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Abstract The native legume Adesmia bicolor shows
nitrogen fixation efficiency via symbiosis with soil rhizo-
bia. The infection mechanism by means of which rhizo-
bia infect their roots has not been fully elucidated to date.
Therefore, the purpose of the present study was to identify
the infection mechanism in Adesmia bicolor roots. To this
end, inoculated roots were processed following conven-
tional methods as part of our root anatomy study, and the
shape and distribution of root nodules were analyzed as
well. Neither root hairs nor infection threads were observed
in the root system, whereas infection sites—later forming
nodules—were observed in the longitudinal sections. Nod-
ules were found to form between the main root and the lat-
eral roots. It can be concluded that in Adesmia bicolor, a
bacterial crack entry infection mechanism prevails and that
such mechanism could be an adaptive strategy of this spe-
cies which is typical of arid environments.

Keywords Adesmia bicolor - Rhizobia - Infection
mechanism - Native legume

Introduction

It has been estimated that about 90 % of legumes are nod-

ulated by Rhizobium. Nodulation is typically observed in
Mimosoideae (96 %) and Papilionoideae (96 %), the two
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major subfamilies of the Leguminosae. It is not so com-
mon in the Caesalpinioideae subfamily, of which only
22 % of its species have been reported to be nodulating
(Sprent 2009). Nodulation involves the coordination of
two processes, namely an infection process and an orga-
nogenic process, the latter being a nodule development
process. Infection may occur either via infection threads
(ITs) in root hairs or via a crack entry mechanism (Fraysse
et al. 2003; Tajima et al. 2008; Masson-Boivin et al. 2009;
Madsen et al. 2011; Oldroyd et al. 2011). The host—symbi-
ont signal exchange is initiated by the secretion of rhizo-
bia-sensed root exudates, such as flavonoids. In response to
such secretion, rhizobia synthesize lipochitooligosaccha-
rides known as Nod factors (NFs). The latter trigger several
changes in the root system including root hair deformation
(due to calcium influx) and initiation of cell division in the
root cortex. Rhizobia entrapped in curled root hairs form an
infection pocket from which ITs begin to emerge and pen-
etrate into the root cortex. Simultaneously, the underlying
root cortex cells begin to divide by mitosis to form a nodule
primordium. Within the nodule, rhizobia differentiate into
bacteroids that can be found either individually or in groups
and are called symbiosomes (Goormachtig et al. 2004;
Oldroyd and Downie 2008; Gresshoff et al. 2009; Masson-
Boivin et al. 2009; Held et al. 2010; Desbrosses and Stou-
gaard 2011; Oldroyd et al. 2011; Guan et al. 2013; Udvardi
and Poole, 2013). This infection mechanism occurs in
members of the three subfamilies of legumes, namely Cae-
salpinioideae, Mimosoideae and Papilionoideae, the lat-
ter of which includes important crops, such as Medicago
sativa, Glycine max, Phaseolus vulgaris and Pisum sativum
as well as other species, such as Medicago truncatula and
Lotus japonicum (Wood and Newcomb 1989; Sprent 2001;
Goormachtig et al. 2004; Capoen et al. 2005; Jones et al.
2007; Guan et al. 2013).
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On the other hand, in the crack entry infection mecha-
nism, rhizobia initiate infection in damaged areas as a
result of the emergence of lateral or adventitious roots.
Bacteria penetrate and invade the intercellular spaces, colo-
nizing subepidermal tissues in the root cortex (Den Herder
et al. 2006; Oldroyd and Downie 2008). In some cases, it
has been observed that some cortical cells therefore die as
a result of the action of NFs, giving rise to the formation
of infection pockets which are colonized by bacteria and
which seem to have functions similar to those of the infec-
tion site in root hairs. These infection pockets allow ITs to
grow and guide bacteria inside the primary nodule D’Haeze
et al. 2003; Goormachtig et al. 2004). Crack entry infection
occurs in some tropical legumes, such as Sesbania rostrata,
Arachis hypogaea, Trifolium repens, Stylosanthes and
Aeschynomene, all belonging to the Papilionoideae subfam-
ily, and Neptunia spp. which belongs to the Mimosoideae
subfamily (James et al. 1992; Goormachtig et al. 1998;
D’Haeze et al. 2003; Tajima et al. 2008).

In view of the above, the aim of this study was to inves-
tigate how infection is spread in Adesmia bicolor roots.
Adesmia bicolor, a native legume with forage potential and
high efficiency in nitrogen fixation, has the ability to adapt
itself to limiting environmental conditions (Basconsuelo
et al. 1997; Malpassi et al. 1999; Weberling et al. 2002;
Bianco and Kraus 2005; Vileta et al. 2010). Although previ-
ous research has already been conducted on the diversity
and effectiveness of native rhizobia nodulating this leg-
ume (Bianco et al. 2012), it would be interesting to further
explore which is the bacterial infection mechanism that
prevails in Adesmia bicolor.

Materials and methods
Plant growth and infection

Seeds of Adesmia bicolor were collected at the Uni-
versidad Nacional de Rio Cuarto, Cérdoba province,
Argentina (33°05’S, 64°20'W). They were mechani-
cally scarified and sterilized with ethanol for 1 min,
with 6 % sodium hypochlorite for 3 min and exhaus-
tively washed in five changes of autoclaved distilled
water. They were then kept at 30 °C until germination.
After seed germination, they were put on sterile plates
containing culture medium with the nutrients needed for
plant growth [CaCl,-2H,0O, K,HPO,, KH,PO,, Fe-Cit-
rat, MgSO,-7H,0 K,SO,, MnSO,-H,0, ZnSO,-7H20,
H;BO;, CuSO,-5H,0, CoSO,-7H,0 (CoCl,-6H,0),
Na,Mo0,-2H,0]. Plantlets were inoculated with strains
isolated from nodules and were kept in growth chambers
at 28 °C under 12-h light/12-h darkness conditions until
nodule emergence.
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Morphological and anatomical studies of root system
and nodules

Forty days after inoculation with rhizobial strains, nodule
shape and distribution were analyzed. In addition, for the
anatomical study, roots were fixed in FAA (ethanol:acetic
acid:formaldehyde, 50:5:30:15), dehydrated in an ethyl
alcohol-xylol series and embedded in Histowax. Cross
and longitudinal serial sections were cut at 10 pm and
stained with safranin-fast green (Dizeo de Strittmater 1979;
D’Ambrogio de Argiieso 1986). Histological slides were
analyzed and photographed with an Axiophot Zeiss micro-
scope with Axiovision software and an Axiocam HRC
Zeiss camera.

Results

An important feature observed in the present study
was the absence of root hairs and ITs both in the cross
and longitudinal serial sections of the root epidermis
(Fig. la). The entry of rhizobia was observed to occur
through a fissure caused by the emergence of lateral
roots. In the longitudinal sections, cortical cells were
found to divide themselves repeatedly, giving rise
to several daughter cells, where bacteria distributed
themselves, thus forming what is known as the “infec-
tion site.” Uninfected cells surrounding this area were
observed to divide at the same time, and infection sites
were found to form between the main root and the lateral
roots, thus giving rise to the primordial nodule (Fig. 1b).
In the primordial nodule, two regions could be observed,
namely the cortex zone and the bacterial zone. The lat-
ter, which was initially reduced, was found located in
the center of the nodule showing a few uninfected and
infected cells, both with a specific function in nitrogen
assimilation (Fig. 1c¢). The bacterial zone was found to
be occupied by isodiametric parenchyma cells having a
centrally located and generally visible nucleus. In the
adult nodules, the root cortex was observed to be subdi-
vided into several layers of cortical parenchyma and vas-
cular bundles surrounding the infection site, whose func-
tion is to irrigate the nodule, as well as the meristematic
zone, were also observed. The bacterial zone was found
to be discontinuous and subdivided into regions sepa-
rated by parenchyma cells (Fig. 1d). Nodule emergence
was observed to begin 2 weeks after planting. Nodules,
which were found to be oblong in shape and with deter-
minate growth, grew between the main root and the lat-
eral roots (Fig. le, f). In general, they were observed to
be distributed in pairs and they increased in number as
the plant grew. Initially, the majority of them were found
in the main root rather than in the lateral roots. A red
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Fig.1 Anatomical characters of Adesmia bicolor root and nodule. a
Cross section of the main root showing the root epidermis. b Lon-
gitudinal root section showing an infection site. ¢ Cross section of a
primordial nodule showing a growing bacterial zone. d Cross section
of an adult nodule showing the cortex, vascular bundles, meristematic
zone and discontinuous bacterial zone. e. Plantlets showing nodules

color was observed inside the nodules, which is indica-
tive of the presence of leghemoglobin, which, in turn,
indicates that Rhizobium sp. strains are efficient. Taken
together, all these observations are indicative of a bacte-
rial crack entry infection mechanism in Adesmia bicolor
roots.

between the main root and the lateral roots. f Cross section showing
nodules between the main root and the lateral roots. Abbreviations: E
epidermis, C cortex, IS infection site, MR main root, LR lateral root,
BZ bacterial zone, VB vascular bundle, MZ meristematic zone, N nod-
ule. Scale bars 100, 250 and 3 mm

Discussion

Although literature findings indicate that the most common
infection mechanism in Rhizobium is through root hairs, a
crack entry mode of infection has been observed in 75 %
of the species belonging to the subfamily Papilionoideae.
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In this type of infection mechanism, IT formation is not
necessary as Rhizobium infects the roots through either a
fissure caused by the emergence of lateral roots or a lesion
directly produced on the root epidermis (Sprent 2007; Noi-
sangiama et al. 2012). Therefore, the absence of root hairs
and ITs in Adesmia bicolor is indicative of a bacterial crack
entry infection mode in this species. Furthermore, in agree-
ment with observations of other legume species, such as
Arachis, Stylosanthes and Aeschynomene (Chandler et al.
1982; Sprent 2001; Sprent and James 2007), in the present
study, it could be observed that nodules form between the
main root and the lateral roots.

On the other hand, although the description of Adesmia
bicolor nodules mostly agrees with data from Rothschild’s
research (1963), some differences were detected in the pre-
sent study, e.g., those related to the division zone. In this
respect, Rothschild (1963) claims that there are four division
zones while in the present study, which was carried out fol-
lowing Vance’s (2002) description of nodules, only two divi-
sion zones were observed. Adult nodules were also found
to show a discontinuous bacterial area which was separated
by parenchyma cells in agreement with a study carried out
in Adesmia araujoi by Scheffer-Basso et al. (2000). In line
with this, the presence of uninfected cells in the bacterial
infection site and a crack entry infection mode with absence
of ITs are both characteristic of aeschynomenoid nodules
(Sprent and James 2007). The latter are oblong in shape,
with determinate growth, and are, in general, associated with
an adventitious or lateral root. All the nodules belonging to
the Aeschynomeneae tribe studied to date along with genera
of the tribe Dalbergieae (Centrolobium, Dalbergia, Etabal-
lia, Geoffroea, Machaerium, Platymiscium, Platypodium,
Riedeliella, Tipuana and Pterocarpus), Abreae, Phaseoleae
and Robinieae fit this description. Further studies, though
not so numerous as those conducted on the above-mentioned
genera, also show the presence of aeschynomenoid root nod-
ules in Adesmia, Brya and Cranocarpus (Corby 1981; Sprent
et al. 1989; Lavin et al. 2001; Guinel 2009).
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