), and central zone (c.z.) consisting of infected and uninfected cells and 
surrounded by peripheral tissues (4). 

from cell divisions in the inner root cortex (fig. 
1) (Libbenga and Harkes 1973; Dudley et al. 
1987). Following the initiation of the nodule pri- 
mordium and penetration of infection threads 
into host cells, a persistent nodule meristem be- 
comes organized at one end (fig. 1). Continuous 
activity of the meristem at the distal end gives 
rise to a cylindrical nodule with an indeterminate 
growth pattern. Therefore, an indeterminate nod- 
ule exhibits a gradient of differentiation from the 
distal end to the proximal point of attachment to 
the root. Like determinate nodules, indetermi- 
nate nodules have a central bacteroid-containing 
tissue surrounded by peripheral tissues consisting 
of nodule parenchyma, nodule endodermis, and 
nodule cortex. An invasion zone, where infection 
threads extend and branch into host cells, is ad- 
jacent to the nodule meristem (fig. 1). 

We are interested in elucidating the details of 
the early stages of nodule development, especially 
the host response to specific signals from Rhi- 
zobium. As has been found for other legumes, 
alfalfa nodulation can be arrested at various stages 
along the developmental pathway. The different 
R. meliloti nif and fix mutants that have been 
studied induce both cortical cell division and 

nodule primordium formation. However, the 
pattern of development beyond nodule primor- 
dium initiation may vary. For example, R. mel- 
iloti nif orfix mutants induce Fix- alfalfa nodules 
that have a discrete, persistent meristem and a 
histological zonation like a Fix+ nodule; i.e., they 
have a central tissue consisting of uninfected and 
infected cells with elongated bacteroids (Hirsch 
et al. 1983; Hirsch and Smith 1987). The R. mel- 
iloti mutant Rm5610 NS6, a spontaneous neo- 
mycin-resistant mutant, however, elicits nodules 
with a similar histological organization, but the 
central tissue does not contain elongated bacte- 
roids (Reddy et al. 1992). Last, exopolysacchar- 
ide (exo) mutants of R. meliloti induce Fix- 
nodules that are free of bacteria, lack a discrete, 
persistent nodule meristem, and exhibit an al- 
tered arrangement of nodule tissues, especially 
nodule parenchyma (Van de Wiel et al. 1990a; 
Yang et al. 1992). 

In addition to the bacteria-induced nodules, we 
have found that chemicals that act as auxin trans- 
port inhibitors (ATIs), such as 2,3,5-triiodoben- 
zoic acid (TIBA) and N-i -(naphthyl)phthalamic 
acid (NPA) induce nodule-like structures on al- 
falfa and pea roots (Hirsch et al. 1989; Scheres 
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et al., submitted). These nodule-like structures 
lack a nodule meristem, but contain other tissues, 
including nodule parenchyma and nodule cortex. 
Furthermore, certain alfalfa genotypes (Nodula- 
tion in the Absence of Rhizobium [NAR]) have 
the potential to form nodules spontaneously in 
the absence of bacteria (Truchet et al. 1989b). 
These nodules are judged to be genuine nodules 
based on their histological organization. Like the 
nodules induced by R. meliloti or by A. tume- 
faciens transconjugants carrying R. meliloti sym- 
biotic genes, spontaneous nodules originate from 
inner cortical cells (Joshi et al. 1991). Moreover, 
like the bacteria-induced nodules, spontaneous 
nodule development is inhibited by the presence 
of combined nitrogen (Truchet et al. 1989b). 

We wanted to know whether the formation of 
a persistent nodule meristem is a prerequisite for 
nodule morphogenesis in plants with indeter- 
minate nodules and also whether the develop- 
ment of a nodule meristem is correlated with the 
expression of certain nodulin genes. We have used 
cDNA clones of the early nodulin genes Ms- 
ENOD2 and MsENOD12 as tissue-specific 
markers for examining nodules with and without 
meristems. ENOD2, a proline-rich protein, is 
found in both determinate and indeterminate 
nodules. It is most likely a cell wall component, 
and its location in the nodule parenchyma is con- 
sistent with the hypothesis that ENOD2 is part 
of an oxygen barrier used to maintain a low con- 
centration of oxygen in the nodule (Van de Wiel 
et al. 1990b). MsENOD12 transcripts are found 
in the invasion zone of alfalfa nodules; the de- 
rived amino acid sequence is also proline-rich, 
indicating that this protein too is a cell wall pro- 
tein (Lobler and Hirsch, submitted). The Ms- 
ENOD 12 cDNA clone shows limited sequence 
similarity to the PsENOD 12 cDNA clone. Scheres 
et al. (1990) have shown that PsENOD12 tran- 
scripts are localized to the invasion zone of pea 
nodules and have suggested that PsENOD 12 is 
involved in the infection process. 

Material and methods 

BACTERIAL STRAINS 

The Rhizobium meliloti strains used in this 
study were Rm 1021, which is a streptomycin- 
resistant Nod+Fix+ derivative of SU47 (Meade et 
al. 1982) and Rm7154, an exopolysaccharide 
mutant of RmlO21 (exoH::Tn5) (Leigh et al. 
1987). The Agrobacterium tumefaciens transcon- 
jugants were Atl28 (GM19023, pRmeSU47a 
Q30::Tn5-11) and Atl35 (GM19023, pRme- 
SU47a Q30::Tn5-1 1, pRmeSu47b, Q5007::Tn5- 
oriT) (Finan et al. 1986). The rhizobia and 
agrobacteria were grown either on plates of Luria- 
Bertani (LB) medium (Maniatis et al. 1982) or of 
Rhizobium-defined minimal medium (RDM 

[Vincent 1970]). Antibiotics were used at the fol- 
lowing final concentrations (,g/ml): streptomy- 
cin, 250; neomycin, 50; spectinomycin, 100; and 
gentamycin, 50. 

PLANTS 

Seeds of Medicago sativa L. cv Iroquois were 
surface sterilized as described in Yang et al. (1992) 
and germinated on water agar in the dark for 72 
h before transfer to modified Fahraeus slide as- 
semblies (Bhuvaneswari and Solheim 1985). Root 
hair curling was examined periodically as de- 
scribed in Yang et al. (1992). Sterilized seeds were 
also germinated on nitrogen-free agar slants 
(Meade et al. 1982) and inoculated with bacteria 
after 72 h, or sown in autoclaved plastic pans 
containing vermiculite/perlite watered with ni- 
trogen-free medium, and immediately inoculat- 
ed. The seedlings were grown under 16h/8h, 21 
C/i 9 C, day/night conditions for 3-4 wk. 

MICROSCOPY 

For electron microscopy, nodules were excised 
from roots and fixed as described in Hirsch et al. 
(1983). The nodule tissue was embedded in Spurr 
low viscosity resin after dehydration in an ace- 
tone series. Ultrathin sections were stained with 
uranyl acetate and Reynold's lead citrate. Semi- 
thin (0.5- 1 ,m) sections were made of the plastic- 
embedded material and stained in 0.05% tolu- 
idine blue 0 dissolved in 1 % sodium borate. Nine 
At128-induced nodules and 12 AtI 35-induced 
nodules were examined by light microscopy. 

Some tissue was fixed in FAA (Sass 1953), em- 
bedded in Paraplast after dehydration through a 
tert-butyl alcohol series, and sectioned at 8 ,im. 
These sections were subsequently prepared for in 
situ hybridization using 35S-UTP-labeled sense 
and antisense probes as described by Van de Wiel 
at al. (1990a). 

Spontaneously formed nodules were fixed in 
FAA and cleared in lactic acid according to Dud- 
ley et al. (1987). The cleared nodules were stained 
in 0.01% methylene blue (Truchet et al. 1989a). 

DETECTION OF NODULINS 

Alfalfa nodules were harvested 3-4 wk after 
inoculation with bacteria, frozen immediately in 
liquid nitrogen, and then stored at -75 C. Total 
RNA was isolated from nodules following the 
protocol of Goldberg et al. (1981), subjected to 
electrophoresis, and blotted onto either Nytran 
(Schleicher & Schuell) or GeneScreen (New En- 
gland Nuclear) membranes following the manu- 
facturers' directions. The RNA transfer blots were 
probed with a 32P-dCTP-labeled fragment of ei- 
ther a 292 base pair (bp) insert of pA2ENOD2 
(Dickstein et al. 1988) or a 509 bp insert of 
MsENOD 12-1 (L6bler and Hirsch, in press). Hy- 
bridizations were performed according to the 
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manufacturers' specifications, and the blots were 
washed under high stringency conditions (0.2 x 
SSC, 50 C). 

Results 
EARLY NODULIN GENE EXPRESSION IN NODULES 

WITHOUT A DEFINED MERISTEM 

Agrobacterium transconjugants. Agrobacterium 
tumefaciens transconjugant AtI28, carrying the 
Rhizobium meliloti megaplasmid with the nod 
and nif/fix genes (pSyma) or At 135, containing 
both pSyma and pSymb, the megaplasmid that 
carries the exoABDF genes, deformed alfalfa root 
hairs but were delayed in eliciting shepherd's 
crooks compared with wildtype R. meliloti. We 
detected slight distortions of root hairs 26 h after 
inoculation when strain Atl28 was used, and 
moderate root hair deformation when strain 
Ati 35 was employed. In contrast, shepherd's 
crook formation was observed as early as 9.5 h 
after inoculation with Rm 1021, the wildtype R. 
meliloti strain. By 26 h, extensive root hair de- 
formation as well as a number of distinct she- 
pherd's crooks were detected on roots that had 
been inoculated with Rm 1021. After 50 h, one 
or two shepherd's crooks could be found on each 
alfalfa root inoculated with Atl 35, but none were 
seen on roots inoculated with At128, although 
root hair branching was observed. Shepherd's 
crooks were observed 4 d after inoculation with 
At128 in agreement with Finan et al. (1986). By 
6 d after inoculation, both At128- and At135- 
incubated roots exhibited extensive root hair de- 
formation with conspicuous shepherd's crooks. 
Like Truchet et al. (1984), who examined Agro- 
bacterium transconjugants carrying either pSyma 
or large portions of pSyma, we could not detect 
infection threads in root hairs infected with At 128 
or Atl 35. However, infection threads were found 
in nodules (see below). 

Both At 128 and At 135 formed nodules on al- 
falfa 3-4 wk after inoculation; this nodulation 
was delayed 4-7 d compared with Rm 1021. Like 
the exo mutant-induced nodules, the At 128 and 
At 135 nodules were initiated from cell divisions 
in the inner root cortex next to the endodermis 
(fig. 2A). Cell divisions were also evident in the 
endodermis and in the pericycle (arrows and ar- 

rowheads, fig. 2A). Mature nodules were small, 
white, and Fix- and, in overall morphology and 
internal structure, closely resembled the nodules 
elicited by R. meliloti exo mutants (Finan et al. 
1985; Dickstein et al. 1988; Reed and Walker 
1991; Yang et al. 1992). The nodules were gen- 
erally devoid of bacteria and lacked a discrete 
apical meristem. A broad zone of meristematic 
activity extended over the distal end of the nodule 
(fig. 2D). 

Infection threads were detected in the periph- 
eral cells of Agrobacterium transconjugant-in- 
duced nodules and occasionally in the nodule cor- 
tex (fig. 2B, C). It is not known whether these 
threads are related to root hair infection or to an 
atypical infection as described by Truchet et al. 
(1984). The infection threads contained an elec- 
tron-dense matrix that enclosed the bacteria. 
Some of the infection threads appeared multilay- 
ered and to consist of several components (ar- 
rows, fig. 2E, F). 

One Ati35-induced nodule contained agro- 
bacteria that had been released into host cells 
within the central tissue of the nodule. However, 
few of the central cells were infected, and in gen- 
eral, the cytoplasm of the infected cells appeared 
senescent (data not shown). Uninfected cells con- 
tained numerous amyloplasts. At the distal end 
of this nodule, a discrete meristem was initiated. 
Proximal to this region, host cells were expanded 
and densely cytoplasmic. However, no infection 
threads were detected within these cells. 

MsENOD2 mRNAs accumulated in the At 128- 
or Ati35-induced nodules (fig. 3). We had pre- 
viously localized MsENOD2 transcripts by in situ 
hybridization to the proximal end of the nodule 
in cells surrounding the vascular bundles, i.e., in 
a tissue homologous to the nodule parenchyma 
of wildtype R. meliloti-induced nodules (Van de 
Wiel et al. 1990a). We could not detect Ms- 
ENOD 12 transcripts in nodules induced by 
At128 or At135 (data not shown). 

RHIZOBIUM MELILOTI EXOH-INDUCED NOD- 
ULES. Root hair curling responses and the struc- 
ture of alfalfa nodules induced by R. meliloti exoH 
mutants have been described previously (Leigh 
et al. 1987). Unlike the other exo mutants, which 
completely lack exopolysaccharide (EPS), exoH 
mutants fail to succinylate their EPS and have a 

Fig. 2 A, Cell divisions in the inner cortex (arrowhead) and pericycle (arrow) presage the development of the nodule 
primordium after inoculation with At 128. The root endodermis (e) is indicated. x = xylem. x 150. B, Aborted infection thread 
(it) in an epidermal cell, adjacent to a root hair (rh). Bacteria of strain Ati35 (b) are external to the epidermal cells. x 1,500. 
C, An infection thread (it) extends into a peripheral cell. Bacteria of strain Ati28 (b) are present on the exterior of the root. 
x 600. D, Longitudinal section of a root bearing a nodule induced by At 128. Infection threads (arrows) are present only in the 
peripheral cells of the nodule. There is no discrete nodule meristem, only a broad meristematic zone (m z). x 75. E, Cross 
section of an infection thread containing Ati 28. The infection wall is multilaminate (double arrowheads). x 9,200. F, Oblique 
section of an infection thread from another At 1 28-induced nodule. The double arrowheads point to the multilaminate infection 
thread wall. x 19,000. 
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Fig. 3 RNA transfer blot of RNA isolated from roots, from 
nodules of two different ages induced by wildtype (wt) Rm 1021, 
from nodules induced by Atl28 and Atl35, and probed with 
A2ENOD2 (Dickstein et al. 1988). A band of approximately 
1,400 nucleotides is present in the nodule lanes. Less RNA 
from the wt-induced nodules was included on the gel. 

"haloless" phenotype when grown on agar me- 
dium containing Calcofluor. Rhizobium meliloti 
exoH-induced nodules are usually devoid of bac- 
teria because infection threads abort within pe- 
ripheral cells of the nodule as is the case for the 
other exo mutant-induced nodules and the nod- 
ules elicited by At 128 and At 135. However, ap- 
proximately 10%-1 5% of the nodules examined 
contained infection threads that had penetrated 
into the central tissue of the nodule (Leigh et al. 
1987). In these nodules, a broad zone of meri- 
stematic activity rather than a persistent nodule 
meristem was evident at the distal end. 

We previously reported that exoH-induced 
nodules contain Nms-30, an in vitro translation 
product found in other bacteria-free alfalfa nod- 
ules (Leigh et al. 1987). MsENOD2 transcripts 
have also been detected in R. meliloti exoH-in- 
duced nodules (L6bler and Hirsch, unpublished 
results). When total RNA was isolated from wild- 
type R. meliloti and exoH-induced nodules, pre- 
pared for northern analysis, and probed with 
MsENOD 12-1, a transcript of 600 nucleotides 
was detected in both RNA samples (fig. 4). 

EARLY NODULIN GENE EXPRESSION IN 
BACTERIA-FREE NODULES WITH 

DEFINED MERISTEMS 

We examined the structure of the spontane- 
ously formed nodules by clearing them in lactic 
acid. We found that the nodules possessed mul- 
tiple apical meristems giving them a lobed ap- 
pearance, a central tissue devoid of bacteria, and 
an endodermis just inside the nodule cortex. The 
vasculature of the spontaneously formed nodules 
is complex and may reflect differentiation pat- 
terns that occurred relative to the multiple mer- 

Fig. 4 RNA transfer blot of RNA isolated from roots, from 
nodules induced by wildtype (wt) Rm 1021, from nodules in- 
duced by Rm7 154 (exoH), and from spontaneously formed 
nodules. The blot was probed with MsENOD1 2-1 (L6bler 
and Hirsch, in press). An RNA of 600 nucleotides is detected 
in RNA isolated from the wildtype and from the exoH mu- 
tant-induced nodules. 

istems that typify these nodules (fig. 5A). The 
vascular bundles frequently bifurcated at the 
proximal end of a nodule lobe. 

Because ENOD2 is expressed in bacteria-free 
nodules, including nodules formed on NAR al- 
falfa (Truchet et al. 1989b), we localized Ms- 
ENOD2 expression by in situ hybridization. The 
MsENOD2 gene was expressed in cells surround- 
ing the vascular bundles within the confines of 
the vascular endodermis, and also in nodule pa- 
renchyma cells adjacent to the outer endodermis 
(fig. 5B, C). However, when RNA isolated from 
the spontaneous nodules was probed with Ms- 
ENOD 12-1, we did not detect any hybridization 
(fig. 4). 

We have summarized the morphological re- 
sponses of alfalfa plants, using the phenotypic 
code established by Vincent (1980), and also the 
patterns of nodulin gene expression after inocu- 
lation with various bacterial strains (table 1). We 
have also included the responses of the NAR al- 
falfa. All the Rhizobium strains as well as the 
Agrobacterium transconjugants carrying R. mel- 
iloti symbiotic sequences elicit root hair defor- 
mation and infection thread formation, albeit to 
varying degrees. Other than the nodules induced 
by the wildtype strain, none of the nodules are 
capable of nitrogen fixation. In the case of the 
NAR alfalfa, ineffective nodules are also formed, 
but the root hairs do not deform and infection 
threads do not develop because bacteria are com- 
pletely absent from these plants. However, the 
NAR plants have a persistent nodule meristem, 
unlike the nodules elicited by R. meliloti mutant 
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Table 1 

SUMMARY OF ALFALFA RESPONSES TO INOCULATION WITH VARIOUS BACTERIAL STRAINS 

Host response 

Persistent 
nodule 

Bacterium Had Inf meristem Nif Nms3O ENOD2 ENOD 12 

RmlO21 .......... ++ + + + + + + 
Rm5610NS6a . . . . . ++ +b+ _ ND + + 
Rm7154 .......... +c.d +-b _ d + + 

Atl28 ............. + 
Atl35 ... . +C +e _ +f + 

No bacteria 
spontaneous 
nodules ........... - - +- - ND + 

Note. Had = root hair deformation, Inf= bacterial infection, Nif= nitrogen fixation. ND = not determined. 
a Reddy et al. 1992. 
b Infection thread aborted in root cortex. 
c Delayed. 
dLeigh et al. 1987. 
e Infection thread aborted in epidermal cell layer. 
f van de Wiel et al. 1990a. 

in exoH and by the Agrobacterium transconju- 
gants carrying R. meliloti symbiotic plasmids. All 
of the nodules tested contain mRNAs of Nms3O 
and ENOD2, while only those nodules with in- 
fection threads penetrating into the central cells 
of the nodule express ENOD 12. 

Discussion 

Our goal in this investigation was to determine 
the necessity of nodule meristem formation for 
the expression of the early nodulin genes Ms- 
ENOD2 and MsENOD 12. Nodules and nodule- 
like structures induced by Rhizobium meliloti 
exoA, exoB, or exoF mutants or by treatment 
with ATIs are bacteria-free and lack a persistent, 
focused nodule meristem but have been shown 
to contain MsENOD2 transcripts (Dickstein et 
al. 1988; Hirsch et al. 1989; Reddy et al. 1992; 
L6bler and Hirsch, unpublished results). Simi- 
larly, nodules induced by Ati 28 and Ati 35, which 
closely resemble the R. meliloti exo mutant-in- 
duced nodules, also contain MsENOD2 tran- 
scripts. The presence of MsENOD2 mRNAs in 
these nodules suggests that the differentiation and 
persistence of a discrete nodule meristem is not 
essential for the expression of MsENOD2. Rath- 
er, MsENOD2 gene expression appears to be cor- 
related with the differentiation of nodule tissues, 
specifically nodule parenchyma (Van de Wiel et 
al. 1990b). 

The Agrobacterium transconjugant-induced 
nodules, however, do not express the early nodu- 
lin MsENOD 12. MsENOD 12 transcripts are also 
not detected in RNA isolated from nodules in- 
duced by R. meliloti exoF or exoB mutants or by 
treatment with NPA (Reddy et al. 1992; Lobler 
and Hirsch, submitted). However, MsENOD12 

transcripts have been localized to the invasion 
zone in wildtype R. meliloti-induced nodules 
(Lobler and Hirsch, submitted) and have been 
found in nodules elicited by the R. meliloti mu- 
tant Rm561O NS6 (Reddy et al. 1992). NS6 mu- 
tants induce nodules with a distinct, persistent 
meristem at the apical end of the nodule. The 
central tissue is devoid of differentiated bacte- 
roids but contains numerous infection threads. 
Although these data indicate that nodule meri- 
stem development is correlated with Ms- 
ENOD12 gene expression, our observations on 
the spontaneously formed alfalfa nodules and 
nodules elicited by exoH mutants do not support 
this conclusion. We were unable to detect Ms- 
ENOD 12 gene expression in spontaneously 
formed alfalfa nodules, many of which have mul- 
tiple meristems. MsENOD1 2 transcripts, how- 
ever, were found in nodules elicited by R. meliloti 
exoH mutants, indicating that ENOD 12 gene ex- 
pression is correlated with invasion rather than 
the development of a nodule meristem (Lobler 
and Hirsch, in press), in agreement with the re- 
sults of Scheres et al. (1990) for pea. 

Meristem formation in indeterminate nodules 
may follow a "default" cascade, which starts with 
cell divisions in the inner cortex, continues with 
nodule primordium initiation and meristem de- 
velopment on one side of the primordium, and 
ends with the outgrowth of a discrete, persistent 
nodule meristem. Meristem initiation itself does 
not seem to be dependent on the penetration of 
infection threads into the central tissue and the 
subsequent release of rhizobia into host cells as 
evidenced by the spontaneously formed alfalfa 
nodules. The formation of multiple meristems in 
the spontaneously formed nodules may result 
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from the short life of each individual meristem. 
Normal nitrogen-fixing alfalfa nodules have one, 
or at the most, two lobes, which persist through- 
out the life of the nodule, indicating that meri- 
stem persistence results from continued interac- 
tion between the host and the invading rhizobia. 

We do not know why the exoH-induced nod- 
ules lack a nodule meristem. There are at least 
two explanations. First, the exoH mutants, like 
the other R. meliloti exopolysaccharide mutants, 
may inhibit nodule meristem activity by eliciting 
a host defense reaction. Piihler et al. (1991) have 
shown that in exo mutant-induced nodules, the 
superficial cells, which contain aborted infection 
threads, accumulate phenolics. Phenolics may in- 
hibit persistent meristem formation. Second, 
continuous rhizobial penetration may be a signal 
to the host to maintain the activity of the meri- 
stem. This signal may be related to oligosac- 
charides contained within rhizobial exopolysac- 
charide that are cleaved and then secreted within 
the host, or to other unidentified molecules. Bat- 
tisti et al. (1992) have shown that R. meliloti 
exoA, exoB, exoF, and exoH mutants induce nor- 
mal nitrogen-fixing nodules with persistent mer- 
istems if low molecular weight succinoglycan is 
supplied to alfalfa roots. Only R. meliloti succin- 
oglycan restores nodule invasion ability to the 
exo mutants, indicating that a specific chemical 
structure is required. Low molecular weight EPSs 
from other Rhizobium species or from A. tume- 
faciens are inactive (Battisti et al. 1992). 

The results with strain At135 are difficult to 
explain. One expected result from infecting alfalfa 
roots with this Agrobacterium transconjugant, 
which harbors both symbiotic plasmids, would 
be the development of infected nodules similar 
to what has been reported for A. tumefaciens car- 
rying the R. trifolii symbiotic plasmid (Hooykaas 
et al. 198 1). However, of the 1,000 or more plants 
inoculated with Atl 35 and grown under the cul- 
ture conditions described in this report, few nod- 
ules were infected. Those that were infected con- 
tained senescent host cells and agrobacteria. There 
are at least two possible explanations for the lack 
of infection by Atl 35: (1) the indigenous exo- 
polysaccharide of the Agrobacterium masks any 
rhizobial EPS produced by the action of genes on 
pSymb, and (2) no rhizobial EPS is produced by 
At 135 because the genes on pSymb are not ex- 
pressed in the A. tumefaciens genetic background. 
An additional possibility is that infection by 
Agrobacterium transconjugants requires different 
culture conditions than those described in this 
report. Martinez et al. (1987) observed that A. 
tumefaciens carrying R. leguminosarum bv. pha- 
seoli plasmids elicited nitrogen-fixing nodules on 
bean only when the plants were grown at 26-28 
C, and not at 21 C. 

Although indeterminate nodules are charac- 

terized by discrete nodule meristems, meristem 
persistence is not essential for nitrogen fixation 
as shown by the spherical nodules of soybean and 
other legumes with determinate nodules. Nitro- 
gen fixation in determinate nodules is temporally 
regulated: the rhizobia and the plant cells coor- 
dinate their differentiation along a temporal axis. 
Once the nodule becomes senescent, nitrogen fix- 
ation ceases. An interesting observation is that 
in determinate nodules, the nature of rhizobial 
EPS does not seem as important as it is in in- 
determinate nodules. EPS mutants of R. fredii, 
R. leguminosarum bv. phaseoli, and R. loti form 
normal Fix+ nodules on their respective hosts 
(Borthakur et al. 1986; Kim et al. 1989; Hotter 
and Scott 1991). Also, as mentioned earlier, Agro- 
bacterium transconjugants carrying R. legumi- 
nosarum bv. phaseoli plasmids induce nitrogen- 
fixing nodules on bean, although when compared 
with inoculation with wildtype R. leguminosa- 
rum bv. phaseoli, fewer nodules, with lower ni- 
trogen-fixing ability, develop (Martinez et al. 
1987). 

In contrast to determinate nodules, nitrogen 
fixation is spatially regulated in indeterminate 
nodules. Nitrogen fixation by rhizobia takes place 
in host cells at a defined distance proximal to the 
apical meristem. The continued growth of an api- 
cal meristem means that nitrogen fixation con- 
tinues within one nodule as long as the meristem 
produces derivatives. Ongoing cell divisions may 
provide cues for infection thread elongation and 
bacterial invasion as well as for the induction of 
early nodulins that prepare the host cell for ni- 
trogen fixation. In indeterminate nodules, if the 
bacteria cannot invade, a persistent meristem does 
not develop, and the spatial biochemical gradient 
from the distal to proximal end of the nodule is 
not established. Rhizobium meliloti exo mutants 
and A. tumefaciens transconjugants do not invade 
alfalfa nodule cells and do not establish the spatial 
gradient. Occasionally, we have found some ev- 
idence for release of these bacteria. However, it 
may be that if they are released, they are released 
into a host cell that is not correctly located in the 
spatial gradient, and thus, they are unable to fix 
nitrogen. 

We cannot easily test whether the nitrogen- 
fixation ability of indeterminate nodules, such as 
pea or alfalfa, is dependent on the initiation and 
persistence of a meristem. Rhizobium meliloti nif 
orJix mutants, like the NS6 mutant, induce nod- 
ules with a distal meristem, but the nodules are 
ineffective because of defects in bacterial genes. 
The exopolysaccharide mutants or A. tumefa- 
ciens transconjugants carrying nod/nif genes, 
however, do not fix nitrogen in nodulo because 
they either cannot invade the host cells or invade 
poorly. However, R. meliloti exo mutants are ca- 
pable of fixing nitrogen if coinoculated with R. 
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meliloti nod or fix mutants (Klein et al. 1988). 
Furthermore, Puhler and colleagues (A. Puhler, 
personal communication) have found that nod- 
ules induced by R. meliloti exo mutants become 
nitrogen-fixing with prolonged incubation. The 
bacteria recovered from these nitrogen-fixing 
nodules are not revertants. We also have occa- 
sionally isolated Exo- rhizobia from nitrogen- 
fixing, pink nodules. In these nodules, EPS II (also 
called EPSb) may have substituted for succin- 
oglycan and allowed nodule invasion (Glaze- 
brook and Walker 1989; Zhan et al. 1989). 

The triggers for nodule meristem initiation in 
indeterminate nodules are unknown, but it seems 
that once a nodule meristem is established, in- 
fection threads elongate in the direction of the 
meristem and release bacteria into the host cells 
just proximal to it. The relationship between nod- 
ule meristem persistence and bacterial release re- 
mains to be elucidated. To analyze these rela- 

tionships, more molecular markers as well as 
genetically defined plant mutants will be needed. 
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