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Abstract

The influence of chitosaccharides on the symbiotic interaction between Bradyrhizobium and soy-
bean was examined. The results show that chitosaccharides either positively or negatively affect
soybean nodulation or plant growth depending on their molecular weight, concentration and the
application methods. When directly added to the in vitro culture media, chitosan of high molecular
weight inhibit Bradyrhizobium viability in a dose dependent manner while chitooligosaccharides
reduce slightly the bacteria viability only at concentration equal or higher than 50 mg-L-1. Chitoo-
ligosaccharides significantly enhance nodule formation and dry mass in soybean roots at doses
between 10 and 100 mg-L-1. Both types of chitosaccharides, at the highest doses (>500 mg-L-1),
negatively affect plant height and root size, whereas medium doses (50 to 100 mg-L-1) increase
slightly leave number. Under field conditions, foliar application of both chitosaccharides enhances
growth and nodulation of soybean plants. Nevertheless, using this application method, chitosan
remains more effective than chitooligosaccharides.
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1. Introduction

The increasing cost of fertilizers and their negative impact on the environment have forced people to look for
other possible sources of plant nutrients. In this context, biological nitrogen fixation (BNF) by plants is nowa-
days considered to be one of the most important phenomena occurring in nature, after photosynthesis [1]. How-
ever, the ability to utilize atmospheric nitrogen is restricted to a few groups of prokaryotes that are able to con-
vert atmospheric nitrogen to ammonia. The association between the diazotrophic group rhizobia and plants be-
longing to legume (Fabaceae) family is the most studied and well characterized symbiosis [2]. This symbiotic
relationship between legumes and rhizobia represents the most important nitrogen-fixation association in the
world, with an annual production of approximately 200 million tons of nitrogen [3]. Optimizing this symbiosis
can increase crop yields and enhance soil fertility, reducing the negative environmental impacts associated with
nitrogen fertilizer use [4] [5].

The gram-negative soil bacterium Bradyrhizobium is involved in an efficient symbiotic relationship with
soybean seed and root exudates being demonstrated to be potent chemo attractants for the bacterium [6]. Also
the symbiosis supplies almost all the nitrogen required by the culture [3], even if soybean is highly nitrogen-
demanding for optimal development and grain productivity [7] [8]. Inoculation with the appropriate rhizobia
bacteria provides high numbers of viable effective rhizobia to the rhizosphere allowing rapid soybean coloniza-
tion and nodulation [9].

Chitosan is the deacetylated (water soluble) form of chitin, a major structural polysaccharide of fungal cell
walls and crustacean exoskeletons. Chitosan is the overall name of a group of heteropolysaccharides of -1-4
linked D-glucosamine and N-acetyl D-glucosamine residues differing in structure, molecular weight (MW) and
degree of acetylation (DA), and properties such as pKa, solubility, viscosity... [10] [11]. Commonly, the term
“chitosan” stands for the high molecular weight forms, whereas chitooligosaccharide (COS) concerns the low
molecular weight chitosan oligosaccharides (degree of polymerization, i.e. number of monosaccharide residues,
lower than 15). Primarily, the term “chitosaccharides” is used to denote chitosan as well as COS.

The peculiar physical and chemical properties (water solubility, polycation nature, protein and metal binding
affinities, biocompatibility) and its wide biological activities render chitosaccharides ubiquitous components in
plant biostimulants. Chitosaccharides are powerful activators of various plant defence responses inducing resis-
tance against pathogenic diseases [11] [12].

Chitosaccharides also play an inhibiting role for the growth and development of numerous plant pathogens,
including fungi, oomycetes and bacteria [12]-[14]. They have also demonstrated to intervene as regulators in
plant growth and development, ultimately increasing crop production [15].

The chitosaccharide structure-dependence on the induction of plant resistance and on its antimicrobial activi-
ties has been widely studied [10] [12]. However, less information are available regarding the influence of these
structural features on the modification of plant growth and development. In addition, all those biological re-
sponses also depend on the concentrations and application form of these compounds [12].

Curiously, some chitosaccharide compounds are also involved in plant-microorganism symbiosis. Indeed,
some soil inhabiting bacteria of Rhizobiaceae family, stimulated by legume flavonoids, release per acetylated
chitosaccharides, called nodulation factors (NF’s), inducing nodule formation on certain particular legume roots
[16]. Bacteria, present inside those symbiotic nodules, will reduce atmospheric nitrogen producing ammonia.
NF’s were demonstrated to play several critical roles for the success of the symbiotic process [17] by stimulating
the cell division morphogenesis of the legume root system and inducing the transduction of the signal leading to
the nodule formation [18]. Chitin oligosaccharides are indeed recognized by receptors on plasma membrane of
the plant cells [19] and induce cortical cell divisions of the root leading to formation of the nodule primordium
[20].

While the effect of chitosaccharides on numerous plant-pathogen interactions has been extensively studied,
less known is the impact of exogenously applied chitosaccharides on plant-microorganism symbiosis. In par-
ticular, in our study, the influence of chitosaccharide molecular weight (MW) on the Bradyrhizobium-soybean
symbiotic interaction is examined. Chitosaccharides were directly added in the culture medium of Bradyrhizo-
bium, in the in vitro culture medium soybean seedlings inoculated with Bradyrhizobium and were also foliar
sprayed on soybean plants in field trials. The nodulation efficiency as well as the growth of soybean plants was
measured to establish the influence of chitosaccharide structure on the symbiotic activity.
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2. Materials and Methods
2.1. Preparation of Chitosaccharides

Two chitosan derivatives were prepared from a chitin polymer obtained, in turn, from lobster (Panulinus argus)
exoskeleton: A chitosan polymer and chitooligosaccharides prepared by enzymatic hydrolysis of the polymer
[12] [21].

Chitin

Basic-deacetylation

Chitosan

Enzymatic hydrolysis
Chitooligosaccharides

2.1.1. Determination of Molecular Weight and Degree of Acetylation

The potentiometric determination of the degree of acetylation was carried out following the method given by
[22]. The viscosity average molecular weight (M,) determination of chitosan was performed using an Ubbelohde
capillary viscometer (& = 0.5 mm) at 25°C. The solvent was 0.3 M acetic acid/0.2M sodium acetate which does
not form aggregates in this mixture and the average viscometric molecular weight was calculated using the
Mark-Houwink equation ([n] = KM? where [p] is the intrinsic viscosity and M the molecular weight. The K
(mL-g™) and parameters at 25°C are 7.9 x 10 2 and 0.796 respectively [23].

2.1.2. Size Exclusion Chromatography (SEC) Analysis

SEC analyses are carried out using a TSKgelG4000SWXL column (7.8 x 300 mm, TOSOH Co.) with a
VISCOTEK size exclusion chromatograph and monitored using a VISCOTEK TDA302 triple detector array in
the viscometer mode. The column is eluted with 0.3 M acetic acid containing 0.2 M sodium acetate at 35°C, at
0.6 mL/min flow rate. Before injection, the samples are filtered through Sartorius filters (0.45 pm).

2.1.3. Thermogravimetric Analyses

Thermogravimetric analyses (Thermo-gravimetric analyser, TGAQ500, TA-instruments) are used to examine
the thermal properties of COS and chitosan. Analyses are performed using ~5 mg powder sample and performed
in a nitrogen gas atmosphere in platinum crucibles. The scanning rate is 20°C-min *, from room temperature to
600°C.

2.1.4. Mass Spectrometry Analyses of Chitooligosaccharides

MALDI-TOF mass spectra are recorded using a Waters QTOF Premier mass spectrometer (UMONS) equipped
with a nitrogen laser, operating at 337 nm with a maximum output of 500 J-m 2 delivered to the sample in 4 ns
pulses at 20 Hz repeating rate. Time-of-flight mass analyses are performed in the reflectron mode at a resolution
of about 10,000. The COS samples are analyzed using a mixture between dihydroxybenzoic acid and dimethy-
laniline as an ionic liquid matrix (DHB/DMA).This matrix is prepared by dissolving 25 mg of DHB in 250 pL
acetonitrile: water (1:1) and adding 5 uL of DMA. The matrix solution (1 pL) is applied to a stainless steel tar-
get and air dried. COS samples are dissolved in water to afford 1 mg-mL ™ solutions. 1 uL aliquots of those so-
lutions are applied onto the target area already bearing the matrix crystals, and air-dried before adding 1 uL of
Nal solution (2 mg-mL ™, acetonitrile: water, 1:1). For the recording of the single-stage MS spectra, the ions are
transmitted into the pusher region of the time-of-flight analyzer where they are mass analyzed with 1 s integra-
tion time. Data are acquired in continuum mode until acceptable averaged data are obtained.
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2.2. Bioassays

2.2.1. Effect of Chitosaccharides on Bradyrhizobium elkanii Viability

Yeast extracted-manitol agar (YEM) media is amended with different volumes of each chitosaccharide samples,
chitosan and COS, to reach the following final concentrations: 1, 10, 50, 100, 500, 1000 mg-L *. The pH is then
adjusted and all solutions are autoclaved at 120°C and 152 kPa, for 20 minutes. 20 mL of the sterile solutions are
deposited, at room temperature, into Petri dishes. Every dish (5 per treatment) is inoculated by dissemination of
100 pL of a B. elkanii [6] liquid culture at the concentration of 1.22 x 10° units forming colonies (CFU) per mL
(Strain ICA 8001). Dishes are incubated at 30°C during 10 days. After incubation, the number of CFU-mL* is
measured in every dish and the percentage of inhibitory activity is calculated using the formula IA = [(C-T)/C] x
100, where C is the number of colonies in the control and T is the number of colonies for the corresponding chi-
tosan treatment.

2.2.2, Effect of Adding Chitosaccharides in the Culture Media of Soybean Plantlets

Soybean plantlets are growth from seeds (Cuban variety INCAsoy-27 [24] previously disinfected with ethanol
(75%) and sodium hypochlorite (2.5%) for 5 minutes and rinsed six times with sterile distillated water. Seeds are
germinated in Petri dishes containing water-agar (0.75%) for 3 days at 30°C in the dark. Once germinated (15 -
20 mm of root length), seeds—one seed per tube—are placed in glass tubes containing semisolid culture media
and the chitosaccharides samples (1, 10, 50, 100, 500 and 1000 mg-L ™). After 7 days, plantlet roots are carefully
inoculated with 1 mL of a Bradyrhizobium elkanii (ICA 8001 strain) culture at the concentration of 10° colo-
ny-forming units per mL (CFU-mL™), grown in YEM liquid medium. Plantlets are cultivated during 37 days in
a growth chamber under controlled conditions: light/dark sequences (16/8hours), temperature (25°C) and hu-
midity (70%) [25].

Several nodulation variables, i.e. total number of nodules by plant, percentage of nodular effectiveness (by
visualizing internal color of nodules) and dry nodular mass (g), are determined in 20 plantlets per treatment at 30
days after inoculation with B. elkanii. In addition, growth variables such as the number of trifoliate leaves, the
height (cm) and the root length (cm) per plant, are determined after 30 days after inoculation (dai) with B. elka-
nii in 20 inoculated plantlets per treatment.

A completely randomized design is used in the experiment and the assay is performed in duplicates. Data are
analyzed through a simple ANOVA method with the statistical program Statgraphics Plus 5.1 for Windows ©.
Means with the same letters did not differ for p < 0.05 in the Tukey HSD Test.

2.2.3. Effect of Chitosaccharides Foliar Sprayed on Soybean Plant Growth and Yield under Field
Conditions

The experiments was conducted during March and May 2012 on one experimental site at the National Institute
Agricultural Science (23°00'N, 81°12'0OE, 138 mamsl), sited in 3y, km of Tapaste main road, Mayabeque, Cuba.
The soil of the experiment was Udic Haplustalf having total nitrogen 0.06%, organic matter 3.33%, available
phosphorus 22.7 ppm, exchangeable potassium 0.2 meq%, carbon content of 2% and pH 7.0. The soil used was
characterized by a neutral pH which is suitable for crop development and the establishment of the population of
Bradyrhizobium. The content of organic matter, total nitrogen and carbon content is low, while assimilable
phosphorus levels are high.

Soybean plants of the INCAsoy27 are grown from seeds, inoculated with Bradyrhizobium elkanii (2.5 x 10°
CFU-mL ) before planting in pots capacity of 1.5 m?. Plants are cultivated with the average daily temperatures
ranged from 19°C to 30°C, while humidity and precipitation were also recorded with stockings that were in the
range of 50% to 92% and 1.92 mm, respectively. Twice, at growing (V2 face) and flowering (R2 face) periods,
plants are sprayed with chitosan or COS samples with 75 and 750 pg per plant, respectively, with the use of a
backpack (16 L). It is used as a treatment, inoculated with B. elkanii but without foliar application of chitosan
plants. Intercultural and phytosanitary control operations such as irrigation, weeding and pest were followed
during the evaluation period.

Twenty mature plants on production per treatment are used to measure nodulation (number and dry mass of
nodules) and growth (height, leaves number, dry mass of aerial part). Some components of the yield (number of
pods containing seeds per plant) were also evaluated, to 10 plants for blocks of each treatment). The experiment
is performed as a random blocks design of four blocks conformed by twenty plants each one in each treatment
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and planting distance between plants of 0.075 m and between rows of 0.75 m, and repeated twice. Data are ana-
lyzed with ANOVA (p < 0.05) and means are compared by using the Duncan Multiple Rank Test.

3. Results
3.1. Chitosacharide Characterization

For the present study, we thus intend to investigate the influence of the chitosaccharide structure on the symbi-
otic relationship between Bradyrhizobium and soybean. In particular, one of the most determining structural pa-
rameter is the molecular weight or the average molecular weight of the chitosaccharide. In this context, two dif-
ferent chitosaccharide samples, i.e. a chitosan polymer and a chitooligosaccharide (COS) mixture, have been se-
lected and prepared following the step sequence chitin/chitosan/COS. Indeed, the chitosan polymer is readily
prepared by deacetylation of chitin. Consecutively, the so prepared and characterized chitosan is submitted to en-
zymatic hydrolysis to afford the COS mixture, see experimental section. The average molecular weights as well as
the degree of acetylation of both the chitosan and the COS mixtures are then measured and presented in Table 1.

As determined by viscometry and confirmed by SEC Figure 1(a), the MW of the chitosan polymer and the
COS mixture are then estimated to amount to 130,000 and 1200 g-mol ", respectively. The complete disappear-
ance of the chitosan trace when eluting the COS mixture also confirms the quantitative nature of the enzymatic
hydrolysis procedure. Interestingly, whereas the degree of acetylation of the prepared chitosan polymer is meas-
ured at 12%, confirming then that chitosan is efficiently prepared for the starting chitin sample; no-residual ac-
etylated groups remained longer detectable on the COS. The production of shorter chitosaccharide chains is also
clearly demonstrated by comparing the important decrease of the intrinsic viscosity of solutions in acetic acid
when passing from chitosan to COS (Table 1).

Since the thermal properties of chitosan are also dependent on their molecular weight [26] [27], thermogra-
vimetric analysis (TGA) can also be used to quickly validate molecular weight differences. As presented in Fig-
ure 1(b), thermal degradation of both samples is clearly occurring at different temperatures, 232°C and 287°C for
COS and chitosan, respectively. Also, it is important to note that only one major peak in the TG curves is observed
for both chitosan and COS. This first definitively demonstrate the quantitative conversion of the chitosan poly-
mer to shorter chains and could also indicate that the thermal degradation of chitosacharides is a simple one-step
reaction.

In order to get more accurate data on the nature of the COS mixture, mass spectrometry analyses were then

Table 1. Molecular weight, viscosity and degree of acetylation of chitosan and COS.

Molecular weight (x107%) Intrinsic viscosity (dL-g™) Degree of acetylation (%)
Chitosan 130 5.87 12
COS 1.2 0.18 0
1.4 cos

—_ =
b,

CHITOSAN

g
o

Viscometer response (mV)
Deriv.Weight (%/°C)

S

o,

<
N

o
o

0 150

o
LN

8 10 1 14 16 250
Elution volume (mL% Temperature("C)

@) (b)

Figure 1. (@) SEC chromatograms of the chitosaccharide samples, chitosan polymer and COS mixtures. (b) Thermogravim-
etric analyses under nitrogen flow of the chitosan and COS preparation.
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undertaken using matrix-assisted Laser Desorption/lonization (MALDI) for the production of gas phase ionized
COS. First, and as expected, the MALDI-TOF analysis of the chitosan polymer did not provide any results in
close agreement with the chain length. On the other hand, the MALDI-TOF mass spectrum of the COS mixture
is presented in Figure 2 and clearly demonstrates the presence of a chitooligosaccharide distribution. The mass
difference between two consecutive signals amounts to 161u which corresponds to the residual mass of gluco-
samine, clearly identifying chitooligosaccharides. The spectrum also reveals that the COS mixture is mainly
composed by fully deacetylated chitooligosacharides with DP’s from 5 to 10. For the sake of information, it is
important to remind here that the COS are detected upon MALDI as sodium-cationized adducts.

3.2. Direct Chitosaccharide Addition in the “in Vitro” Culture Media of B. elkanii and
Soybean Seedlings

In the first bioassays, the effect of adding chitosaccharides (either the chitosan or the COS preparation) to the in
vitro culture media of B. elkanii and soybean plantlets is addressed.

3.2.1. Effect on B. elkanii Cells Viability
The viability of B. elkanii cells growing in chitosaccharide-amended culture media is significantly modified de-
pending on the structure and concentration of these molecules (Figure 3). At all doses tested, chitosan induced a

p ¥

60

1000 500

Figure 2. MALDI-TOF MS analysis of the chitooligosaccharide mixture (COS). Identified peaks are labelled as X", where
X indicates degree of polymerization and Y, the number of acetyl groups.

7
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No. viables x 108 UFC.mL"1
S
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Figure 3. Effect of chitosacharides additions to the culture media on the viability of B. elkanii after 10 days after Petri dish
inoculation.Data are mean + SE among treatments in the Test of Multiple Rank of Tukey HSD for p < 0.05. Chitosan [SE

SEX =0.23*] and COS [ SEX = 0.12%].
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significant reduction of bacteria growth. Actually, the highest doses even cause the complete inhibition of bacte-
ria viability, showing a bactericide behaviour, since the initial bacteria presence is not maintained. However, in
presence of COS, B. elkanii viability is only slightly reduced at concentration equal or higher than 50 mg-L ™.
The minor inhibition caused by COS is biologically irrelevant, since B. elkanii viability never decreases under
the same exponential of CFU valour of the control. Consequently, by reducing chitosaccharides molecular
weights, the inhibitory effect on B. elkanii viability is drastically impaired.

3.2.2. Effect on Soybean Plantlet Nodulation

The development of nitrogen-fixing nodules in soybean roots is the result of a successful signal exchange with a
compatible rhizobacterium. Therefore, the symbiosis effectiveness can be estimated based on the amount of
nodules formed on the roots, as well as by following their growth. The number and weight of nodules in roots of
soybean plantlets inoculated with B. elkanii and growing in media containing different doses of chitosacharides
are then evaluated as a marker of the symbiotic activity (Figure 4). It is important to state that all nodules found
in the experiment were effective.

As revealed in Figure 4, the presence of the chitosan preparation, at least in the investigated concentration
range, does not impact drastically the symbiotic activity since the number of nodules does not significantly
change. Moreover, a minor reduction of the number of nodules is observed when the chitosan concentrations
reach above 500 mg-L . On the other hand, the total dry mass of nodules by plantlet slightly decreases with in-
creasing chitosan concentration. At concentrations higher than 500 mg-L*, chitosan drastically hinders the de-
velopment of soybean nodules resulting in a reduction of 2.5 fold of the dry mass of nodules when compared to
untreated plants (control). We could tentatively explain the negative effects observed at higher doses by an en-
hanced toxic effect of chitosaccharides on B. elkanii and on plant cells. Indeed, induction of plant cell death by
high doses of chitosaccharides has been previously reported [21]. Nevertheless, the effect of chitosan remains, in
the tested concentration range, quite limited. A different behaviour is then observed when soybean plantlets are
growing in media containing the COS preparation. Indeed, increasing the COS concentration results in gradual
increases in the number and the dry mass of nodules with both values reaching a plateau at 100 mg-L* of COS. At
this concentration, the number and mass of nodules are measured four times higher than in the untreated soybean
plantlets (control). However, again with increasing concentration, a dramatic decrease in the number and dry mass
of the nodules is significantly observed with recorded values at 500 mg-mL ™ similar to the chitosan case.

3.2.3. Effect on Soybean Seedling Growth
At the end of the “in vitro” experiments (30 days after B. elkanii inoculation), the vegetative growth parameters
of soybean plantlets were evaluated (Figure 5).

Chitosan doses of 50 and 100 mg-L ™' added to the growth medium triggered a significant increment in the
number of leaves over the control plantlets. However, at higher concentration (1000 mg-L™), chitosan signifi-
cantly reduces all vegetative growth parameters by almost 50% (Figure 5 left graph).
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Figure 4. Variation in the number and dry mass of nodules (30 dai) in the roots of soybean plantlets growing in culture me-
dia modified by addition of Chitosan [SEX = 0.96%*, 0.70*] and COS [SEX = 0.001%*, 0.01*], and inoculated with Bradyr-
hizobium elkanii. Data are mean + SE among treatments in the Test of Multiple Rank of Tukey HSD for p < 0.05.
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A comparable dose-response pattern is observed in COS amended media (Figure 5 right graph). However, the
numbers of leaves in soybean plantlets growing on media containing 50 and 100 mg-L ! of COS is only partially
increased. In addition, COS higher doses (1000 mg-L ) only slightly affect soybean root growth while other
plant growth parameters show no significant differences in relation to control plantlets.

As the perception of chitosan by different plant structures could affect the response of growth and nodulation,
an in vivo experiment to test a different mode of application is performed.

3.2.4. Effect of Foliar Application of Chitosaccharides on Soybean Nodulation and Growth under
Pots Conditions

Under field plot conditions, foliar application of the chitosaccharides preparations on soybean plants also trig-
gers different responses on vegetative growth parameters and nodulation (Table 2). Two concentrations used in
the in vitro bioassay were selected for foliar spray application at field, depending on the results in nodulation
and growth of seedlings, in order to understand the behaviour of these concentrations with a different application
form. For instance, 50 mg-L* caused the maximum increase in the nodulation and growth of seedlings with both
chitosaccharides, while 500 mg-L* caused nodulation reductions and lower values of growth.

When chitosaccharides are applied by foliar spray, chitosan seems to be more effective than COS enhancing
soybean nodulation and growth. The number and dry weight of nodules are significantly enhanced by chitosan
applications irrespective of the doses tested. Foliar application of COS induces less effective modulating of
soybean nodulation. Only the higher COS doses slightly enhance nodule number over control values while the
dry weight of the nodules remains unchanged.

In correspondence with an improved nodulation, soybean plants sprayed with chitosan show better growth
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Figure 5. Change in the number of leaves, plant height and root length of soybean plantlets (30 dai) cultured in amedium
containing Chitosan [SEX = 0.11%*, 1.0*, 2.22*] and COS [SEX = 0.25*(s.n), 0.34*, 0.12**], and inoculated with Bradyr-
hizobium elkanii. Data are mean + SE among treatments in the Test of Multiple Rank of Tukey HSD for p < 0.05.

Table 2. Effect of foliar application of chitosan and COS preparations on the growth and nodulation of soybean plants. Dif-
ferent letters among treatments indicate significant differences in Duncan Test (p < 0.05).

Nodulation Plant growth
Treat | Doses Number of D L Pod Aerial part of the plant
ment  (ug-plant™ umber o ry mass . eaves ods erial part of the plan
HeP ) nodules nodules ACEE(E) (number) (number) (dry mass)

Control 169b 0.18b 32.7b 29.4 31.6b 10.8b

cos 75 16.1b 0.28 ab 385b 314 438b 13.2b

750 248 a 0.23b 38.1b 31.0 38.8ab 125b

75 311a 042a 48.0a 31.8 57.6a 15.3ab

Chitosan
25.7a 041a 469a 34.9 59.4a 175a
ESX 1.63* 0.04* 1.43* 1.20*(s.n) 4.02* 1.04*
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and yield parameters. The dry weights of the aerial part and plant height as well as the number of pods produced
are statistically superior over control plants. No statistical difference is observed in plant growth parameters and
yield in plants sprayed with COS, even if the values of some parameters are slightly superior to control plants.

4. Discussion

The current work has been focused on the effect of chitosaccharides on the interaction between B. elkanii and
soybean. The concentrations and doses of chitosacharides used at work were chosen of previous results of the
laboratory and literature [25] [28] [29].

In Figure 4, the results showed that, the direct addition of chitosaccharides to the in vitro culture media of
soybean plantlets let to a decrease of the number and the dry mass of nodules in the plants roots with increasing
concentration of chitosan, while low molecular weight COS enhance both nodulation parameters at low and
moderate concentrations. This result could be partially explained by the non-effect of COS on B. elkanii cell
viability (Figure 3) and also by a plausible better “perception” of low molecular weight COS rather than poly-
meric chitosan by the plant cells. So, chitosaccharide size seems to be critical to modulate soybean nodulation.

The mechanism by which COS can increase nodulation is unknown. However, increased levels of isoflavones
in seeds of soybean plants challenged with low acetylated COS preparations have also been reported [30]. Con-
sequently, benefits provoked by COS treatment could also be the result of an indirect effect on the plant meta-
bolism, such as increasing isoflavonoids at root level.

The antimicrobial activity of chitosan polymer on B. elkanii cells (Figure 3) appears determining in the nega-
tive effect of this polymer on soybean nodulation “in vitro”. It is well known that chitosan inhibits bacterial
growth [31] [32], however, the mechanism behind this effect is still not well understood. Usually, it is attributed
to the polycationic character of the chitosan polymer at pH < 6 where the amino group is positive charged. This
polycation can interact with the opposite charges of phospholipids in the bacteria cell wall causing cellular dis-
ruption and even cell leakage [32] [33]. In this sense, differences in bacterial cell wall structure seem also rele-
vant since Gram positive bacteria are more susceptible than Gram negative. In presence of chitosan, Gram posi-
tive bacteria cell walls are disrupted and broken followed by cell autolysis. Gram negative bacteria are more re-
sistant since only minor retractions of the cell membrane in the presence of chitosan are observed and only
higher doses of this biopolymer affect bacterial growth and viability [10] [32]. This could explain why B. elkanii
(a Gram negative bacterium) viability is only reduced at chitosan concentrations above 500 mg-L* (Figure 3).
To our knowledge, this is the first report showing chitosan antimicrobial activity in the Bradyrhizobium genus.

On the other hand, chitosaccharides can induce local and systemic resistance in plants [12] [34]. We have ob-
served activation of defensive enzymes in the roots of soybean plantlets growing in a culture media containing
this chitosan polymer (data not shown). A higher activity of these antimicrobial enzymes (at the highest polymer
concentrations) could also prevent the entry of the symbiotic bacteria in plant roots tissues, as previously stated
by [35] and [36].

Enhanced and inhibited plant growth by chitosan derivatives have been previously reported for some species
growing in vitro, as dependent on the concentration and the assayed plant species [37] [38]. In this work, it is
demonstrated that the influence of concentration on plant growth is also affected by the molecular weight of the
chitosan compound used.

A different response pattern is triggered by foliar spraying, where chitosan seems to be more effective than
COS in enhancing soybean nodulation and growth (Table 2). Thus, while the antimicrobial activity of chitosan
on B. elkanii cells appears determining on soybean nodulation when added directly in the culture “in vitro” me-
dia, it seems to be irrelevant when foliar sprayed on soybean plants. In fact, using this application technique,
soybean nodulation is significantly boosted by chitosan.

Previous works in others plant species beyond soybean have reported the closure of plant stomata after foliar
spraying of chitosan, dealing with a reduction in water lost by the plant. These authors considered this an-
ti-transpirant effect as the main cause behind the enhanced effect on plant growth by chitosan [28] [39]. This
could be, also, the main cause of the increments of height, dry mass of aerial part and of the number of pods
found in plants applied with the chitosan polymer.

However, an activation of plant physiology should not be discarded, taking into account that, foliar spraying
this polymer type causes rise of chlorophylls content, of phosphorus and nitrogen concentration in leaves and
activates nitrate reductase enzyme, among other variables, justifies an activation of the photosynthesis and the

intake of nutrients in soybean plants [29] [40].
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In short, results clearly revealed that, chitosaccharide structure and concentration, as well as the application
method, seem to be key-parameters with regards to the modulating activities on soybean nodulation and growth.
This result has great importance from a practical point of view since it would allow taking suitable decisions
concerning the type of chitosan to be used, the concentration and the way of application in plants, when working
with these bioactive polysaccharides in interaction with Bradyrhizobium biofertilizers.
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