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Abstract

A threedimensional (3- D) ana]ysis technique was developed to visualize the whole nodule and
Nitrogen fixation (N2-fix) zone in a stern nodule from Sesbania rostrata infected with symbiotic

rhizobium, Azorhizobium caulinodans ORS571. The reconstructed N2 fix zone of the stem nodule was
analyzed by arranging the ratio of opacity, by cutting at vertical and level direction, 8nd by extraction in

a personal computer. The N2 fix zone was a ring shape, surrounding the vasculw bu~dle. This is the
first report that shows whole distribution of N2 - fix zone in S. rostrata stern nodule.
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Sesbania rostrata is an annual, fast-growing

legume that is found in tropical climates and

flooded soils of Africa, where it engages in sym-
biotic nitrogen fixation with Azorhizobium cau-
linodans (Dreyfus and Dommergues, 1981). S.

rostrata is one of the few legumes that form nodules

on both s'tems and roots. The formation of stem
nodule by~A.. caulinodans is induced following

crackentry infection at the base of dormant root
primordia, which are present in vertical rows along

the stem (Tsien et al.
,
1983). Nitrogen fixation (N2-

fix) is deteeted as early as 3 days following inocu-
lation and a high rate of fixation is observed (Ndoye
et al.

,
1994). These features make S. rostrata suit-

able for green manure in rice field.

Among leguminous plants, two major types of
nodules can be distinguished based on the pres.ence
of a persistent meristem. Determinate type nodules

are round nodules, Iacking persistent meristem, and

associated with Lotus japonicus and soybean.

Indeterminate type nodules are oval with persistent

meristem, and associated with alfalfa, clover, and

vetch (Munoz et al.
,
1996). Nodule in S. rostrata

appears to be intermediate between indeterminate

and detcrminate types. Initially, nodule differen-

tiation is comparable to that of indeterminate nod-
ules, with the youngest meristematic cells located at

the periphery and the N2fixing cells located at the
nodule ccnter. Two weeks after inoculation, meris-

tematic activity decreases, and nodules shcw the
typical histology of determinate nodules (Ndoye et
al., 1994; Goormachtig et al., 1997; Corich et al.,

1998). To observe the 3D distribution of the
organization in addition to the ordinary two- dimen-
sional observation is an effective way. Therefore, 3--
D reconstruction was developed to analyze S. ros-
trata nodules.

Serial sectioning methods with computer aid were
applied to measure the 3 D physical structure of the
central nervous system of a simple anima] (Levin-
thal and Ware, 1972) and plant cells (Tuohy et al.,

1987). Recently, 3D visualization of compound
distributions for protein, starch, and lipid in a grain

of brown rice (Oryza sativa L.) was developed
(Ogawa el al., 2000; Ogawa et al.

,
2001). This 3 D

imaging technique is a powerful way to analyze the
complicated structure of nodules. In this study,

whole and N2fix zone of stem nodule from S.

rostrata were visualized and analyzed three- dimen-
sionally.

Seeds of Sesbania rostrata were surface sterilized
in 96% H2S04 for 90 mi.n, ~nd washed four times in
sterile distilled water. Seeds were germinated on I%(j
agar water medium and incubated at 28 ~) in the
dark condition for three days. Seedlings were trans-
ferred to pots containing Norris medium, pH 7.0
(Vincent, 1970), and cultivated at 28 'C under 16 h
photoperiod for Imonth. A. caulinodans ORS571,
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grown at 37 'C in YEB medium (FernandezLopez
et al.
,
1998), was in.oculated on the adventitious root

of S. rostrata. Nitrogen- fixation (N2fix) zone in a
2--week old nodule was reddish, indicating the

presence of leghemoglobin (Fig. 1).

Stem nodules, after 2 weeks inoculation, were
harvested and processed for embedding. Nodules

were fixed in a solution of 0.25(~/o glutaraldehyde

and 4%; parafour]aldehyde with 0.05 M Na-- Pbuffer
(O.O_5 M Na~HPO~, 0.05 M NaH~PO~, PH 7.2). Fol-
lowing aspiration for 30 min, the nodules were kept

at 4'C overnight. Samples were dehydrated and
embedded in paraffin according to Angerer and

Angerer (1991), and subsequently stored at 4'C
until sectioning.

Sequential sectioning (12 ~Im) of embedded nod-

ules was carried out on a microtome (Leica

RM2145). The obtained 62 sequential sections from

a single nodule were trans.ferred to an adhesive tape
that is made of polyester, and coated with a solvent
type acrylic resin as an adhesive material (Ogawa et
al., 2000).

To deparaffinize the samples for staining, the
nodule sections on the adhesive tape werc trans-

fcrred to :lOO% xylene for 30 min (two times), 1000/(~

xylene : 100% Ethanol = 1:1 for 10 min, and a
graded ethanol series (from 100 to 80%J) for 10 min
each. Fast green staining (O.5% fast green FCF with
90c7r; ethanol) was done for Imin and the samples
were washed with 90a/~ ethanol for 10min two
times, and dehydrated in 90% ethanol to 10O%
xylene. The temperature during the entire procedure

was 25 *C'..

Infection cells inside the stem nodule were
stained blue by fast green FCF (Fig. 2A, B). Same
observation is shown in the nodules cf Lotus japo-
nicus and clover (M. Abe, personal communi-
cation). After 2 weeks inoculation, mature nodules
of S. rostrata is filled with bacteroids tbat fixed

nitrogen in infection cells (Tsien et al., 1983; Ndoye
et al., 1994). N2fix zone cf the 26th section image

was oval shape (Fig. 2A), however seetion of the

35th section showed two round shapes separated

with a vascular bundle, which existed in the center
of stem nodule (Fig. 2B; Tsien et al., 1.983). This

shape of nitrogen fixation zone depended on the

position that cui the stem nodule of S. rostrata.

Morphology of N2fix zone was neither a round
shape as seen in determinate nodules nor an oval

shape as obser~ved in indeterminate nodules, there-

fore the morphology is different from determinate

and h~determinate type nodules.

The 2~D image analysis of stem nodules is lim-
ited to whole N2-fix cells because of different

shapes at the position of cutting (Fig. 2A, B).

Therefore, 3D image by reconstruction was ne-
eded and applied to observe the whole stem nodule

and N2 fix cells in the nodule.
The 2 D digital images were converted to 24-- bit
RGB scale for 3D reconstruction in a personal
computer. The obtained 2-D digital images were
reconstructed to produce. a 3-- D data set by the
volume rendering method, which can be plotted on
the display for 3-D visualization, using the soft-

ware Voxel Viewer (Toshiba Machine Co. Ltd.).

Therefore, the voxel data can represent the position

of nitrogen fixation zcne in a reconstructed nodule.

Sixty two 2- D images of sequeuiial stem nodule
sections composed by pixel data were adjusted on
the position and color. Thcse 2-D images were
piled up to produce a3 D image of the stem nodule
(Fig. 3AD). For clear 3D representation, an
opaque algorithm, which can set up the opacity ratio

of the 3- D plotting image to allow the backside to
shine through the front side, was applied to the 3- D
data set. The ratio of the opacity was 3/10 in this

image.

The 3-D plotting image of the compound distri-
bution of a stem nodule was shown in Fig. 3A. The
3-- D stem nodule of this opacity showed the surface
of nodules similar to those taken on a scanning

electron microscopy. To visualize the N~fix zone
of the stem nodule, the recons'tructed stem nodule

was cut at the vertical and level direction (Fig. 3C).

The distribution of N2-- fix zone could be observed
in all directions. To visualize the internal N2-fix

2:one in uncut condition, the ratio of the opacity was
set at 3/100. The N2--fix zone was shown as light

blue (Fig. 3B). Because of the unique form of the

meristem, Sesbania stem nodules develop uniformly

around a central axis (Ndoye e"t al., 1994). Further-

more, only N~-- fix zone was colored with blue using

im age processing software (Photoshop 5.5'i"~,~
Adobe System, Inc.) and reconstructed (Fig. 3D).

From the results that the vascular bundle existed in

the center of stem nodule (Fig. 2B) and 3D
observation, the 2::one was surrounding the vascular

bundle and had a ring shape like a doughnut.

Determinate type hodule and indeterminate type

nodule form globular N~~~ fix zone (Munoz et al. ,
1996). As the result of 3-- D reconstruction, N2-- fix
zone of Sesbania stem nodule was clearly different

from that of determinate type nodule and indeter-

minate type nodule. This suggests that the stem
nodule of S. rostrata could bc classified as a new
type of nodule.

This is the first report to show the whole distri-

bution of N2fix zone in the stem nodule of S.

rostrata. This advanced 3 D technique could be
applied to observe the infection process of rhizo-





biurn into nodule, and the formation of vascu]ar

bundles in nodule and nodule primordia. In addi-

tion, this technique might be useful for the study of

more complicated organs such as flower and shoot

apical meristem.

Acknowledgement

We thank Stougaard, J. (Univ. Aarhus) for critical
reading and Ouraji, K., Abe, M. (Kagoshima Univ.)

and Kanamori, T. (Kikkoman Co., Ltd.) for their

technical assistance and invaluable suggestions.

References

Angere~, L. M. and Angercr, R. C., 1991. I.ocalization of

~nRNAS. by in situ hybridization. Methods in eell hiol.,

35: 37 - 71 .
Corich. V., Goormaehtig, S., Lievens, S., Van Montagu, M.,

and Holsters, M., 19c).8 Patterns of. EN()J)40 gene
expression in stern borne nodulcs of Scsbania rostrata.

Plant Mol. Biol., 37: 67 76.
Dreyfus, B. l., and Dommergues. Y. R., 1981. Nitrogen--

fixation nodules induced by Rhizobium on the stem of

the tropical legu~~e Sesbania rostrata. FEMS Micro-
biol. I.ett., 1.0: 313.

Fe~nandez- I.opez, M,, Goormachtig, S.. Mengsheng, G.J,,

D'Haeze, W., Van Montagu, M, and Holsters, M., 1998.

Etv]enemediated phenotypic plasticity in root nodule

devefopn~ent on Sesbania rostrata. Prec Natl. Acad.

Sci. U. S. A., 95: 12724 12728,
Georm~chtig, S., AlvesFetreira, M., Van Montagu, M.,

Engler, (}. and Ho]sters, M., 1997. Expression of cell

cyele genes duri~g Sesbanla rostrata stem nodule

17r.)

development. Mol. Piant- Microbe Interact., lO: 316
325.

l.evinthal, C, ~~~d Ware, R., 1972. Three- dimensional recon-
struction from serial seerior!s. Nature, 236: 207 210.
Munoz, J. A., Palornares* A. J, ai~d Rate~. P., 1996. Plant

ge~e induced in the Rhizobil-!m -- Iegur~e symbiosis.

World J. Microbiol. Biotech.> 12: 189 202.
Ndoye, l., de Billy, F., Vasse, J.. Dreyfus, B. and Truchet,

G., 1994. Root nodulation of Sesbania rostrata. J.

Bacteriol., 176: 1060 1068.
Ogawa, Y., Sugiyama. J.. Kuensting, H., Ohta~~i, T., Hagi-

wara, S., Kokubo, M., Kudoh, K. a~d Higuchi, T., 2000.

Developrnent of visualization technique for threedi-

mentional distribution of protein and starch in brown
rice grain using seque~Itia~ly staiued sections Food Sci.

Technol. Rcs., 6: 176 178.
Ogaw~. Y., Sugiyam~, J., Kuensling, H., Ohtani, T,, Hagi-

wara. S., Liu, X., Kokubo, M., Yamamoto, A., Kudoh,

K, and Higuchi, T., 2001
.
Advanced technique for three

dim~~rtio~ai vlsuaii2;ation of compound distribution in

rice kemel. J. Agric. Food Chem., 49: 736 740.
Tsie~, H. C., Dreyfus, B. L. and Schmidt, E. L., 1983. Initial

stages in the morphogencsis of nitrogenfixing ste~n

nodulcs of Sesbania rosirata. J. Bacteriol., 1561 888
897.

Tuohy. M.. MeConchie, C.= Ki~ox, R. B., Szarski, l.. and

Arkin, A., 1.987. Co~npuie~- assisted three-- dimensio~~al

~econstruction technology in plan~ cell image analysis:

applications of interac.tive cor~puter graphics. J. Mi-

crosc., 147: 83 88.
Vincent, J. M., 1970. A ma~~ual for the Practical study of
RootNodule Bac-teria, IBP Hzmdbook N0. 15., Brack-
well, Oxford.


