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The development and structure of root nodules
on bambara groundnut [Voandzeia (Vigna)
subterraneal]

M. Gueye,” E.K. James, M. Kierans and J.l. Sprent

The infection of Vigna subterranea (formerly Voandzeia subterranea) by Bradyrhizobium strain MAO 113 (isolated
from V. subterranea) was examined by light and transmission electron microscopy. Bacteria accumulated on the
epidermis close to root hairs, and subsequently entered the latter via infection threads. Most of the steps involved
in nodule formation were generally characteristic of determinate nodules, such as those which form on the closely
related V. radiata. For example, nodule meristems were induced beneath the root epidermis adjacent to infected
root hairs, but prior to infection of the meristem by rhizobia. Moreover, after the infection of some of the meri-
stematic cells by the infection threads, and the release of the rhizobia into membrane-bound vesicles, the infection
process ceased and dissemination of the rhizobia was by division of already-infected host cells. However, there
were some aspects of this process in V. subterranea which have been more commonly described in indeterminate
nodules. These include long infection threads entering a number of cells within the meristems simultaneously and
a matrix within infection threads which was strongly labelled with immunogold monoclonal antibodies, MAC236
and MAC265, which recognize epitopes on an intercellular glycoprotein. The MAC236 and MAC265 antibodies also
recognized material in the unwalled infection droplets surrounding bacteria which were newly-released from the
infection threads. The amount of labelling shown was more characteristic of the long infection threads seen in
indeterminate nodules such as pea (Pisum sativum) and Neptunia plena. The structure of mature V. subterranea
nodules was similar to that described for other determinate nodules such as Glycine max, Vigna unguiculata and
V. radiata, i.e. they were spherical and the infected zone consisted of both infected and uninfected cells. Sur-
rounding the infected tissue was an inner cortex of uninfected cell layers containing the putative components of an
oxygen diffusion barrier (including glycoprotein-occluded intercellular spaces), and an outer cortex with cells
containing calcium oxalate crystals.
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Bambara groundnut [Vigna subterranea, formerly Voand-
zeia subterranea; (Verdcourt 1980)] is an important tropical
papilionoid grain legume grown in the semi-arid zones
of Africa (Hepper 1970; Verdcourt 1980; Allen & Allen
1981). Although it superficially resembles peanut (Arachis
hypogaen) in growth habit (i.e. production of subterranean
fruits) the two species are not closely related; they are
in different tribes within the Papilionoideae (Polhill &

M. Gueye is with the MIRCEN Centre ISRA-ORSTOM, B.P. 1386, Dakar,
Senegal; fax: 221 321675, E.K. James, M. Kierans and J.1. Sprent are with the
University of Dundee, Biclogical Sciences, DD1 4HN, Dundee, Scotland. *Cor-
responding author.

© 1998 Rapid Science Publishers

ocumen

AT

Raven 1981): Arachis in the Aeschynomeneae and Vigna
in the Phaseoleae. However, in common with peanut,
and also with other Vigna spp., V. subferranea will
nodulate and fix N in partnership with Bradyrhizobium
strains (Gueye & Bordeleau 1988), including those iso-
lated from peanut and Macroptilium atropurpureum
(Kishinevsky et al. 1996). In this study we examined the
processes involved in the infection of V. subterranea by a
Bradyrhizobium strain (MAO 113) originally isolated from
V. subterranea (Gueye & Bordeleau 1988) and compared
them to those described previously for other Vigna spp.
e.g. V. radiata Newcomb & McIntyre 1981).
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Materials and Methods

Seedlings of bambara groundnut were grown singly in sterilized
Gibson tubes (Gibson 1963) and inoculated with 1 ml of Brady-
rhizobium strain MAO 113 (Gueye & Bordeleau 1988) liquid
culture containing 10° cells/ml Plants were then given N-free
Jensen nutrient solution and placed at 30 °C in a growth cabinet
with a 12 h photoperiod. At 2 day intervals, one seedling was
taken and examined for the presence of infection threads. Roots
were harvested from 12 to 24 days, by which time nodules were
fully formed, and cut into 1 cm sections. They were then fixed in
25% (v/v) glutaraldehyde in 50 mm-phosphate buffer pH 6.8
for 72 days. Preparations for light (LM) and transmission elec-
tron (TEM) microscopy were carried out according to James et al.
(1992). In addition, immunogold labelling using the monoclonal
antibodies MAC236 and MAC265 (VandenBosch et al. 1989) was
performed according to James et al. (1991). The monoclonal
antibodies were supplied by Dr N.J. Brewin, John Innes Centre,
Norwich, UK. Sections for LM and TEM were viewed and
photographed by using an Olympus BH2 microscope and a
JOEL 1200EX transmission electron microscope, respectively.

Results and Discussion

Entry of Bradyrhizobium into the roots of V. subterranen
occurred via root hairs (Figure 1A-D), as shown previ-
ously in other Vigna spp. (Newcomb & Mclntyre 1981)
and in many determinate nodule types e.g. soybean
(Glycine max) (Newcomb et al. 1979; Turgeon & Bauer
1982), Lotus corniculatus (Vance et al. 1982), and see re-
views by Sprent (1989) and Brewin (1991). Prior to the
infection of root hairs, there appeared to be production of
an incipient nodule meristem below the epidermis of the
root (Figure 1A), and rhizobia accumulated on the epi-
dermis before penetrating the root hairs (Figure 1B and
Q). After the root hairs were penetrated by the rhizobia
the latter were conveyed to the nodule meristem via
thick-walled infection threads (Figure 1C and D). Within
12-14 days, nodule primordia were macroscopically
visible and were similar in structure to those in V. radiata
(Newcomb & Mclntyre 1981). They contained a central
core of meristematic cells in the process of being infected,
an uninfected cortex surrounding the meristem, and a
vascular system connecting the nodule fo the parent root
(Figure 2A). Within the meristem, infection threads
could be seen branching into many host cells simulta-
neously (Figure 2B-D, Figure 3A and B). These infection
threads varied in their size, some being small structures
emerging from between cell walls (Figure 2B and C)
typical of determinate nodules (Newcomb & Mclntyre
1981; Newcomb et al. 1979; Vance et al. 1982; Vanden-
Bosch et al. 1989; Rae et al. 1992), whilst others were much
longer. and: traversed host cells (Figure 2D, Figure 3A
and B). The latter were more typical of infection threads
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observed within indeterminate nodules, such as those on
pea (Pisum sativum) (Newcomb 1976; VandenBosch ef al.
1989; Rae et al. 1992). Both infection thread types released
rhizobia into membrane-bound vesicles within the host
cell cytoplasm (Figure 2C and D, Figure 3A-D), where
the bacteria subsequently differentiated into No-fixing
bacteroids, as seen in the development of nodules on
many legumes e.g. P. sativum (Newcomb 1976), Trifolium
(Dixon 1964; Roughley et al. 1976), soybean (Goodchild &
Bergersen 1966), L. corniculatus (Vance et al. 1982) and
Neptunia (James et al. 1992). Prior to their development
into bacteroids, the released rhizobia were contained
within ‘infection droplets” (Figure 3A and C). In most
legume nodules so far studied, the release of bacteria
from infection threads involves the localized breakdown
of the infection thread wall and the release of the bacteria
into the host cells within a ‘droplet’ of infection thread
matrix material which is rapidly absorbed by the host cell
as the peribacteroid membrane forms around the rhizo-
bia (Newcomb 1976; Robertson ef al. 1978; Newcomb &
McIntyre 1981; Vance e al. 1982; VandenBosch et al. 1989;
Brewin 1991; Rae et al. 1992; James ef al. 1992). The in-
fection droplets were originally thought to be made up of
polysaccharide-like material (Vance ef al. 1982), although
recent data has shown that glycoproteins are a major
component (see next paragraph).

An interesting feature of the infection threads and
infection droplets within V. subterranea nodules was the
occurrence of the 95 kDa ‘matrix’ glycoprotein recog-
nized by the monoclonal antibodies MAC236 and
MAC265 (Figure 3B and C). This plant-derived, but
nodule-enhanced, glycoprotein was originally observed
in pea nodule infection threads, infection droplets and
cortical intercellular spaces (VandenBosch et al. 1989).
Since then it has also been observed in other indetermi-
nate nodules e.g. Vicia hirsuta (Rae et al. 1992) and Ne-
ptunia (James et al. 1992), and James et al. (1996) have
recently shown that S. rosirata stem and root nodules,
which are intermediate between indeterminate and de-
terminate nodules (Ndoye ef al. 1994), also have infection
threads containing the MAC265 antigen. Our paper is the
first observation of infection thread glycoprotein in Vigna
nodules but not the first observation in other determinate
nodules, as VandenBosch et al. (1989) have reported
MAC236 within G. max infection threads and James ef al.
(unpublished work) have shown that nodules on Lotus
spp. express the MAC236 antigen very strongly within
infection droplets. However, the matrix material in
G. max infection threads was very little compared ‘to that
of V. subterranea and Rae et al. (1992) did not observe the
MAC265 antigen within, Phaseolus vulgaris infection
threads. Therefore, it may be that infection threads in
other tropical legumes with determinate nodules e.g.
P. vylgaris and G. max are different from those in
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| Figure 1. (A) Meristematic tissue (M) developing in the root of Voandzeia, after infection of root hairs by rhizobia (arrows) (bar = 20 um).

| (B) Root hair containing infection threads (arrows). Note the bacteria accumulating on the root epidermis adjacent to the infected root hair
(bar = 10 zm). (C) Enlarged epidermal cell containing infection threads (arrows). Bacteria (B) can be seen on the epidermis, as well as darkly-
stained material (+) (bar = 2 pm). (D) High magnification view of infection threads in an epidermal cell (see Figure 1B, C) (bar = 500 nm).
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Figure 2. (A) Nodule primordium showing newly-infected cells (») and vascular tissue connecting the nodule to the root (bar = 50 um).
(B) Meristematic tissue in the centre of a nodule primordium. Some of these cells are being invaded by infection threads containing rhizobia
(arrows) (bar = 10 um). (C) Transmission electron mictograph (TEM) of meristematic cells containing newly-released thizobia (arrows) and a
small infection thread emerging from between cell walls (large arrow) (bar = 2 um). (D) Infection thread penetrating three cells simultaneously.
Note that some bacteria have been released (large arrow) (bar = 1 um).
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Figure 3. (A) Meristematic cells from a nodule primordium. Some of the cells contain small infection threads (arrows), but there is also a large
infection thread traversing the host cells and releasing bacteria as it passes through the cells (large arrows) (bar = 2 ym). (B) Intercellular
infection thread entering a host cell (arrow). The matrix of the infection thread is immunogold labelled with the monoclonal antibody, MAC265
(bar = 500 nm). (C) Newly-released rhizobia (R) in a host cell. Note that some of the wall of the infection thread (arrows) and that some
immunogold-labelled (with MAC265) infection thread matrix material has also been released into the cell (+) (bar = 500 nm). (D) Bacteroids (B)
forming in a host cell in a young nodule. Peribacteroid membranes are fully formed around the bacteroids (arrows) (bar =1 um).
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Figure 4. (A) Transverse section of a mature nodule showing the central, infected zone (dark-stained cells) and the uninfected cortex (C)
(bar = 200 um). (B) View of the nodule cortex showing the putative site of the oxygen diffusion barrier in the inner cortex (IC). The mid-cortex
(MC) has larger cells and intercellular spaces (arrows). *, infected tissue; OC, outer cortex (bar = 20 um). (C) TEM of a cortical cell, close to a
vascular bundle (V), showing the remains of a calcium oxalate crystal (arrow) (bar = 2 um). (D) Occluded intercellular space from the mid-cortex.
The material occluding the space is immunogold labelled with the monoclonal antibody, MAC265 (+) (bar = 200 nm).
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V. subterranea, in being generally shorter and with little
or no matrix glycoprotein. Indeed, V. subterranea infec-
tion threads may be more similar to those in nodules of
the temperate/subtropical legume, Lotus, in having large
amounts of infection thread/infection droplet glycopro-
tein.

Mature V. subterranea nodules (Figure 4A) are spher-
ical and similar in structure to other determinate nodules
e.g. those on V. radiata and L. corniculatus (Newcomb &
McIntyre 1981; Vance ef al. 1982) in having no meristem
and a central zone with infected cells interspersed with
uninfected, interstitial cells, and a cortex containing ox-
alate crystals. The cortex of uninfected cells which sur-
rounds the central N,-fixing zone (Figure 4B) is similar to
that described by Sutherland & Sprent (1984), Parsons &
Day (1990), James et al. (1991), Dakora & Atkins (1990),
Sen et al. (1986) and VandenBosch ef al. (1994) for other
determinate nodules such as those on soybean, cowpea
and peanut. Typical features were calcium oxalate crys-
tals in the outer cortex (Figure 4C, see also Sutherland &
Sprent 1984), and glycoprotein occlusions of intercellular
spaces in the mid and inner cortices. This is the first
observation of intercellular glycoprotein in V. subterranea,
but it has been observed previously in nodules from
several other legume species such as pea, soybean, Ne-
ptunia and Sesbania (VandenBosch et al. 1989; James et al.
1991, 1992, 1994, 1996; Rae et al. 1991). Recent data from
Iannetta et al. (1995) with Lupinus albus nodules suggests
that the variable occlusion of intercellular spaces is an
important part of the cortical O, diffusion barrier (Witty
et al. 1986). It remains to be seen whether it has a similar
role in the regulation of O, diffusion in V. subterranea
nodules. -

Although the growth habit of V. subterranea is similar
to the peanut, there was no evidence from our study that
the rhizobjal infection processes were similar, even
though both can be infected by the same strains
(Kishinevsky et al. 1996). In contrast to that of V. sub-

. terranea, and most legumes so far studied [see reviews by

Sprent (1989) and Brewin (1991)], the infection process of
peanut does not involve root hairs or infection threads
but appears to occur at natural wounds formed at lateral
root junctions, where the bacteria penetrate the root in-
tercellularly without infection threads (Chandler 1978).
Indeed, the rhizobial strain appears to have little effect on
the formation of legume nodules (unless it is ineffective),
the host genotype being of more importance. For exam-
Ple, Sen et al. (1986) have shown that rhizobial strain
32H1 will form nodules on both peanut and cowpea
(V. unguiculata), but that the nodules formed on the two
species were quite different in structure: those of V. un-
guiculata were similar to the determinate nodules re-
ported in the present study for V. subterrarea (Figure 4A)
and by Newcomb & McIntyre (1981) for V. radiata,

Root development on Voandzeia subterranea

whereas those on peantit were ‘aeschynomenoid’ ie.
spherical in morphology and lacking in interstitial cells
and infection threads within the infected zone (Corby
1981; Sen et al. 1986; Sprent et al. 1989; VandenBosch et al.
1994).
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