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1. Introduction

Legumes are an important component of all agricultural systems because of the nitrogen
fixation provided by their root nodule bacterial symbiont, rhizobia. Among the legumes, the
Soybean, also classed as an oilseed, is pre-eminent for its high (38-45%) protein content.
Production of high-quality, protein-rich food is extremely dependent upon availability of
sufficient N. Even though N is among the most abundant elements on Earth, it is the critical
limiting element for growth of most plants due to its unavailability (Graham & Vance, 2000).
Plants acquire N from two principal sources: the soil, through commercial fertilizer, manure,
and/or mineralization of organic matter; and the atmosphere through symbiotic N> fixation.
Symbiosis between leguminous plants and rhizobia, under conditions of nitrogen limitation,
leads to the development of new plant organs, the N2-fixing nodules, which are usually
formed on roots but also on stems in a few plants after the diazotroph and its host positively
recognize each other. The root nodule is the site where N2 gas is reduced to ammonia,
which is assimilated into amino acids; these are then used to synthesize other nitrogen-
containing compounds. Inside the nodule the differentiated form of rhizobia, the bacteroids,
fix molecular nitrogen, which is then used by the plant partner. Effective, nitrogen-fixing
rhizobium-legume symbiosis requires an intricate molecular dialogue between the two
interaction partners before and during invasion by the microsymbiont (Broughton et al.,
2000; Perret et al., 2000). Host specificity is determined by several factors. From the bacterial
side, the main signalling molecules are Nod factors, surface polysaccharides and secreted
proteins. This chapter outlines an overview of the role of major determinants and signals in
the symbiotic process, as well as some results obtained by the authors using Bradyrhizobium
induced inoculants and its effect on soybean development.

2. Nod factors

The symbiotic interaction starts when the bacteria colonize the root surface and induce
curling of the root hair tips (Long, 1996; Schultze et al., 1994). This is followed by cell wall
invagination and the formation of an infection thread that grows within the root hair. The
infection thread traverses the outer cell layers to reach the nodule primordium, which is
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initiated by the reactivation of differentiated cells of the root cortex for division. Within the
infection thread the rhizobia multiply but remain confined by the plant cell wall. As the
primordium develops to a nodule, bacteria are released from the tip of the infection thread
by endocytosis and differentiate into bacteroids surrounded by the peribacteroid membrane.
That symbiotic interaction involves an exchange of complex molecular signals that confer
specificity. Legume roots and seeds exude different substances: sugars, amino acids,
dicarboxilic acids and various aromatic compounds such as some flavonoids (Brencic &
Winans, 2005), in mixtures that differ between species. Rhizobia respond to these because
they have one or more nodD genes, which encode regulator proteins that activate the other
nod genes when they interact with appropriate plant signal compounds. Once activated, the
nod genes direct the synthesis of Nod Factors (NF), a family of lipochitin oligomers (LCO),
which acting as morphogens, initiating the nodulation program of the host plant (Schultze &
Kondorosi, 1998; D'Haeze & Holsters, 2002). Structurally, all Nod factors are based on short
chains of [ 1,4-linked N-acetylglucosamine residues. The distal or non-reducing
glucosamine residue is N-acylated. This common lipo-chitooligosaccharide core (produced
by the enzymes encoded by the nodABC genes) may be modified by various specific
substituents on the distal or reducing sugars. These modifications are governed by
additional nod genes. Rhizobial species and genotypes differ in their complement of nod
genes and in allelic forms of shared nod genes, and these differences lead to predictable
differences in the structure of the Nod factors. NFs from several rhizobial species have been
characterized and their structures have been determined. Bradyrhizobium’s LCO are
produces mainly in response to flavonoids. For instance, the isoflavones daidzein and
genistein, the main components present in soybean root extracts, are responsible for
inducing the nod genes of Bradyrhizobium japonicum (Kosslak et al., 1987). Nodulation leads
to the colonization of plant cells by invading bacteria. Although many host plants and
effective rhizobia have the ability to enter into symbiosis with more than one partner, only
certain combinations of symbionts result in the formation of nitrogen-fixing nodules.
Ineffective associations lead to empty or nonfixing bacteroid-containing nodules. Specificity
among compatible partners minimizes the chances of infection by pathogens and the
formation of ineffective associations that are detrimental to both symbionts. Experimental
evidence suggests that the progression of invasive rhizobia towards nodule primordia is
challenged at various “doors”. Codes contained in molecular signals open these checkpoints.
During the initial phases of nodulation (root hair curling and bacterial entry), these codes
are given by flavonoids (from the plant) and Nod factors (from the bacteria). In both cases,
NodD proteins are the chief interlocutors of molecular traffic in the rhizosphere. Many
studies have implicated Nod factors as a possible candidate in the host specificity of
rhizobia, inducing several responses in plant until complete nodule (Vijn et al., 1993;
Stokkermans & Peters, 1994; Heidstra et al., 1997; Spaink, 2000; Geurts et al., 2005). They
invoke multiple physiological responses in the host, such as: root hair deformation
(Lhuissier et al., 2001), induction of nodulin genes essential for infection thread formation
and cortical cell division (Schlaman et al., 1997). Other authors have been found that Nod
factors reduces the salicylic acid (SA) level in roots and this might help in the suppression of
host defense responses, thus ensuring successful infection by rhizobia (Martinez-Abarca et
al., 1998). Similar decreases in SA level in the leaf tissues occurred when soybean plants
were sprayed with Nod factor (Prithiviraj et al., 2000). On the other hand, Nod factors from
Bradyrhizobium have been shown to enhance seed germination and early seedling growth of
its target plant, soybean, but also enhances these parameters in non-target plants from
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diverse botanical families (Prithiviraj et al., 2003; Miransar & Smith, 2009). This way,
nodulation factors or LCO have been considering the key to open door legumes, the first
and main determinant (Relic et al., 1994, Long, 1996; Broughton et al., 2000; de Haeze et al.,
2002; Gage, 2004).

3. Polysaccharides

Together with Nod factors, other bacterial components have been involved in bacterial
adhesion, formation and extension of the infection thread, releasing of bacteria into the
nodule cells and differentiation into bacteroids. Between these components, polysaccharides
have a relevant role. Rhizobia synthesize different classes of polysaccharides:
exopolysaccharide (EPS), capsular polysaccharides (KPS), lipopolysaccharides (LPS) and the
cyclic glucan. Some of them are secreted to the media, others are exposed on the surface or
present in the periplasmic space (Lepek & D”Antuono, 2005). EPS appears to be essential for
the successful invasion of indeterminate nodules (Pellock et al., 2000), whereas LPS are
involved principally in the formation of determinate nodules, especially during the
initiation and elongation of the infection thread (Lerouge & Vanderleyden, 2001; Noel et al.,
2000). Both, in determinate and indeterminate nodule formation, the absence of cyclic
glucan synthesis affect the invasion capacity of the bacteria (D’Antuono et al., 2005).
Bradyrhizobium japonicum strain 2143 and two derivative strains are capable of producing
three exopolysaccharides that appear to be involved in the efficiency of their symbioses with
Glycine max (Karr et al., 2000), and B. japonicum strain USDA 123 produces two structurally
distinct polysaccharides, one when outside the nodule and the second when inside the
nodule (An et al., 1995). Additionally, the symbiotic defects of EPS-deficient mutants of B.
japonicum strain 110spc4 are host dependent, differing markedly on the hosts Glycine max
and Glycine soja (Parniske et al., 1994). The results obtained by different groups suggest a
possible role in two main points in the process, the bacterial relation with the defense
response generated in the plant and the intimate interaction between bacterial and plant cell
membranes. Therefore, polysaccharides are critical for the establishment of a productive
plant-bacterium symbiosis, what become it in the second determinant of this symbiosis.

4. Protein secretion systems

Besides to previous host specificity determinants described (Nod factors and surface
polysaccharides); there is a third class of rhizobial signals that can affect symbiosis between
Rhizobium and Legume. It consists of secreted proteins. Cells from prokaryotes and
eukaryotes alike must transport proteins across the membranes that envelop them
(Economou & Dalbey, 2004). In Gram-negative bacteria, as Rhizobium, the transport is more
complicated due to the presence of two barriers, the inner and outer membrane (IM and
OM). Several secretion systems seem to have specialized in mediating Rhizobium-legume
interactions, with the ability to translocate effector proteins into the host cell cytoplasm as a
defining feature. These systems include the T3SS, T4SS and T6SS (Papanikou et al., 2007).
T3SS are complex macromolecular structures that span not only the IM and OM, but the
host cellular membrane as well. They allow direct translocation of secretion substrates into
the host cell cytoplasm. The secretion signal is poorly defined and located in the amino-
terminus of secretion substrates (Ghosh, 2004; He et al., 2004). Proteins secreted through
rhizobial T3SS are called nodulation outer proteins or Nops. The first secreted rhizobial
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protein for which a role in symbiosis could be shown was Rhizobium leguminosarum bv.
viciae NodO (de Maagd et al., 1989). NodO was detected in spent medium of cultures
grown in the presence of flavonoids and expression was found to be NodD dependent (de
Maagd et al., 1988). These are also found in promoter regions of genes unrelated to T3SS,
such as those involved in the biosynthesis of rhamnose-rich polysaccharides (Marie et al.,
2004). This led to the discovery of a complex interplay between the T3SS and surface
polysaccharides in the molecular dialogue of the rhizobium-host interaction (Broughton et
al., 2006). In Rhizobium species strain NGR234 at least six T3SS-secreted Nops have been
identified: NopA, NopB, NopC, NopL, NopP, and NopX (Ausmees et al., 2004; Deakin et al.,
2005; Marie et al., 2003; Saad et al., 2005; Viprey et al., 1998). Depending upon the legume
host, abolition of Nop secretion by NGR234 can improve or block symbiotic interactions.
T3SS genes were subsequently identified in B. japonicumn USDA110, Sinorhizobium fredii
strains HH103 and USDA257, Mesorhizobium loti MAFF303099 and R. etli CNPAF512
(Kaneko et al., 2000; Krause et al., 2002; Krishnan et al., 2003; Hubber et al., 2004; de Lyra et
al., 2006). In each case, the T3SS affects symbiosis in a host-specific manner. Taking into
account that T3SS have previously related to microbe-host interaction could be possible that
rhizobia use the exact same secretion mechanisms as their pathogenic counterparts in trying
to persuade prospective hosts to allow rhizobial invasion (Fauvart & Michiels, 2008).

5. Inoculants to soybean

Dinitrogen fixation provides more N to the agricultural ecosystems worldwide than the
total amount of fertiliser N applied. Soybean plants can fix nitrogen at rates of up to 200
kg.hal.year?!, eliminating the need for environmentally and economically costly nitrogen
fertilizers (Ip et al., 2001). When soybeans are cultivated for the first time, inoculation with
bradyrhizobia is essential for high yields. A number of different types of soybean inoculants
are available. Advancements in technology have provided inoculant types with higher
rhizobia concentrations and more options for planting systems. Due to the importance of
nodulation for agriculture, intensive researching is being carried on in this area in order to
understand the molecular bases of this process. The new knowledge could be used to obtain
more efficient nitrogen fixation process, modification of the host range or increased
competitiveness that may influence its capacity to compete in the rhizosphere with other
bacteria. Better N2-fixing symbiosis may be brought about by manipulating both rhizobia
and plant hosts and by eventually creating an artificial rhizosphere. An important aim is
also to improve the symbiotic relationship in suboptimal environmental situations related to
environmental stress. Plant nodulation and nitrogen fixation processes in nature are affected
by the micro-ecology of the plant rhizosphere. Soil temperature, pH, texture, moisture,
salinity, and deficiencies in essential elements inhibit all stages of symbiotic establishment
investigated to date (root hair curling, infection thread formation and penetration, nodule
formation and function) (Zahran, 1999). The infection and early nodule development
processes are most sensitive to stressful environmental conditions. Although combinations
of rhizobia and plants may be compatible, nodulation failure can still occur in the field
(Robson & Bottomley, 1991). For example, the exudation of flavonoid compounds from
clover roots required for nod gene induction in R. leguminosarum bv. trifolii was reduced
when the plants were grown at pH<5 (Richardson et al., 1988). The presence of nitrogen in
the root rhizosphere also limits the nodulation of legumes (Streeter, 1988), while nitrogen (as
ammonia) has been shown to limit the induction of the nodABC genes (Dusha et al., 1989). In
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the case of soybean, the time between inoculation and onset of nitrogen fixation is delayed by
2-3 d for each degree decrease in temperature from 25°C to 17.5°C. However, when the root
zone temperature drops below 17.5°C, the onset of nitrogen fixation is sharply delayed by 7 d
for each degree decrease (Zhang et al., 1995). Low temperature was also found to decrease both
the biosynthesis of isoflavonoids and the excretion of these signal compounds from plant root
cells to the rhizosphere (Zhang et al., 1995). Inoculating soybean with preinduced B. japonicum
improved soybean nodulation and shortened the time between the onset of nitrogen fixation
under low root zone temperature conditions (Smith & Zhang, 1999).

5.1 The culture media

Every organism requires finding all necessary substances for cellular biosynthesis and
energy generation during its life. The culture media constitute the micro world of
microorganisms in laboratory conditions. The design of a culture medium must answer the
exigencies of specific bacteria and the finality we followed with it reproduction, since the
composition may influence different microbial physiologic aspects: nutrition, multiplication
and primary or secondary metabolites production (Bernal et al., 2002). Decreased legume
grain yields, as compared with growth of the same crop with N fertilizer addition, have
been reported. This is generally associated with poor-quality inoculants, with low numbers
of bacterial cells (Hume & Blair 1992; Singleton et al., 1997; Lupwayi et al., 2000; Catroux et
al., 2001; Supanjani et al., 2006). Also, abiotic stress factors can cause poor nodulation in the
presence of otherwise compatible symbionts. Early events in the symbiosis such as signal
production and excretion, rhizobial attachment, root hair curling, infection thread formation,
and nodule initiation, are particularly sensitive to some stresses (Duzan et al., 2004). The fact
that commercial inoculants generally compete poorly against indigenous strains (Loh &
Stacey, 2003), have incited the continuous work of commercial industrial to provide high
quality rhizobial inoculants for agricultural production. In that sense, our group has been
working in the obtainment of soybean’s inoculants which contain as base a good culture
media to guarantee the optimal multiplication of bradyrhizobia, the specific inducers to
assurance the activation of all determinants in the symbiosis success and as result a product
with good quality to be translated into agronomical sustainable benefits.

5.1.1 The culture media in multiplication

Our first studies evaluated different culture medium composition on multiplication of two
Bradyrhizobium elkanii strains (B. elkanii ICA 8001 and B. elkanii LMG 6134). We use
traditional media reported to bradyrhizobia (Vincent, 1970, Loépez, 1990) and a new
composition registered as Cuban Patent No. 22 797 (Napoles, 2002). The strains were
cultivated during 6 days at 30°C and 230 rpm in orbital shaker conditions. The
multiplication rate was measured by Bioscreen C (Labsystems, Helsinki, Finlandia), at 595
nm. The optical density was calculated for each time and the growing specific velocity was
determined in lineal phase of growing by:

_In(OD, /OD,)
(b —ty)

The results shown clear differences between media compositions used for the two strains
(Napoles, et al., 2006). Not only cell density, but growth specific rates were higher with the
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new medium proposed in both strains (figure 1). The components of a new culture medium
for Bradyrhizobium, which contain different carbon, nitrogen and other nutrient sources,
allow obtaining more cells at the same period of time.

2,00

110,067 * —i— |/3001
—i— /6134
~—e— |I1/8001
—o— /5134
—8— |1/8001

—a— /6134

1,00 1

OD 595 nm

0,00

60 -
70 1
80 -

o =) =] = Q o
-— N (2] <t Te)
Time (h)
ES =0.0027, p< 0.001, n=5
u: growth specific velocity

Fig. 1. Growth dynamic of B. elkanii ICA 8001 and B. elkanii LMG 6134 in three culture media
(I and II traditional media, III new composition of culture media)

5.1.2 The culture media in Nod factors induction

Nod Factors biosynthesis by rhizobia is dependent on several factors. Therefore, the
composition of the medium in which the rhizobia are grown is likely to affect NF
production in a qualitative and quantitative manner. To compare the three culture media on
the nod genes activation in Bradyrhizobium elkanii ICA 8001, we use two ways: f
glucuronidase assay and Nod factor production. Triparental mating was carried out using
the donor strain DH5a/pGUS and the helper strain HB101/pRK2013 from E. coli and the B.
elkanii wild-type strain as an acceptor as described in (Hahn & Hennecke, 1984). B. elkanii
conjugation mixtures were plated out on peptone-yeast extract medium with Km and Nal
(30pg.ml?) to select for the Bradyrhizobium colonies harbouring pGUS32Km. Quantitative
analysis of GUS A activity was then carried out with p-nitrophenyl--D-glucuronide (pNPG)
as the substrate in microtiter plates and GUS A activity was examined in VERSA max
microplate reader (Molecular Devices). To determination of Nod factors profile, the
nodulation factors were radioactively labelled and they were isolated by following a slightly
modified protocol of (Laeremans et al., 1998). 100uL from Bradyrhizobium cultures, growth
for two nights, were inoculated in 900uL of each fresh culture medium and the
concentration was adjusted to 5x108 CFU per medium milliliter. They were pre-incubated to
30°C with agitation, during 1h. Each sample was supplemented with genistein 10uM as
inducer and incubated during 2 hours at the same temperature and agitation. After the
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induction the isotopic label was carried out adding 125 pL of 4C [2-14C] acetic acid as
sodium salt. The cells were labelled for 36h. The nodulation factors were isolated twice with
500uL n-butanol and washed with ethyl acetate. The solution was vacuum-dried and
samples were applied on reverse-phase TLC plates (RP-18 Fsss, Merck). H O/ acetonitrile
(1:1, vol/vol) was used as the mobile phase. The radioactivity was visualized by
autoradiography using Hyperfilm- f max (Amershan Life Sciences) after 4 days of exposure.
The results show a correspondence between the nod genes expression by f3-glucuronidase
activity and by Nod factors production determinate in TLC and autoradiography (Table 1).

Culture Medium 1 Medium II Medium III
Media (A) (B) (A) (B) (A) (B)
-6.384 1.669 17.676
-5.407 1,360 22.209
-6.138 1.891 18.433
-5.990 1,428 17.831
Miller -5.949 1.241 48.96
units -6.006 ' 1.507 - 33.619
-5.381 : 1.554 P 32.685
-5.778 , 1.482 r 33.222
0 1.587 19.037
0 | 1.446 37121
AV 0 1.517 28.079

Table 1. Effect of different medium compositions on £8-glucuronidase activity (A) and Nod
factors synthesis (B).

Medium I did not expressed GUS activity and the TLC showed no spots of Nod factors
produced. Medium II induced a low enzymatic activity and two or three spots of Nod
factors, while Medium III induced a major 3-glucuronidase activity and correspondently a
high Nodulation factors production with at least five different structures of this
biomolecules (Napoles, et al., 2003). Then, another important characteristic of a culture
medium is the possibility to contain natural substances which induce the nod genes in the
bacteria to increase the nodulation factors concentration in the inoculum. A positive effect of
genistein addition, as a nod gene inducer to B. japonicum inoculants on soybean grain and
protein yield (Zhang & Smith, 1996), nodulation efficiency (Pan et al., 1998), N2 fixation and
total N yield at low root zone temperatures (Zhang & Smith, 1997) has been reported.

5.2 The inoculants activity in plants

To corroborate the efficiency of different inocula derivated from culture in different media
assays in plants were performanced. In the experimental set-up for in vitro evaluation,
plants were grown in the plant growth room with a 12h photoperiod (day/night
temperature 26°C/22°C; relative humidity 70%) as described by (Michiels et al., 1998). Four
weeks after inoculation, nitrogen fixation capacity of the inoculated plant was determined
by means of the acetylene reduction assay (ARA) using a gas chromatographer (5890 A;
Hewlett-Packard, equipped with a “PLOT fused silica” column). Other parameters such as
the number of nodules and fresh and dry weights of nodules per plant were determined
(Népoles et al., 2005). The obtained results favor inoculants grown in medium III since not
only more nodules were formed, but also a higher ARA was measured (table 2).
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C Number of Fresh weight | Dry weight of ARA
ulture
medium nodules per | of nodules per nodules per (umolethylene.
plant plant (g) plant (g) plant-1.h1)
Medium I 133 ¢ 016 ¢ 002 b 19 ¢
Medium II 263 b 021 b 005 b 41 b
Medium III 55.0 a 037 a 009 a 78 a
Control 0 d 0 d 0 ¢ 0 d
SEx 2.87%** 0.03** 0.007*** 1.07**

Values followed by the same letter are not significantly different (p<0.05).

Table 2. Effect of different media on nodulation and nitrogen fixation.

For experimental set-up of field trials, at harvest (90 days after sowing), plant heigh, number

of pods, overall yield and weight of 100 grains were determined in two different soils.

Treatments Height (cm) P(;)(irn:f: I‘:)ter ‘1/\?3 ggll;?l(; § Yield (t.ha?)

Medium II 70.67 30.40 12.0b 1.26 b

Medium III 76.47 40.87 16.0 a 1.46 a
SEx 1.85 ns 3.29 ns 0.86** 0.04**

Values followed by the same letter are not significantly different (p<0.05).

Table 3. Effect of different culture media on soybean yield, analyzed in a red ferralitic,
compact and saturated soil.

The superior effectiveness of medium III was corroborated. Table 3 shows a 15.8% yield
increase when medium III was applied in the saturated soil type. In the case of unsaturated
soil, a 14.4% yield increase was observed (table 4). Clearly, the positive effect of the culture
medium on nodulation resulting in higher N2-fixation per plant is reflected by a higher
yield in field trials.

Treatments Height (cm) P;C;rnslr; :ter ‘1/\9‘301 gﬁ?l(; ? Yield (t.ha?)

Medium II 109.92 b 53.40 b 11.75b 2.08 b

Medium III 114.12 a 66.82 a 15.5a 238 a
SEx 1.05* 2.92%* 1.01* 0.07*

Values followed by the same letter are not significantly different (p<0.05).

Table 4. Effect of different culture media on soybean yield, analyzed in a red ferralitic,
compact and unsaturated soil.

5.3 The inocula optimization

Bradyrhizobium elkanii ICA 8001 is used in Cuba for soybean inoculants production. The
employ of Bradyrhizobium inoculants have been supplied between 80 and 100% of nitrogen
requirement of this crop (Treto et al., 2005). After many years of research, (Pijeira & Treto,
1983; Pijeira et al., 1988) recommended the inoculation of this strain for numerous Cuban
and introduced commercial soybean varieties. The culture medium design plays a crucial
role for high cell density inoculants obtaining. The presence of specific nutrients in the
culture medium, as well as their concentrations determine the good cells functioning and
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influence on cellular metabolism, promoting the biomass or others specific metabolites
production. On fermentative microbial process it is necessary culture medium and
environmental conditions optimization to exploit completely the potential of the selected
strains (Parekh et al., 2000). The choice of the adequate statistical tools is very important to
save time and resources. Single variable optimization methods are not only tedious, but can
also lead to misinterpretation of results, especially taking into account that the interaction
between different factors is overlooked (Abdel-Fattah et al., 2005). Statistical experimental
designs have been used for many decades and can be adopted on several steps of an
optimization strategy, such as for screening experiments or searching for the optimal
conditions of a targeted response (Kim et al., 2005; Lee & Gilmore, 2005; Nawani & Kapadnis,
2005; Senthilkumar et al., 2005; Wang & Lu, 2005; Gémez & Batista, 2006). The carbon, nitrogen
and phosphorus sources are macronutrients of vital importance on cellular growth and
maintenance, for this reason the influence of these compounds individually and their
combinations on B. elkanii ICA 8001 cellular multiplication was evaluated by using Response
Surface Methodology (RSM), a central composite design (CCD) and statistical analysis. The
experiments were carried out at orbital shaker level and the cellular growth was expressed in
colony forming units per ml of culture sample. The optimization process finished with the
obtaining of a new optimized culture medium for B. elkanii ICA 8001 cellular multiplication. A
value of 1011 CFU/ml with the optimum medium was reached, increasing in one level the
value of viable cells obtained with the reference medium (figure 2). The new concentrations
varied remarkable respect to reference medium, carbon source 2 concentrations increased in a
43%, phosphorus quantity increase in a 35% and carbon source 1 concentrations in a 5.2%,
nevertheless the nitrogen concentration decreased in a 30%. This increase on carbon 2 source
concentration promoted the growth of this bacteria, explained by its high contribution of
assailable compounds to the cells, in the same way the phosphorus sources increasing,
determinating a higher biomass production. The CCD method was efficient, because the
optima concentrations of the three independents variables were determined with only 17 trials,
which allowed the increasing of bacterial growth in a 10%. Besides, the design evaluated the
concentrations interaction effect on the variable response.

150 -
_ 120 -
(S
=~ 90-
"
€ 60"
s |
L.
(&) 30 -
0 T T T T T T T

o 10 20 30 40 50 60 70 sot®

—o— Reference medium —#— Optimized medium

Fig. 2. Time course of cell density of Bradyrhizobium elkanii ICA 8001 in Medium III
(Reference) and optimized medium, at 28 + 20 C and 100 rpm.
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Numerous are the works that demonstrated the Central composite design affectivity in the
culture media optimization for microorganisms. (Lee et al., 1998) used this design for
cholesterol oxidase enzyme production by Rhodococcus equi no. 23 and (Bhosale & Gadre,
2001), for the growth and carotenoids production by mutant 32 of Rhodotorula glutinis. The
combination of complete and fractional designs is an effective tool in the optimization
process, because they complement each other and permit to achieve significant response
variables enhancing. For example, (He et al., 2004) employed a fractional factorial design to
evaluate the effect of glucose, pectin, soybean cake extract, casein, corn flour, ammonium
sulphate, sodium bicarbonate concentrations and initial pH on the growth of the probiotic
strain Clostridium butyricum. Then the optimal concentrations of these compounds were
found by a CCD. After 24 h of fermentation in the optimized culture medium a viable
bacteria population of 109 CFU/ml was reached.

It is possible also to optimize a culture medium composition in order to achieved higher cell
concentration, as well as, higher Nod factor production (figure 3).

300 = 125

- a 0
£ s
E 250 - 12 2
=> b =)
E - 11,5 2
S 200 -~
b - 11
* 150 -
- 10,5
100 -
- 10
50 + = 8,9
0 - . 9
Medium i Medium lll Optimized

W Area mV.min-1  BENumber of peaks

Fig. 3. Nodulation factor values of area under curve and number of peaks for Medium III
before and after optimization. (Duncan, p<0,05). SEpicks= 0.036; n=3. SEarea= 36,45; n=3.

In this sense, each inducer component of medium III and it concentration was optimized
using similar methods to obtain a higher Nod factor production, this time evaluated by
High Performance Liquid Chromatography (HPLC). The Nod factors purified were
dissolved in 100% acetonitrile and then injected into a normal phase column Ultropac TSK
OH-120 5um LKB with dimensions of 4.6 x 250 mm. The flow rate 1 mL.min"l; as solvent
were used: acetonitrile (A): water (B); the detector: an UV spectrophotometer at 206 nm and
a cell of 10 mm, the Gradient in a Knauer pump: 0/010/0 70/20 t/ %B and with an Injection
of 250 pL in 100% acetonitrile. The run time in all cases was 70 minutes. The
chromatographic profile of the Nod factors was analyzed according to the number,
distribution and relative intensity of the obtained peaks. The number of peaks,
corresponding to Nod factors and their area were higher when medium was optimized. The
use of the optimization strategy allowed the obtaining of a new culture medium, with a
nutrients and inducers balance, which guarantied the obtaining of high density cellular
inoculums and the production of high Nod factors concentration. The fact that this
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composition medium improves the growth and induction of this slow-growing rhizobial
bacterium makes the Bradyrhizobium inoculants production a cheaper and efficient
fermentative process.

5.4 Inoculants induced and the effect on drought stress

The soybean is a crop mainly grown under rain fed conditions although irrigation is
increasingly being used. As with other grain legumes, soybean is very sensitive to drought
stress which leads to reduced yield and seed quality (Bosniols et al., 1986; Frederick et al.,
2001; Purcell et al., 2004). Negative effects of water stress on growth, photosynthesis, and
photoassimilate translocation in soybean were demonstrated by (Ohashi et al., 2000) and
(Fulai et al., 2004). The symbiosis process is also negatively affected by water stress, leads to
decreased nodule formation, reduced nodule size and N fixation (Serraj et al., 1999; King
and Purcell, 2001; Serraj, 2003; Streeter, 2003; Tajima et al., 2004). Negative effects of water
stress on growth, photosynthesis, and photoassimilate translocation in soybean were
demonstrated by (Ohashi et al., 2000) and (Fulai et al., 2004). The symbiosis process is also
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Fig. 4. Relative Water Content in plants inoculated (A: medium without induction, B and C:
medium supplemented with genistein 5 and 10 pM, respectively) and non inoculated (D)
with three irrigation levels (red: 30% field capacity, green: 60% field capacity, blue: 90% field
capacity) during 12, 20 and 31 days after sowing (DAS). Vertical bars indicate * standard
error (SE). Treatments with different letters are significantly different, ANOVA (p<0.05)
LSDo.05.
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negatively affected by water stress, leads to decreased nodule formation, reduced nodule
size and N fixation (Serraj et al., 1999; King and Purcell, 2001; Serraj, 2003; Streeter, 2003;
Tajima et al., 2004).

The isoflavone genistein have been recognized as a powerful inducer of Nod factors
production by Bradyrhizobium and its addition to inocula has been shown to increase nodule
number and promote soybean nitrogen (N) fixation at low temperatures. The impact of
lipochitinoligosaccharids spray application on the physiology and productivity of water
stressed soybean plants was evaluated by (Atti et al., 2005). Foliar application of Nod factors
affected plant physiological activity, increased flower and pod numbers, and accelerated
leaf senescence of soybean plants under water stress. Our study looks for answers about the
possible role of genistein in countering the stress on nodulation produced by water deficit in
soybeans.
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GO0: medium without induction, G5 and G10: medium supplemented with genistein 5 and 10 uM,
respectively. NI: control non-inoculated.
Treatments with different letters are significantly different, ANOVA (p<0.05) LSDo.s.

Fig. 5. Effect of different inocula in plants growing at three humidity conditions on
nodulation and nitrogen accumulation.
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We study the influence of three levels of water content on plants inoculated with different
treatments: a conventional inoculum and two other previously induced with genistein. The
experiment guaranteed severe and moderate drought stress condition in some plants (figure
4). The lowest values of Relative Water Content to 20 days to every treatment suggest that
period when nodules were formed corresponded to the most critic phase of stress. The
highest soil moisture level guaranteed better nodulation and a higher efficiency of this
process were modulated by the inducer. (Williams & De Mallorca, 1984) demonstrated that
the magnitude of stress effects and the rate of inhibition of symbiosis usually depended on
the growth and development phase, as well as stress severity. In their results, mild water
stress only reduced nodule number on soybean roots. Moderate and severe water stress
reduced both nodule number and size. Our results showed a positive effect of genistein on
nodulation, its efficiency and contribution to plant N nutrition at all soil moisture levels and
was specially marked under the adverse conditions of drought stress (figure 5). Extensive
research has focused on decreasing yield losses during soybean crop production. (Atti et al.,
2005) found that foliar application of lipochitinoligosaccharides on soybean gave a positive
effect on growth under moderate stress. Their results agree with ours, considering that they
used LCO direct. In our work it was used as a nod gene inducer, which led to synthesis of
Nod factors in the inocula. The effect of water lack on nodulation has been extensively
documented (Franson et al., 1991; Sellstedt et al., 1993; Serraj et al., 1999). It is important to
produce inoculants which have been obtained from induced media, because they will not
only increase nodulation and N fixation, but can also help under adverse conditions of
water stress. Other factors may be considered, such as plant growth stage. (Pefia-Cabriales &
Castellanos, 1993) found that water stress during vegetative growth was more detrimental
to nodulation and N fixation than at the reproduction stage. In conclusion, after evaluating
the effect of genistein as an inducer of Bradyrhizobium japonicum inoculants under water
stress it was possible to show an important influence of this isoflavonoid on reducing the
effect of water stress on nodulation (Napoles, et al., 2009).

Many works have been conducting to understand the physiological mechanisms involved in
soybean plants subjected to drought stress: leaf photosynthetic rates, carbohydrate
concentrations, soluble invertase activities (Fulai et al., 2004), proline accumulation (Kolh et
al., 1991; Curtis et al., 2004) among others. (Serraj et al., 1999) established that drought stress
leads to a decrease of nitrogen fixation capacity, mainly as a consequence of ureides
accumulation in shoots and asparagine in nodules. Several mechanisms have been reported
to be involved in the physiological response, carbon shortage and nodule carbon
metabolism, oxygen limitation, and feedback regulation by the accumulation of N fixation
products, which results in poor nodulation and reduced amounts of fixed N (Zahran, 1999;
Kurdalai et al., 2002; Serraj, 2003). Modifications in the activity of key nodule enzymes such
as sucrose synthase and isocitrate dehydrogenase and in nodular malate content also occur.
The decline in nodule water potential results in a cell redox imbalance (Marino et al., 2007).
(Ladrera et al., 2007) demonstrated that drought reduced carbon flux and N accumulation in
nodules, but not in shoots. Our group studied the ureides level in soybean treated with
different inoculants in response to water deficit (Freixas et al., 2010). Soybean plants were
firstly grown in nutrient solution for 20 days. Afterward, they were drought stressed for a 20
days period adding 10% polyethyleneglicol (PEG) 6000. Bradyrhizobium elkanii ICA 8001 was
the strain used to inoculate soybean plants on this experiment, which was separately grown
on three culture media, two of them induced in nodulation factor production. A statistically
significant increase of ureides level in leaves and nodules was observed in plants with water
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deficit and inoculants without nodulation factor induction (NFI). However, this increase
was not observed in plants with water deficit and inoculants with NFI. These results suggest
an important role of Nod factors also on ureides level regulation in soybean under drought
conditions.

5.5 Inoculants and oligosaccharines

Oligosaccharines exert proven biological effects on the growth and development of plants
and induce the expression of a variety of genes involved in defensive responses. The
oligosaccharide part of the Nod factor structure from Rhizobium is also responsible for
inducing cortical cell divisions of the root leading to form the nodular primordium. We
study the influence of two oligosaccharines (partially hydrolyzed chitosan and a mixture of
oligogalacturonides) on Bradyrhizobium elkanii ICA 8001 multiplication and on nodulation in
soybean. The chitosan polymer was obtained by basic deacetylation of lobster chitin
(Ramirez et al., 2000) and hydrolyzed for 24 h with Pectinex Ultra SP-L. The mixture of
oligogalacturonides with a degree of polymerization between 7 and 16 residues of
galacturonic acid was obtained from citrus pectin (Sigma), according to the methodology of
(Cabrera, 2003). The partially hydrolyzed chitosan did not inhibit the Bradyrhizobium
multiplication, whereas oligogalacturonic acid reduced the viability of the strain. The
number of nodules developed showed the best results with the chitosan partially
hydrolyzed at 10 and 100 mg L (Costales et al., 2007). The positive effect of the hydrolyzed
chitosan on the nodulation could be explained by several ways. It is known that the chitosan
derivatives favor the plant growth and the radical system of several crops (Bitelli et al.,
2001). As a result of these effects, the number and weight of the nodules could be benefit
indirectly. On the other hand, the structure of nodulation factors contains basically a chitin
oligosaccharide, which starts the process of nodule formation by inducing the cortical cell
divisions on the roots leading to the formation of the nodular primordium. These signals
mediate the entry of the microsymbiont and the process of nodulation (Macchiavelli &
Brelles-Marino, 2004). Besides, foliar and seed application of chitosan oligosaccharides
increase the isoflavonoids (genistein and daidzein) content in soybean seeds (Mal-Tawaha et
al., 2005). These compounds constitute chemoatractans to Bradyrhizobium and specific
inducers of nod genes activation in the bacteria. It would be valid the use of chitin
derivatives as inoculant additives to increase the nodulation and soybean development.
Further studies will be conducted to deepen into the structural requirements of
oligosaccharines in the effect on symbiotic nodulation.

5.6 Inoculants as a product. Impact on agriculture

It is necessary to translate all of this knowledge in a product to be applied in big planting, to
face the adverse condition, the competition, and then we can think our results contribute in
a little way to perform a sustainable agriculture. Testing traditional and new induced
inoculants on big extension of soybean, in different sites of Argentina, we can distinguish
different results in yield. 78% of sites shown a positive response with the new product, with
243,12 kg.ha' as average of yield’s increase and 188,07 kg.hal higher to the traditional
inoculants (figure 6).

We evaluated the effect of some soil factors as pH, available phosphorus content, organic
matter content, nitrates and Bradyrhizobium population, as well as the two inoculants on
soybean yield (Napoles, et al., 2009). The analysis of factors proved that, despite everyone
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Fig. 6. Negative (Decrease) and Positive (Increase) effect of new inoculant on soybean yield
in different sites.

influenced on it, only pH, Bradyrhizobium population existing in the soils tested and
inoculant quality had a significant effect on yield. Plants growing on acid soils with a low
bacteria population, which had been inoculated with the new induced biopreparation,
showed higher yields. New products containing Bradyrhizobium as biological component in
a good physiological state, increase competitiveness, assurance excellent nitrogen nutrition
to the plant and guarantee higher yields.

6. Conclusions and future work

The outcome of the interaction Bradyrhizobium-soybean, as other legumes-rhizobium
interaction, is dependent on an elaborate signal exchange that continues throughout the entire
symbiotic process and has been likened to matching locks and keys (Broughton et al., 2000),
with only the correct combination giving rise to efficient symbiosis. Taking into account that
this symbiosis is in great measure responsible of nitrogen required by world agriculture (de
Hoff & Hirsch, 2003), big efforts have done to improve this relation, specially related to the
bacteria. It is very important that selective strains are effective, competitive. Our efforts have
been focus on improve the physiological bacteria state to produce or activate the symbiosis
determinants through culture media design, according to that purpose. We think that
including natural sources of inducers it is possible not only activate the nodulation factor
production, but also the protein secretion system and polysaccharides, all necessary to the
symbiosis success. Nevertheless, we need to keep in mind all the factors related in that
complex process, not only the bacteria, the plant, their genetic, physiology, also the soil and all
the environmental factors biotic and abiotics, which can act on the system.
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