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Cells Expressing ENOD2 Show Differential Spatial Organization
During the Development of Alfalfa Root Nodules
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We have used in situ hybridization to examine the spatial
organization of cells expressing the early nodulin gene (ENOD?2)
during the development of alfalfa root nodules. ENOD2 gene
expression was found in the nodule parenchyma, uninfected cells
surrounding the symbiotic region of both effective and ineffective
nodules. However, in empty nodules, ENOD2 gene expression
was found in a mass of parenchyma cells at the base of the nodule.
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Similar results were also observed in 11-day-old nodules that
contained infected cells but that had not yet begun to express
leghemoglobin. Although early events of nodulation result in the
induction of ENOD?2 expression in cells at the nodule base, the
pattern of cells expressing ENOD2 during nodule growth appears
to be correlated with the development of other peripheral tissues.

Infection of legumes by Rhizobium bacteria results in
the formation of root nodules, unique plant structures
within which differentiated bacteria reside and nitrogen
fixation takes place. Nodule growth is a developmentally
controlled process, requiring new gene expression from
both the plant and the bacteria (reviewed by Ausubel ef al.
1987; Long 1989).

Nodule development in alfalfa is initiated by the specific
attachment of Rhizobium meliloti to root hairs, resulting
in root hair curling and deformation. This is followed by
enclosure of the attached bacteria and the formation of
a hollow infection thread through which the rhizobia travel
to the inner cortical cells of the root. Eventually the rhizobia
are released within the plant cells, are surrounded by a
peribacteroid membrane of plant origin, and differentiate
into nitrogen-fixing bacteroids. Concomitant with bacterial
attachment is the stimulation of root cortical cell division
and the formation of a nodule meristem (for review, see
Nap and Bisseling 1990).

The indeterminate nodules of alfalfa or pea are organized
into several layers of progressively aging cells. The apical
meristem provides a continual source of cells that are added
to the cortical and central tissues. Next to the meristem
is the invasion zone, an area of enlarging cells susceptible
to invasion by Rhizobium. The early symbiotic region lies
adjacent to the invasion zone where there is further differ-
entiation of the bacteria within the infected cells. This area
is followed by the late symbiotic zone where nitrogen
fixation and ammonia assimilation take place. The most
proximal zone lying adjacent to the root is the senescent
zone where both plant cells and bacteroids degenerate. A
series of vascular bundles branching from the root are found
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in the periphery of the nodule. A nodule endodermis
surrounds the internal core of the nodule and a vascular
endodermis surrounds each of the vascular bundles. Sand-
wiched between the nodule endodermis and the zone of
infection are several layers of small uninfected cells, recently
termed the nodule parenchyma (van de Weil et al. 1990).

Both bacterial and plant genes involved in nodule for-
mation have been identified. In R. meliloti, mutations in
the nod region result in failure to initiate a meristem (Nod "),
whereas mutations in the nif or fix regions produce a nodule
that is structurally normal but incapable of fixing nitrogen
(Fix™) (for review see Long 1989). Fix™ nodules are also
elicited by R. meliloti carrying mutations in the ntrd
(Ronson et al. 1987) and dctA (Finan et al. 1988) genes.
R. meliloti exo mutants that are deficient in the production
of exopolysaccharide elicit the growth of an empty nodule
devoid of bacteria (Inf") (Leigh et al. 1985; Finan et al.
1985).

Nodule-specific plant genes are expressed throughout the
development of the nodule and are referred to as early
or late nodulins, depending on the temporal course of their
expression. Early nodulins in pea and soybean have been
identified that are involved in either nodule morphogenesis
(Franssen et al. 1987, 1988) or the infection process (Scheres
et al. 1990a). In alfalfa, early nodulins have been identified
based on their expression in nodules that are arrested at
an early stage in development, such as the empty nodules
elicited by Rhizobium exo mutants (Dickstein et al. 1988).
Alfalfa late nodulins, such as leghemoglobin (Dunn e? al.
1988; Kiss et al. 1987) or glutamine synthetase (Dunn et al.
1988) are detected after nodule formation and their expres-
sion is associated with bacterial invasion and bacteroid
development. A number of late nodulins of unknown
function have been identified in determinate and indeter-
minate nodules (Fuller et al. 1983; Govers et al. 1985;
Gloudemans et al. 1987; Kiss et al. 1990; Dunn et al. 1988),
some of which are located in the peribacteroid membrane
(Fortin et al. 1985; Fortin et al. 1987; Jacobs et al. 1987,
Sandal et al. 1987).
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The spatial organization of cells expressing nodulin genes
has been determined by using labeled cDNA clones and
specific antibodies to probe the location of nodulin tran-
scripts and corresponding proteins (van den Bosch and
Newcomb 1986, 1988; Scheres et al. 1990a, 1990b). Leg-
hemoglobin protein has been found in the infected cells
of the symbiotic zone of pea nodules (Robertson et al.
1984; Nap et al. 1989). Recently, ENOD?2 transcripts from
pea and soybean were located in the nodule parenchyma
(van de Wiel et al. 1990).

In this study, we examined the spatial organization of
nodule cells expressing the early nodulin gene, ENOD2,
to better understand the functional organization of alfalfa
root nodules. We have determined the relationship of this
organization to the development of nodules elicited by
mutant R. meliloti. We show that early events of nodulation
result in the induction of ENOD2 expression in cells at
the nodule base and that the pattern of cells expressing
ENOD?2 in mature nodules is correlated with the develop-
ment of other peripheral tissues.

MATERIALS AND METHODS

Plant material. Alfalfa seeds (Medicago sativa L.
‘Iroquois’) were sterilized for 2 hr in ethanol and 20 min
in bleach, rinsed 10-12 times in sterile water, and then
soaked for 1-2 hr in sterile water. Seeds were germinated
and grown on slants of Nod medium (Meade et al. 1982)
containing 1.2% agar in 16 X 150 mm borosilicate culture
tubes. After 5 days of germination, the seedlings were
inoculated with 1 X 107 bacteria per plant, placed in a
growth chamber at 20° C on a 16-hr light/8-hr dark cycle.
Nodules were harvested 4 wk postinoculation; then they
were either immediately frozen in liquid nitrogen and stored
at —70° C before use or fixed and embedded as outlined
in the following section.

Bacterial strains. The mutant strains of R. meliloti used
in this study are outlined in Table 1. The wild-type strain
of R. meliloti (1021) is a streptomycin-resistant derivative
strain of SU47 (Meade et al. 1982).

RNA preparation and northern blot analysis. Total RNA
preparation and northern blots were prepared as described
previously (Dunn et al. 1988), except that cDNA clones
were labeled with Random Primer Kit (Boehringer
Mannheim, Indianapolis, IN).

RNA antisense probes. The ENOD2 cDNA clone, pBI-
A2ENOD?2, has a 0.3-kilobase (kb) insert cloned into
pBS+ (Stratagene, La Jolla, CA) at the EcoRI site
(Dickstein et al. 1988). The leghemoglobin cDNA clone
is a 0.4-kb insert subcloned into the PstI site of pGEM-
3Zf(-) (Promega, Madison, WI) from a previously isolated
clone (Dunn et al. 1988). Determination of the antisense
strands for in situ hybridization was made by probing
northern blots of total nodule RNA with [**SJUTP-labeled
in vitro RNA transcripts from the T3 and T7 promoters
of pBS+ and from the Sp6 and T7 promoters of pGEM-
3Z1(-).

In situ hybridization. The protocol for the in situ
hybridizations was a variation of the procedure used by
Martineau and Taylor (1986). Nodules were fixed with
Bouin’s fixative at 4° C for 2 hr, dehydrated through a
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graded ethanol-butanol series, and embedded in Paraplast.
Sections, 7 um thick, were attached to chrome-alum with
gelatin-subbed slides and allowed to dry overnight on a
37° C slide-warming rack.

Slides carrying nodule tissue sections prepared as
described above were deparaffinized in xylene and then
hydrated by passing them through an ethyl alcohol hydra-
tion series (100, 95, 85, 70, 50, and 30%) and then through
distilled water twice, 5 min in each solution. The slides
were then incubated in 100 mM triethanolamine-HCI (pH
8.0) with 0.25% acetic anhydride, washed briefly in 2X
SSC (I1X SSC = 0.15 M NacCl, 0.015 M sodium citrate),
rinsed in distilled water for 1 min, and allowed to air dry.
Those slides to be used for RNase controls had 200 ul
of 2X SSC with 10 ug/ml DNase-free RNase added,
covered with a coverslip, and incubated at 37° C for 30
min. Control slides were then rinsed in 2X SSC, twice
in distilled water, and air dried.

Hybridization probes were labeled with [**SJUTP
(1,000-1,500 Ci/mmol, New England Nuclear, Boston) by
using either Sp6, T7 (Promega), or T3 (Stratagene)
polymerase. Hybridization of nodule sections was carried
out in 50% deionized formamide, 0.3M NaCl, 10 mM Tris
(pH 8.0), 1 mM EDTA, 0.02% bovine serum albumin,
0.02% ficoll, 0.02% polyvinylpyrrolidone, 500 ug/ml yeast
tRNA, and 10% dextran sulfate as described by Cox et al.
1984. To 9 volumes of hybridization buffer, 1 volume of
probe (1 X 10° cpm) was added so the RNA probe concen-
tration was 0.5 ng/ul. The diluted probe was then added
to pretreated slides at approximately 20 ul of solution per
square centimeter of specimen. The slides were then covered
with a 22-mm coverslip and placed in a moist chamber.
Hybridization was allowed to proceed at 50° C for 2 hr.

After the incubation period, the slides were washed in
2X SSC at room temperature and the coverslips removed.
The slides were then treated with RNase A in 2X SSC
at 37° C for 30 min and then washed in the same buffer
at 50° C for 15 min. The final wash was done twice in
2X SSC at room temperature. The slides were then
dehydrated through an ethanol series 30, 50, 70, 85, 90,
and 100%, containing 300 mM ammonium acetate, and
allowed to air dry.

The slides were dipped in Kodak NTB-2 emulsion, diluted
1:1 with water, allowed to dry in complete darkness for
1-2 hr, and then stored at 4° C in a lighttight box. Slides
were developed within 3-5 days in D-19 developer for 5
min at 17° C, rinsed briefly in water, and fixed in Kodak
fixer for 5 min. After fixation, the slides were rinsed in
water, stained for 5 min in 0.05% toluidine blue O, destained
for 1 min in water, allowed to air dry, and permanently

Table 1. Rhizobium meliloti strains

Strain Genotype

1021 str-21

F642 Dct 14::Tn5
5011 ntrA::Tn5 Bid™, Fix~, Bad* Finan et al. 1988
7023 exo0A::Tn5 Nod ™, Fix™, Inf~ Leigh et al. 1985

*Nod, nodule formation; Fix, nitrogen fixation; Bad, bacteroid develop-
ment; Inf, bacterial infection.

Reference

Meade et al. 1982
Yarosh et al. 1989

Relevant phenotypes®
Nod™, Fix*, Bad™
Nod™, Fix~, Bad™




mounted with Permount (Sigma). RESULTS

Sections were examined through an Olympus microscope
and photographed with Kodak Ektachrome 160 (tungsten) Localization of ENOD?2 transcripts in wild-type nodules.
film. We have used in situ hybridization to determine the cell

Fig. 1. Localization of ENOD2 transcripts by in situ hybridization in alfalfa. A, Bright field micrograph of a longitudinal section through a 28-
day-old wild-type root nodule from alfalfa showing an apical meristem (m); early symbiotic (es); late symbiotic (Is); and senescent (s) zones. Peripheral
vascular tissue is designated as (vb). Bar = 200 um. B, Dark field micrograph of the same section as in A showing autoradiographic signal, appearing
as white grains, localized in cells surrounding the zone of infection and the vascular tissue. C, Detail of the late symbiotic zone. The central tissue
is almost completely surrounded by several layers of uninfected nodule parenchyma (np), which are internal to the endodermis (¢). Parenchyma
cells and endodermis also completely surround the vascular bundles (vb). Bar = 100 ym, D, Dark field micrograph of the same section as in
C; arrows point to autoradiographic signal around the vascular bundle. E, Detail of late symbiotic zone outlined in A by black box showing
central core of infected cells (in), layer of nodule parenchyma (np), and the layer of endodermis (¢). Bar = 50 um. F, Dark field micrograph
of the same section as in E, arrow points to autoradiographic signal localized within the uninfected nodule parenchyma and not in the endodermis.
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specific pattern of ENOD2 expression. Hybridization of
ENOD2 antisense RNA to longitudinal sections of 4-wk-
old alfalfa nodules showed that ENOD2 gene expression
was confined to the nodule periphery (Fig. 1A, B). ENOD?2
expression was not seen in the infected or uninfected cells
of the symbiotic region of the nodule but was also internal
to the endodermis and around the peripheral vascular
bundles. (Fig. 1C, D). At a higher magnification, the cells
transcribing ENOD?2 were identified as the nodule paren-
chyma, uninfected cells that lie adjacent to the endodermis
and that surround the central zone (Fig. 1E, F).

In contrast to ENOD2 gene expression, leghemoglobin
gene expression is found in the central tissue (Fig. 2A,
B). Higher magnification revealed that leghemoglobin
expression is confined to the infected cells (Fig. 2C, D).
No signal was detected with either probe in root tissue
(data not shown). .

Localization of ENOD2 transcripts in nodules infected
with Rhizobium defective for nitrogen fixation. We
examined nodules elicited by two Fix™ strains of R. meliloti
to determine the requirement for nitrogen fixation on the
organization of cells expressing the ENOD2 gene. R.
meliloti strain F642 is defective in dicarboxylic acid

IR0 LR oo ST,

ranscripts by in situ hybridization
in alfalfa. A, Longitudinal section through a 28-day-old wild-type root
nodule with the following zones of growth: the apical meristem (m), early
symbiotic (es), late symbiotic (Is), and senescent region (s). The peripheral
vascular tissue is designated as (vb). Bar = 200 um. B, Dark field
micrograph of the same section as in A showing the autoradiographic
signal, appearing as white grains, localized within the late symbiotic region
of the nodule. C, Higher magnification of a section of the late symbiotic
zone from A showing those cells infected (in) with bacteria and those
uninfected (un). D, Dark field micrograph of the same section as C showing
signal localized only in those cells infected with bacteria. Bar = 50 um. ~
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transport (Yarosh et al. 1989), and nodules elicited by this
mutant are ineffective. Although the morphology of these
nodules is similar to the wild-type nodules, there is a smaller
zone of symbiosis and an enlarged zone of senescence (Fig.
3; S. Raja and K. Dunn, unpublished results). Strain 5011
carries a TnS insertion within the ntrA gene (Finan et al.
1988). Nodules elicited by these mutants show a reduced
level of nodulin gene expression (Dunn ef al. 1988) and,
although infection threads are present, the zone of
symbiosis is less defined with few infected cells (S. Raja
and K. Dunn, unpublished results). The Rhizobium strains
and their characteristics are summarized in Table 1.

Longitudinal sections of nodules induced by mutant
bacteria were examined for ENOD2 gene expression (Fig.
3). As in wild-type nodules, ENOD2 gene transcription
in nodules induced by R. meliloti strain F642 (dctA) was
found localized in the nodule parenchyma (Fig. 3A, B).
The nodule parenchyma in the F642-induced nodules lies
adjacent to a well-defined nodule endodermis. The cells
expressing the ENOD2 gene surrounded the symbiotic
zone, but were considerably reduced around the senescing
region, which is greatly enlarged in these mutants. ENOD2
gene transcription was similarly organized in nodules
elicited by strain 5011 (ntrA) where the zone of senescence
is also quite large (Fig. 3C, D). However, the symbiotic
zone in these nodules is quite reduced and the nodule
parenchyma surrounding this zone contains more cells, has
an irregular border, and appears less organized.

Failure of cells expressing the ENOD2 gene in empty
nodules to organize around a central core. The cellular
organization of ENOD2 gene expression was examined in
nodules elicited by R. meliloti exo mutants deficient in
exopolysaccharide to determine the influence of intra-
cellular bacteria infection. The nodules elicited by exo
mutants are very small and characterized by a lack of
intracellular bacteria and infection threads (Finan et al.
1985). Nodules elicited by exoB mutants were hybridized
with labeled ENOD?2 antisense transcripts and the ENOD2
gene expression was found localized in cells at the base
of the nodule, surrounded by endodermis (Fig. 3E, F).
The vascular bundles were found near the base of the nodule
or transversing the nodule periphery, and the endodermis
had developed such that it completely surrounded a central
core consisting of a variable number of uninfected cells
(Fig. 3E). Similar results were also observed with exoA4
nodules except that the nodule tissue appeared more fragile
and rarely survived the hybridization procedure intact. In
no instance did we observe either peripheral expression
of the ENOD2 gene or peripheral organization of the
vascular bundles. On the contrary, vasculature of the empty
nodules was quite disorganized, was located more toward
the proximal end of the nodule, and often transversed the
nodule periphery. These observations were also confirmed
by light micrographs of thin sections (data not shown).

Location of cells expressing the ENOD2 gene during
early development. We examined nodules at various stages
of their development to determine the temporal coordi-
nation of ENOD2 gene expression. Northern blot analysis
of RNA extracted from roots at various times post-
inoculation showed that ENOD?2 gene expression was first
detected at 11 days and continued throughout nodule



development (Fig. 4). At this stage, nodules were just visible
with very few infected cells and there was no indication
of leghemoglobin mRNA (Fig. 4).

Longitudinal sections of 11-day-old nodules revealed that
the ENOD?2 transcripts were concentrated in the paren-

chyma cells just above the nodule base, adjacent to a
partially formed nodular endodermis (Fig. 5A, B). This
was similar to what was observed in empty nodules except
that the endodermis did not completely surround the
ENOD?2 expressing cells. In the 11-day-old nodules, the

Fig. 3. Localization of ENOD?2 transcripts by in situ hybridization in nodules induced by mutant Rhizobium meliloti. A, Bright field micrograph
of a longitudinal section through a 28-day-old root nodule induced by F642 showing an apical meristem (m); early symbiotic (es); late symbiotic
(Is); and senescent (s) zones. Toward the periphery of the nodule are the vascular bundles (vb) and the endodermis (¢). Nodule parenchyma is
designated as (np). Bar = 200 um. B, Dark field micrograph of the same section as in A showing autoradiographic signal, appearing as white
grains, localized in cells surrounding the zone of infection and the vascular tissue. C, Localization of ENOD2 transcripts in a nodule induced
by strain 5011. Abbreviations as in A. Bar = 75 pm. D, Dark field micrograph of the same section as in C showing autoradiographic signal.
E, Localization of ENOD?2 transcripts in a nodule induced by 7094. The nodule parenchyma (np) is completely surrounded by the nodule endodermis
(e); other abbreviations as in A. Bar = 75 um. F, Dark field micrograph of the same section as in E showing autoradiographic signal in the
mass of uninfected parenchyma cells at the base of the nodule surrounded by endodermis.
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zone of symbiosis is just beginning to emerge and expression
of the leghemoglobin gene was not detected (data not
shown).

In 15-day-old nodules, ENOD2 gene expression was
located in the parenchyma cells adjacent to a small
symbiotic zone but was absent in the cells of the meristem
(Fig. 5C, D). By this time, leghemoglobin gene expression
was evident within the cells of the infected zone (as shown
for wild-type nodules in Fig. 2B) and a well-formed
endodermis was found surrounding the nodule. Although
not observed in this section, serial sections of this same
nodule show the beginnning of peripheral vasculature.

Finally, at 18 days, peripheral vascular bundles were
observed and the cells expressing ENOD2 remained closely
associated with the endodermis and were found from an
area of highest concentration at the base of the nodule
to the edge of the meristem (Fig. 5E, F). Again, serial
sections of this same nodule showed further peripheral
development of the vascular bundles (data not shown).
These results further demonstrate the close association of
the cells expressing the ENOD?2 gene with the endodermis
and suggest that the spatial organization of these cells in
mature nodules is correlated with peripheral organization
of the vascular tissue.

DISCUSSION

We have used in situ hybridization to determine the
cellular location of early nodulin gene transcription
(ENOD2) within developing nodules of M. sativa. Our
results indicate that ENOD2 gene transcription is initiated
in cells at the base of the nodule and is ultimately found
in the nodule parenchyma, uninfected cells that surround
the zone of infection. A similar pattern of ENOD2 gene
expression was also observed in the indeterminate nodules
from pea (van de Wiel er al. 1990).

Days Post Infection

R 4 7 11 15 18 23

o ¥
; o &

ENOD2

Lb

rRNA

Fig. 4. Northern blot analysis of ENOD2 and leghemoglobin (Lb) gene
expression at various times postinfection. Approximately 2 ug of total
RNA isolated from infected roots was blotted onto a nylon membrane
and probed with *P-labeled cDNA clones. R indicates total RNA isolated
from uninfected root. Ribosomal RNA (rRNA) show the relative amounts
of RNA in each lane.
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During development, ENOD2 gene expression is found
in different locations within the nodule. In 11-day-old
nodules, ENOD2 gene expression is limited to a group
of cells at the base of the nodule, suggesting that induction
of transcription first occurs in cells most proximal to the
root. Although these young nodules have visible infection
threads and a few infected cells, it is not until the infection
process has progressed further that the ENOD2 transcripts
are found in the cells surrounding the zone of symbiosis.
This indicates that further nodule development influences
the localization of ENOD2 and a close association is
observed with the development of the vascular tissue and
the endodermis. Similarly, the Fix™ nodules that have
developed peripheral vasculature also showed a mature
pattern of ENOD2 gene expression, demonstrating that
nitrogen fixation does not influence the normal distribution
of ENOD2 expression.

We examined empty nodules elicited by exoB and exoA
mutants to determine if there was role for the infection
process in the ultimate pattern of ENOD?2 gene expression.
In the smaller empty nodules, as in very young nodules
where the zone of infection is extremely small, the
expression of ENOD?2 is limited to cells at the base of
the nodule. Again, the endodermis is found in close asso-
ciation with the cells expressing the ENOD?2 gene.

The change in location of ENOD2 expression from cells
at the base of the nodule to cells surrounding the zone
of symbiosis is most likely the result of continued cell
division and growth of the nodule. In general, nodules
elicited by the exoB or exoA mutants are often arrested
in this growth process at approximately the 11-day stage,
or before the normal onset of leghemoglobin gene
expression. It would appear that the lack of either invading
bacteria or intracellular infection is influential in the
termination of this growth. In most cases, the original
“trigger” for nodule initiation by exoB or exoA mutants
is not sufficient to sustain the growth of a normal nodule
and consequently the vasculature is disorganized. ENOD2
gene expression is confined to parenchyma cells at the
nodule base but is still in close association with the
endodermis.

It would be interesting to examine the organization of
the nodule parenchyma in nodules elicited by other
Rhizobium mutants, especially those where invasion has
occurred but where intracellular infection has been aborted.
This might distinguish aspects of the infection process that
are responsible for stimulating nodule development beyond
the 11-day-old stage.

An important developmental question is from which cells
are new ENOD2 expressing cells derived. At the time a
nodule can first be visualized, the cells expressing ENOD2
are found grouped together at the nodule base. Shortly
thereafter, cells expressing ENOD?2 are found surrounding
the zone of infection. Because clonal proliferation, a major
developmental mechanism in animals, does not normally
occur during plant development, the cells expressing
ENOD?2 at the base of the nodule probably do not give
rise to other ENOD2 expressing cells. More likely, the
undifferentiated cells continually supplied from the
meristem are induced to express the ENOD2 gene.

Several positioning factors may be involved in differ-



entiation of the nodule parenchyma and induction of Certainly, the cells already expressing ENOD2 could play

ENOD2 expression. The close association of cells a role in signaling adjacent cells to do the same. Because
expressing ENOD2 with the endodermis could be an the cells within the central symbiotic region are themselves

important factor in the regulation of ENOD2 expression. differentiated, it is possible that they are unable to respond

Fig. 5. Localization of ENOD2 transcripts by in situ hybridization during nodule development of alfalfa. A, Bright field micrograph of a longitudinal
section through an 11-day-old wild-type root nodule showing an apical meristem (m) and endodermis (e). Bar = 100 um. B, Dark field micrograph
of the same section as in A, arrow shows autoradiographic signal appearing as white grains, at the base of the nodule in a mass of uninfected
nodule parenchyma. C, Bright field micrograph of a longitudinal section through a 15-day-old wild-type root nodule. Abbreviations as in A. Bar =
100 pum. D, Dark field micrograph of the same section as in C, arrow shows autoradiographic signal in the nodule parenchyma surrounding a
small zone of infected cells. E, Bright field micrograph of a longitudinal section through a 23-day-old wild-type root nodule showing an apical
meristem (m), early symbiotic (es), late symbiotic (Is), and senescent (s) zones. Toward the periphery of the nodule are the vascular bundles (vb),
the nodule parenchyma (np), and the endodermis (e). Bar = 100 pm. F, Dark field micrograph of the same section as in E, arrows show autoradiographic
signal in the nodule parenchyma internal to the nodule endodermis surrounding the central zone of infected cells.
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to ENOD2 induction signals. As a result, induction of
ENOD?2 expression is restricted to cells between the central
core and the endodermis, the nodule parenchyma.

The nodule parenchyma has been identified as the major
site of resistance to the diffusion of oxygen to the nodule
interior (Tjepkeme and Yocum 1974; Witty et al. 1987).
Thus, this tissue serves a major functional role in ensuring
the optimal oxygen conditions for both respiration and
nitrogen fixation. The structure and mechanism of this
oxygen diffusion barrier remain unknown. As previously
suggested, the induction of a nodule-specific gene during
the morphogenesis of this tissue is consistent with a
structural or functional role for ENOD?2 in this process
(van de Wiel et al. 1990). This is further supported by
our findings and those in pea that the characteristic ring
of ENOD?2 gene expression is seen either prior to or con-
comitant with leghemoglobin gene expression, suggesting
a correlation with functional aspects of the nodule.
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