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The tropical legume Sesbania rostrata can be nodulated by Azorhizobium caunlinodans on both its stem and its
root system. Here we investigate in detail the process of root nodulation and show that nodules develop
exclusively at the base of secondary roots. Intercellular infection leads to the formation of infection pockets,
which then give rise to infection threads. Concomitantly with infection, cortical cells of the secondary roots
dedifferentiate, forming a meristem which has an “open-basket” configuration and which surrounds the initial
infection site. Bacteria are released from the tips of infection threads into plant cells via “infection droplets,”
cach containing several bacteria. Initially, nodule differentiation is comparable to that of indeterminate
nodules, with the youngest meristematic cells being located at the periphery and the nitrogen-fixing cells being
located at the nodule center. Because of the peculiar form of the meristem, Sesbania root nodules develop
uniformly around a central axis. Nitrogen fixation is detected as early as 3 days following inoculation, while the
nodule meristem is still active. Two weeks after inoculation, méristematic activity ceases, and nodules then
show the typical histology of determinate nodules. Thus, root nodule organogenesis in S. rostrata appears to be
intermediate between indeterminate and determinate types.

Bacteria ol the genera Rhizobium, Bradyrhizobium, and
Azorhizobium are able to induce the Tormation of nitrogen-
fixing nodules on leguminous plants. Nodulation is a highly
complex process involving a succession of interactions between
the host plant and the bacterium. from initial recognition and
infection to nodule development and nodule function (5, 8, 14,
200 22y

There are tvo main types of nodule development, the
so-called indeterminate and determinate types (5, 14, 22, 24).
Indeterminate nodules gencrally develop on temperate le-
gumes, such as alfaifa, vetch, or pea. In these plants, the
infection process occurs via root hairs and results in the
formation of rhizobium-containing infection threads, which
grow towards the root cortex (8. 33 42). Simultaneously with
infection. inner root cortical cells dedilferentiate to form a
nodule primordium and then a nodule meristem (11, 14, 19).
The persistent activity of the meristem, located at the outer
extremity of the nodule, ensures nodule clongation for a
number of weeks (41). While the meristem is active, rhizobia
are released from the infection threads into the plant cell
cytoplasm (5, 14, 17, 24). The differentiation of both symbionts
leads to the establishment of a central zone of the nodule, in
which nitrogen is reduced (22. 41). Thus, in indeterminate
nodules. nodule growth and functioning veceur simultaneously,
and all intermediates in differentiation can be observed in a

single longitudinal sectior of a nodule. i

Determinate nodules are characteristic of tropical legumes.
In legumes such as Arachis hypogaea and Stylosanthes spp.,
microsymbionts infect their hosts by “crack entry,” i.e., inter-
cellularly between adjacent cells without the formation of
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infection threads (1, 6, 7, 33). In other tropical legumes, such
as Glycine max (26, 39), the infection process proceeds as in
temperate legumes, i.e., by the formation of infection threads
through root hairs. In tropical legumes, the nodule meristem Is
induced in the outer cortex, and the bacteria are released into
actively dividing meristematic cells, each daughter cell receiv-
ing rhizobia (24, 26). Meristematic activity is restricted to a
short period of time and, following a round of successive
divisions, the invaded meristematic cells differentiate simulta-
neously to form the nitrogen-fixing central tissue (24).- As a
result of this developmental pathway, nodule growth and
functioning are dissociated. Determinate nodules do not elon-
gate but enlarge, and only a single stage of plant and bacterial
differentiation can be obscrved at any particular moment in
time.

Sesbania rostrata is one of the few legumes that forms
nodules on both stems and roots (Y). Until now, only stem
nodule ontogeny has been studied in detail (9, 12, 38); a brief
report has dealt with root nodulation (27). The formation of
stem nodules by Azorhizobium caulinodans is induced foliow-
ing crack-entry infection at the base of dormant root primor-
dia, which are present in rows along the length of the stem
(38). Direct intercellular infection is. followed by very active
multiplication of the bacteria. forming wide intercellular
spaces filled with azorhizobia. These azorhizobium-filled
spaces then extend inward as narrow,; branched, intercellular
infection threads which spread into the meristematic zone
induced in the cortex (12, 38). The subsequent release of
bacteria into the ¢ytoplasm of newly induced meristematic cells
leads eventually to the development of a determinate nodule
{12, 38). It has been reported that infection occurs by means of
infection threads through root hairs during root nodulation of
S. rostrata, (27), athouch ather symbxonc steps were not
addressed in-that study. - - - « .

We have investigated S. rostrata root nodule organogenesis.
In this report, we describe root nodule formation and compare
this nodulation process with that occurring on the stem. We
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find that root nodulation occurs through successive steps, some
of which are unusual in character, and corresponds to a
developmental.program intermediate between indeterminate
and determinate types.

MATERIALS AND METHODS

Bacterial strains and media. A. caulinodans ORS571, orig-
inally isolated from stem nodules of S. rostrata (10), was used
as the inoculanit. The strain was maintained on YL medium
{ 10).

Plant culture and inoculation. For root nodulation tests,
seeds were surface sterilized with concentrated H,S0, for 60
min. washed three times with sterile distilled water, germinated
on <oft agar medium for 24 h at 30°C, and transferred
asepuically to test tubes with Jensen'’s nitrogen-free medium on
agar slants (43). The shoot wus allowed to grow out of the tube,
which was closed with an aluminum foil cap. Seedlings were
zrown in a controlled-environment cabinet at 28°C, with 16 h
of lighting per 24-h cycle. Two days after transfer, cach
seedling was inoculated with 0.1 ml of a bacterial culture that
soniained about 108 cells per ml.

Fixation and embedding. Root and nodule samples were
collected as carly as 12 h after inoculation, daily from days 1
through 7. and finally on davs 10 and 14 postinoculation. Root
adules of S, rostrata were fixed in glutaraldehyde (2.75% in
12 M osodium cacodylate buffer [pH 7.2]) for 30 min under
~aceum and 90 min at atmospheric pressure, washed three
iimes for 60 min each time in sodium cacodylate (0.3 M; pH
7.2). and postlixed for 1 h in osmium tetroxide (1% in 0.3 M
sodium cacodylate buffer [pH 7.2}). Fixed samples were rapidly
washed with distilled water. dehydrated through graded etha-
nol solutions. and embedded in Epon.

Light microscopy. Light microscopy was performed on
~vhule root systems, on slices of nonembedded nodules, or on
~sciithin sections of embedded samples.

Whole root systems were fixed in glutaraldehyde as de-
~eribed above. rapidly washed with distilled water, and cleared
m a solution of sodium hypochlorite (34). After clearing,
samples were rinsed in distilled water, stained for 5 min with
methylene blue (0.01% in distilled water) (42), and observed
fy bright-fiecld microscopy with an Olympus Vanox light mi-
Sroscope.

Longitudinal slices (80 to 100 wm thick) were obtained from
fined nodules. Slices were fixed again in 2.75% glutaraldehyde
tor 15 min, cleared, stained. and obscerved as described above.

Epon-embedded samples were cut on a Reichert Jung
altramicrotome. Semithin sections (0.9 pm) were laid on a
~lide and stained by the basic fuchsin-methylene blue method
{13) before observation by bright-field microscopy.

Transmission electron microscopy.” Ultrathin sections ol
fianed and embedded nodules were cut on a Reichert Jung
altramicrotome, mounted on Formvar membrane grids. and
stained with uranyl acctate and then lead citrate (285). A
Hitachi EM 600 transmission clectron microscope operating at
75 kW was used to examince the ultrathin sections.

RESULTS

Nodules develop at the base of lateral roots. The root system
ol S. rostrata grown in test tubes possesses a main tap root, out
of which emerge numerous lateral roots. For noninoculated
plants, only a few thin root hairs developed on the visible part
of the lateral root. However, 12h following inoculation with A.
caulinodans ORS571, short and thick root hairs appeared at
the base of the lateral root, i.c., on the part which lies in the
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cortex of the tap root. At 16 h after inoculation, this part of the
lateral root was seen to swell. These two features were easily
seen 48 h postinoculation, particularly after the removal of the
cortex from roots previously cleared with sodium hypochlorite
(Fig. 1A and B). The fact that, for older inoculated plants,
nodulation sites were exclusively restricted to the base of the
lateral root, which lies hidden within the tap root cortex,
confirmed that swellings corresponded to centers of inner
meristematic activity (Fig. 1B).

Infection process: intercellular infection, infection pockets,
and infection threads. Despite a detailed observation of whole
plants, we could detect neither root hair curling (shepherd’s
crooks) nor the development of infection threads at the apex of
root hairs induced in the nodulation region. However, infec-
tion was observed as carly as 16 h after inoculation within the
swollen region at the base of lateral roots. For whole plants, we
were able to observe, albeit infrequently, that the infection
process was intercellular in character and that infection oc-
curred at the point of contact between two cells (e.g., between
two root hairs, a root hair and an epidermal cell, or two
adjacent epidermal cells) (Fig. 1C). Light microscopy of semi-
thin sections of developing nodules confirmed that the infee-
tion proceeded intercellularly (Fig. 1D and E) and revealed the
presence of infection pockets extending inward over a distance
of two or three plant cell layers (Fig. 1F to I). Ultrastructurally,
the infection pockets appeared to be filled with proliferating
azorhizobia embedded in a modcrately clectron-dense matrix
{data not shown). Later, during nodule ontogeny, narrow
infection threads originated from the infection pockets (Fig.
}G and I and 2A) and grew.towards the meristematic cells
induced in the plant cortex (sce below).

Peculiar “open-basket” shape of the Sesbania root nodule
meristem. The nodule meristem originated within the root
middle and inner cortical ccll layers before bacterial infection
had progressed beyond the most peripheral root cells (Fig.
1D). At 16 to 24 h alter inoculation, the meristem appeared as
a condensed spherical structure positioned opposite the site of
infection (Fig. 1D). However. by 24 to 48 h after inoculation,
the meristem had cvolved into a shape best described as a 360°
open-basket structure, cntirely enveloping the initial infection
site (Fig. 1F and H). As a result of this unusual location of the
meristem, the nodule enlarged cqually in all directions and
thus extended in width rather than in length.

Nodule differentiation displays characteristics of both inde-
terminate and determinate nodules. Infection threads, which
originated from infection pockets, first grew towards the newly
induced meristem (Fig. 2A) and then extended in all directions
following the peripheral enlargement of the meristem (Fig.
2B). During the first week following inoculation, the growth of
the nodule and the differentiation of the central tissue oc-
curred simultancously. Histologically, the central tissue of
developing S, rostraza root nodules comprises three main
zones: an actively dividing nodule meristem located at the
periphery, an intermediary zone enriched with infection
threads, and a central region corresponding to the nitrogen-
fixing zone (Fig. 2B). This histological organization is very
similar to that of indeterminate nodules, in which the youngest
tissues are located at the growing tip of the nodule and the
most differentiated tissues are found near the nodule center
(41). However, in contrast to indcterminate nodules, which
display a longitudinal gradient of cell differentiation (41),
developing S. rostraia root nodules presented a lateral gradient
around the original infection site. This difference is a reflection
of the shape and the direction of growth of the two types of
meristems. Finally, it is worth noting that nitrogen fixation,
assayed by acetylene reduction, started as early as 3 days after
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before dissection (A) or after removal (B) of the tap root cortex. The slight swellings (asterisks) at the base of lateral roots refleet meristematic
activity. In panel B, the arrowheads point 10 root hairs which have developed on the hidden region of the lateral root, and the arrow shows
remnants of the main root cortex after dissection. Bars, 100 wm. (C to 1) Infection process and meristem induction. (C) Whole plant stained with
methylene blue 16 h after inoculation. Intercellular infection is taking place at the contact point of two adhering root hairs. An infection pocket
{arrow) and an infection thread (arrowhead) can be seen. (1D w 1) Semithin sections (2-pm width) of nodules fixed 16 1 (D and E). 23 h (F and
G). and 36 h (H and 1) after inoculation. (D) Meristem induction in refation to the infection site (arrow). Cortical cells (asterisk) divide before
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Aaoculation, i.e., when developing nodules first showed a pink
coloration. The fact that acetylene reduction increased dra-
matically from days 3 to 9 (data not shown) is strong evidence
ihat nitrogen fixation is due to symbiotic rather than free-living
hacteria.

Nodule development came to a halt approximately 8 to 10
Zays after inoculation, presumably because of the arrest of
meristematic activity. Mature nodules, 2 to 3 weeks after

saoculation, were- oval. in- shape, reflecting the peripheral .

zrovth of the nodules (Fig. 2C). Mature nodules displayed the
zistological organization of determinate nodules, comprising a
central region and peripheral tissues (Fig. 2C). The central
s2gion comprised both infected nitrogen-fixing cells and non-
avaded cells (Fig. 2C and D). Interestingly, a central gap
surrounded by the nitrogen-fixing tissue was persistent in the
=1ature nodules (Fig. 2C), reflecting the position of the original
site of infection. The peripheral tissues comprised an outer
.ayer of sclerenchyma, nodule parenchyma cells, and vascular
~undles surrounded by an endodermis (Fig. 2C and D). The
~ascular bundles, which started to differentiate as early as 24 h
ifter inoculation (Fig. 1F), were connected with the plant
vasculature (Fig. 1H and 2C).

Bacterial release: infection droplets. Ultrastructurally, infec-
tion threads, which originated from infection pockets, were
surrounded by a cell wall and the plasmalemma of the plant
cell (Fig. 3A). Bacterial release was initiated approximately 2
Jays after inoculation.-At this stage, marked ultrastructural
changes were observed, presumably at the tip of intracellular
branches of infection threads. The cell wall was generally

:bsent, and the embedding matrix was reduced, often display- .

g a patchy distribution (Fig. 3A). In these branches, electron-
Jense bacteria close to the wall-lacking tip exhibited an
rrregular shape and were only separated from the plant cell
cytoplasm by the plasmalemma of the host cell (Fig. 3A and B).
The fact that these structural featurcs were seen in plant cells
:n which the first symbiosomes were eventually observed
suggested that they were a prelude to plant cell invasion by
izorhizobia. Such invasion could occur following release into
ihe host cell cytoplasm of individual infection droplets, i.e., of
the wall-lacking regions of infection threads (Fig. 3C). Each
.infection droplet was delimited by a plasmalemma-derived
membrane, generally contained two or three bacteria, and was
often filled with a moderately electron-dense material, most
arobably the remnant of the matrix in which the bacteria were
zmbedded in the infection thread (Fig. 3A to C). Despite
aumerous observations, we did not obtain any ultrastructural
zvidence that bacterial release occurred by endocytosis either
from infection threads or from infection droplets.
Ultrastructural differentiation of bacteroids. In contrast to
the presence of several bacteria in infection droplets, only.one
bacteroid was seen in the first symbiosomes formed (Fig. 4A

and B). At this stage of differentiation_therc was evidence that

zach symbiosome divided, generating symbiosomes also con-
taining one bacteroid (Fig. 4A to C). Ultrastructurally, the
bacteroid appeared electron dense, and the peribacteroid
membrane displayed an irregular shape, presumably because
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of the fusion of plant cytoplasmic vesicles containing a mod-
erately electron-dense material (Fig. 4B). At a later stage, the
more regular profile of the peribacteroid membrane could be
correlated with a progressive reduction in the number of plant

. cytoplasmic vesicles (Fig. 4C). Each symbiosome contained

one or two elongated, moderately electron-dense azorhizobia
(Fig. 4C). This small increase in the number of bacteroids per
symbiosome could have been the result of the fusion of
peribacteroid membranes (Fig. 4C). Cytoplasmic vesicles were
no longer observed in the most differentiated of the invaded
plant cells, which appeared to be almost totally filled with large
symbiosomes (Fig. 4D and E). Each symbiosome contained
many electron-dense bacteroids characterized by a regular
shape and the deposition of large poly-B-hydroxybutyrate
granules in their cytoplasm (Fig. 4D and E). Ultrastructural
observations showed that the bacteroids no longer divided in
this zone of the nodule and substantiated the conclusion that
the increase in the number of bacteroids per symbiosome was
a consequence of the fusion of peribacteroid membranes (Fig.
4E). Ultimately, such fusions led to symbiosomes which dis-
played a rose-shaped configuration, each symbiosome contain-
ing a large number of bacteroids (compare Fig. 4E and D).

DISCUSSION

In certain respects, the root nodulation process in S. rostrata
resembles that alrcady described for other tropical legumes.
For example. root nodule development at the base of the
lateral root. i.e., in the region of the lateral root which lies in

. the tap root cortex, is common to various tropical legumes,

including members of the genera Arachis (6), Stylosanthes (7),
Aeschynomene (3, 23), and Neptunia (16, 30). In the case of
temperate legumes, such as alfalfa or clover, a zone which
corresponds to the region of root hair development is the
preferred site for the initiation of nodulation (4).

On the other hand, what is remarkable about Sesbania root
nodulation is that four developmental cvents, namely, the
infection process, the spatiotemporal organization of the mer-
istem, bacterial release, and the overall differentiation of the
nodule, display a number of unusual features which, in certain
cases, have not yet been described for other symbiotic associ-
ations.

Infection process. Root infection of S. rosirata by Azorhizo-
bium spp. is a three-step process which includes intercellular
infection (crack cntry), the formation of large intercellular
infection pockets in which bacteria divide actively and, finally,
the development of infection threads, which originate from
these infection pockets and then spread into the root cortex.

Intercellular invasion, which also characterizes the stem
nodulation of S:-rostrate (12, 38), is a feature common to a
number of tropical legumes, including A. hypogaea (6),
Stylosanthes spp= (7), Aeschynomene. indica (3), A. americana
(23), Neptunia plena (16), and N. oleracea (30). This mode of
infection has also been described for alfalfa roots, which are
normally infected- throtigh -root hairs; following inoculation
either with a strain of Agrobacterium umefaciens carrying the

the infection has progressed beyond the outermost plant cells. (E) Magnification of panel D showing the intercellular infection occurring between
two epidermal ‘cells (arrow) or between adjacent root hairs (arrowheads). (F) Development of the nodule meristem (asterisk) into a 360°
vpen-basket structure surrounding the infection site (arrow). The arrowhead points to nodule vascular bundles. (G) Magnification of panel F
showing timtercellular infection pockets (arrows) filled with azorhizobia and-infection threads (arrowheads) originating from the infection pockets.
(H) Typical aspect of the nodule meristem surrounding the original infection site (star). The arrow shows the connection between nodule vascular
bundles and the plant stele. (1) Magnification of pancl H showing the spread of the infection threads (arrowheads) originating from the infection
pockets (arrows). Bars, 50 pm (C, E, G, and 1) and 100 pm (D, F, and H).
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F1G. 2. Nodule differentiation. Light microscopy of 80-pm-thick sections of nodules stained with methylene blue and partially cleared with
sodium hypochlorite. (A) Nodule fixed 48 h after inoculation illustrating the spread of infection threads (arrowheads) to the newly induced
meristem. The asterisk indicates the infection site. (B) One-half of a 5-dav-old nodule showing the meristem (asterisk), the infection threads
{arrowheads), and the central nitrogen-fixing tissue (star). (C) Histology of a mature nodule, 2 weeks after inoculation. The nitrogen-fixing tissue
al the nodule surrounds the original infection site (asterisk). The arrow_shows the connection between the plant vasculature and nodule vascular
bundies. (D) Magnification of panc] C showing the peripheral tissues of a mature nodule: the sclerenchyma (large arrow), the nodule parenchyma
{black star), and the endodermis (arrowheads) surrounding the vascular bundles (arrow). The nitrogen-fixing tissue (white star) comprises both
imaded and noninvaded cells. Bars, 100 pm.
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swwmbiotic plasmid of Rhizobitwm melilod (37) or with an
cxopolvsaccharide-deficient mutant of R meliloti (13). As such.
it can be considered a “primitive” type of infection.

The tormation of infection pockets is visible as carly as 12 h-*

after inoculation. The infection pockets appear to be typical
for the S
been observed during stem nodulation of this plant (12.38). To
vur knowledge, intercellular structures resembling the inter-
cellular infection pockets described in this study have only
been observed during nodule ontogenesis in Neprunia specics
{16. 30). In N. plena (16), bacteria accumulate in intcreellular
spaces of a smaller size. In N. oleracea (30), intercellular
infection is followed by the formation of a “horn of plenty™ in
which bacteria proliferate.

During root nodulation of §. rostraia, infection threads,
which originate from the intercellular infection pockets. are
formed. This same feature also characterizes stem infection of
this legume (12, 38) and infection of Neprunia species (16, 30).
This process differs notably from the infection process de-
scribed for A. indica (3) and A. hypogaea (6), for which ncither

rostrata nodulation process beeause they have also .
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FIG. 3. Bacterial release. Transmission electron microscopy. (A} Infection thread penetrating into the plant cell cytoplasm. Bacteria (stars) are
«mbedded in the matrix of the thread. Note the absence of the cellulose sheath at the tip of the infection thread (asterisk). Arrowheads point o
the plasmalemma limiting the thread. (B and C) Infection droplets still attached to the thread (asterisks) or released into the plant cell eytoplasm
{~tar). Bacteria and remnants of the matrix (arrowheads) can be seen in the infection droplets. Bars, | pm.
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intereellular “pockets nor infection threads have bheen de-
scribed. Following inoculation of S. rostrata roots with A
caulinodans ORS571 and despite numerous detailed observa-
tions, we were unable to observe ‘infection threads in curled
root hairs, as has been previously reported (27).
Spatiotemporal organization of the meristem. In S. rosnara.
root nodule meristems are induced simultancously with infee-

tion in middle and +inner cortical cell layers. Thus, for this

tropical legume, root nodulés originate at the same histological
level as indeterminate nodules of temperate legumes (11, 19,
26, 34, 36) and not from the root outer cortex, as for most
tropical legumes (2, 6, 7, 26, 39). Moreover, by showing that
nodule meristematic centers can be detected during the very
first hours following inoculation, before infection has pro-
gressed beyond the outermost plant cells, our resulls sugpest
that the meristem is induced at a distance (35, 36). During the
last decade,- different -groups have shown that nodulating
rhizobia produce lipooligosaccharidic Nod factors (18, 32).
which are able to induce inner cortical cell divisions (32, 36)

and nodule development in alfalfa (36). More recently. it was
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FIG. 4. Bacteroid differentiation. Transmission clectron microscopy. (A and B) Newly formed symbiosomes. (A) The arrows point to dividing
svmbiosomes. {B) Magnification showing the presence of vesicles (arrowheads) in the plant cell cytoplasm and the irregular shape of the
peribacteroid membranes (arrows). A bacteroid is dividing (star). (C) Elongated bacteroids. The.arrow indicates a possible fusion of peribacteroid
membranes. The star indicates a dividing symbiosome. (D) Invaded cells of the central tissue. Note the large number of symbiosomes per invaded
cell and the deposition of Targe poly-B-hydroxybutyrate granules in bacteroids. A peroxisome (arrow) is seen in a noninvaded cell (asterisk). (E)
Fusions of peribacteroid membranes (arrowheads) and the formation of symbiosomes containing a large number of bacteroids. Bars, 1 pm.

shown that A. caulinodans ORSS571, the strain used as an

inoculunt in this study, also produces lipooligosaccharidic Nod

lactors (21). In S, rosnata, these Tactors elicit the division of
cortical cells at the axils of lateral roots (21), i.c.. at sites at
which root nodulation vecurs (this work).

The spatiotemporal organization of the nodule meristem
changes drastically i the first few hours following its induction.
Initially, the meristem appears as a mass of cells located
proximal to. i.c., in front of, the site of infection. Later on,
there is a uniform expansion of the meristem, which results in
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the formation of an open-basket structure surrounding the
initial infection site. To our knowledge, such an unusual
organization for a nodule meristem has never been described.

Bacterial release. The release of azorhizobia in §. rostrata
root nodules also proceeds in an unusual way. Infection
droplets, each carrying one or more bacteria, are budded off in
the plant cell cytoplasm from the wall-lacking tip of the
infection thread. Similar infection droplets have been de-
scribed for nodules of N. plena (16) and Lotus corniculatus
(41). Infection droplets containing several bacteria have also
been noted for Vigna radiata (25). Intriguingly, we have not
been able to find an ultrastructural intermediate between the
infection droplets, which most often contain more than one
bacterium. and the symbiosomes, which at their earliest stage
of differentiation contain only a single bacteroid. Moreover,
the fact that we have never observed bacterial release by
cndocytosis raises the question of how the first symbiosomes
are formed. One explanation could be that the first symbio-
somes are tormed by the compartmentalization of the plasma-
lemma-derived membrane that surrounds the original infec-
tion droplet into as many compartments as there are bacteria
enclosed in the droplet. The division of cach symbiosome, i.e.,
the simultancous division of the bacteroid and its peribacteroid
membrane. as described in this study, would then result in an
increase in the number of symbiosomes, cach one still contain-
ing a single bacteroid. Finally, because we have seen that the
number of bacteroids enclosed in a single peribacteroid mem-
brane increases during nodule differentiation and because no
division of bacteroids in peribacteroid spaces has been ob-
served. we hypothesize that such an increase results from
frequent fusions between the peribacteroid membranes of
adjacent symbivsomes. It is worth noting that for V. radiata
(23). the rclcase of bradyrhizobia from infection droplets
oceurs by an endocytotic mechanism similar to that described
for many legumes (17, 26. 29).

Differentiation of the nodule. The shape of a nodule de-
pends on the location and the period of activity of its meristem.
In indeterminate nodules, the lengthy activity (several weeks)
of the apical meristem is responsible for the elongation of the
nodules (14, 24, 41). In S. rostrata root nodules, the activity of
the peripheral meristem. restricted to a shorter period of time
following inoculation, accounts for the uniform enlargement of
the nodules. with the infected tissue surrounding the initial
infection site. Indeed, the pattern of differentiation of the
central tissue s very similar for both nodule types. Meriste-
matic tissue, infection tissue, and inner tissue (in which nitro-
een Axation oceurs), which are observed successively from the
vutside of the Seshania root nodule towards the infected tissue,
are equivalent to the histological zones which differentiate
along the axis of indeterminate nodules (41). This pattern of
differentiation explains why two features typical of indetermi-
nate nodules also characterize S. rostrata root nodule develop-
ment: (1) all stages of symbiont differentiation can be observed
ata single time point in sections of developing nodules (at least
during the first week after inoculation), and (ii) nitrogen
fixation takes place while the root nodules are still actively
growing.

The meristematic activity which normally continues for
many weeks in indeterminate nodules abruptly comes to a halt
in 1-week-old Sesbania root nodules. At the end of the
differentiation process, the root nodules of S. rostrata display
the round shape and the overall histological organization of
determinate nodules typical of most tropical legumes, such as

A indica (3), A. hypogaea (6), and G. max (26, 31), as well as

of the stem nodules of A. afraspera (2) and S. rostrata (38).
Stem and root nodulation in S. rostrata. Certain similarities
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can be found when the nodulation processes which take place
on the stem (12, 38) and on the root system (this work) of S.
rostrata are compared. (i) In both cases, nodulation sites are
restricted to cavities either surrounding dormant root primor-
dia present all along the stem (9) or created on the tap root by
emerging lateral roots (this work). However, there is no root
hair induction at the stem nodulation site, such as that which is
observed at the lateral root axil of plants inoculated with A4.
caulinodans ORS571 (this work) or treated with Nod factors
produced by the same strain (21). (ii) The infection processes,
involving intercellular infection and the formation of infection
threads originating from infection pockets, are comparable.
(iii) In both cases, the nodule meristem is induced in the cortex
at a distance from the site of infection. (iv) Fully differentiated
stem and root nodules are of the determinate type. Unfortu-
nately, because there is no available information for stem
nodulation concerning certain symbiotic steps, such as bacte-
rial releasc. the organization of the meristem, and the early
steps in nodule differentiation, it is not yet possible to deter-
mine whether the stem and root nodulation processes are fully
identical in S. rostrata. 1t would be of particular interest to
investigate whether the differentiation of Sesbania stem nod-
ules is also intermediate between indeterminate and determi-
nate types of nodule development.
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