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Summary Text for the Table of Contents 19 

Soybean-rhizobia symbiotic interaction is severely affected by salt stress. We 20 

analyze the short-term salt stress effects on soybean root hair ionic homeostasis, 21 

PR gene expression and its consequence on nodulation. Short exposure to salt 22 

affected root hair ionic homeostasis and PR protein gene expression, and reduced 23 

the nodule number. The addition of calcium, is a common agricultural practice to 24 

reverse salt effects. We report a positive effect of calcium addition on  25 

soybean nodulation under saline conditions. 26 

 27 

Abstract 28 

The short-term (2 h) effects of salt stress (50 and 150 mM NaCl), on early events 29 

of soybean-B. japonicum interaction were analyzed determining the following 30 

parameters in root hair with or without calcium addition: deformation, apoplastic 31 

superoxide radical production (O2
.-
), root hair death and sodium/potassium ion 32 

content. We also analyzed whether this short-term salt stress influenced later 33 

formation of crown and noncrown nodules determining number and weight of 34 
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nodules. The negative effect of salt stress on these characters was attenuated by 35 

the addition of 5 mM CaCl2. We also analyzed the expression of pathogenesis-36 

related proteins (PRP) genes PR-1, PR-2, PR-3, and four isoforms of PR-5. The 37 

expression of PR-2 increased under saline conditions and decreased in osmotic 38 

treatment and saline treatment supplemented with calcium in the presence of the 39 

symbiont. The changes in PR-2 expression levels together with the death of root 40 

hairs provide a possible mechanism for the inhibition of infection by the symbiont 41 

under salinity, and suggests a possible overlap with responses to plant pathogens. 42 

 43 

 44 

Introduction 45 

Salinity involves two stress components for plants: the osmotic stress 46 

given by the reduction of water stress and the ionic stress which is related with the 47 

ionic homeostasis alteration. Salinity affects several physiological and 48 

biochemical processes associated with plant growth and development (Zhu 2001). 49 

The negative effects of salt stress is in part a consequence of the oxidative damage 50 

induced by the enhanced production of reactive oxygen species (ROS) (Apel and 51 

Hirt 2004).  52 

The dual role of ROS, as toxic or signal molecules, is determined by the 53 

rates and subcellular location of ROS generation and degradation (Mittler et al. 54 

2004). The ROS production/degradation ratio is key determinant of the function 55 

and viability of the cell (Fedoroff 2006). The NADPH oxidase complex is a major 56 

ROS source in the apoplast. Plant NADPH oxidase proteins have a large 57 

hydrophilic domain with two calcium-binding EF hand motifs in the N-terminal 58 

region and the activity of NADPH complex is directly regulated by Ca2
+ 

(Sagi and 59 

Flhur 2006). 60 

Soybean (Glycine max L.) has been classified as a salinity-susceptible 61 

crop, with field performance being affected when salinity exceeds 5 ds/m 62 

(approximately 50 mM NaCl) (Ashraf 1994). The infection and nodulation 63 

process by Bradyrhizobium japonicum is also severely affected under salinity. 64 

Reduction of 50% in the number and weight of nodules in salinized plants at 65 

concentrations of 26.6 mM NaCl has been repeatedly reported (Singleton and 66 

Bohlool 1984; Delgado et al. 1994; Elsheikh and Wood 1995).  Nodulation is a 67 

morphogenetic process that occurs during the plant development, and salt 68 
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tolerance responses in soybean is highly dependent on the developmental stage 69 

(Shao et al. 1986, 1993). How these processes are jointly affected by salt stress is 70 

still only partially understood. 71 

The calcium addition to saline soils is a common agricultural practice that 72 

attenuates the negative effects of salt. Calcium has a key role in ionic homeostasis 73 

under salt stress (Demidchik and Maathuis 2007). Ionic homeostasis is necessary 74 

to maintain low concentrations of toxic ions and high concentrations of essential 75 

ions within the cell, and is regulated by ion fluxes.  Particularly important is the 76 

sodium (Na
+
)/ potassium (K

+
) ratio, which is a main determinant of tolerance 77 

response to salt stress (Munns and Tester 2008). However, the effects of calcium 78 

on the legume rhizobia symbiotic interaction have not been investigated. In this 79 

work we analyzed the root hair ionic homeostasis during soybean-B. japonicum 80 

interaction with or without calcium addition.  81 

Our group has characterized the apoplastic and intracellular reactive 82 

oxygen species (ROS) changes that occur during the root hair deformation in 83 

soybean-B. japonicum symbiotic interactions under control, osmotic and salt 84 

stress condition. These results showed a correlation between aposplatic ROS 85 

production and root hair curling, and strong negative effects of salt stress, 86 

inhibiting both processes and inducing a sustained  intracellular ROS production 87 

and  root hair death  (Muñoz et al. 2012). The sustained production of ROS, in 88 

inoculated soybean root hairs subject to saline treatments, is similar to the 89 

response observed in root hairs of Phaseolus vulgaris elicited with chitosan (a 90 

fungal elicitor) (Cárdenas et al. 2008; Muñoz et al. 2012). These results led us to 91 

think that under salt stress, rhizobia could be sense as a pathogen, triggering 92 

pathogen defense response in legume plants. Likewise, in soybean has been cited 93 

that an incorrect recognition of the symbiont induce the synthesis of pathogenesis-94 

related (PR) proteins (López-Baena et al. 2009). Interestingly, saline treatments 95 

also induce PR protein in soybean (Onishi et al. 2006; Tachi et al. 2009). 96 

However, whether this induction might affect the symbiotic interaction in soybean 97 

under salinity remains unexplored. In this work we analyzed the changes in 98 

expression of different PR, that have been studied in soybean under salinity and 99 

symbiotic interactions, like markers of plant-pathogen responses (van Loon et al. 100 

2006) under the short-term salt stress treatments.  101 
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Early negative effect of salt stress in inoculated soybean root hairs could 102 

have consequences on later events, mainly affecting the formation of crown 103 

nodules. Crown root nodules, are those formed at early stage after seed 104 

germination, and provide the highest amount of the biological fixed nitrogen to 105 

soybean plants (Zdor and Pueppke 1988). In saline soils the highest salt 106 

concentrations are in the upper strata, where the initial steps of the symbiotic 107 

interaction occur together with seed germination (Bernstein 1975) and could have 108 

a strong effect on crown nodule formation and nitrogen biological fixation.     109 

The aim of this work was to study the effects of short-term salt stress, with 110 

or without calcium addition, focused on root hair responses like root hair 111 

deformation, root hairs death, apoplastic superoxide production, root hair ionic 112 

homeostasis, pathogenesis-related protein expressions, and its consequence on 113 

nodulation.  114 

 115 

Materials and methods 116 

Bacterial strain and plant material 117 

 Soybean seeds disinfected with 5% sodium hypochlorite (V/V) for 5 min 118 

(Glycine max L. DM4800) were germinated on filter paper moistened with 119 

distilled water for 48 h in the dark. The seeds were incubated at 28ºC and 37ºC 120 

during the first and second 24-h periods, respectively, to promote the growth of 121 

roots and root hairs. Bradyrhizobium japonicum USDA 138 was cultured in yeast 122 

extract mannitol (YEM) medium (Vincent 1970) at 28ºC with constant agitation 123 

for 5 days (3 x 10
9
 cells/mL). The bacteria were washed and resuspended in sterile 124 

water. 125 

 126 

Saline and osmotic treatments of root hairs 127 

Two days after germination, seedlings were transferred to aerated tubes 128 

that contained sterile water, NaCl (50 or 150 mM), or sorbitol (100 or 300 mM). 129 

These series of hyperosmotic solutions developed equal osmotic pressures (-0.55 130 

and -0.84 MPa, respectively). The seedlings were inoculated with fresh bacterial 131 

cultures (1 mL of OD=0.6; 3 x 10
9 

cells/mL). Measurements were performed after 132 

2 h of treatment. Experiments with combinations of NaCl (50 or 150 mM) and 133 

CaCl2 5 mM were also performed to analyze the effects of added calcium. 134 

 135 

Page 4 of 26

http://www.publish.csiro.au/nid/102.htm

Functional Plant Biology



For Review
 O

nly

Early effects of salt stress treatments on later stages of the interaction 136 

 To evaluate if the combined early effect of salt and inoculation with B. 137 

japonicum on root hairs had subsequent influence on nodule formation, treatments 138 

were performed on 48 h pre-germinated seeds for 2 h, as described in the previous 139 

section; then the seeds were washed with 5% Tween 20 for 40 s and rinsed 8 140 

times with sterile distilled water. 141 

The treated and inoculated seeds were placed in plastic trays with B and D 142 

nutrient solution (Broughton and Dilworth 1971) without nitrogen, aeration, 16:8 143 

h photoperiod, 25
º
C and grown for 21 days; after that period, nodules formed in 144 

the roots were observed and their number and weight were evaluated. In each 145 

treated plant, nodules were discriminated between primary and secondary roots to 146 

obtain the number and weight of crown nodules and non-crown nodules, 147 

respectively. 148 

 149 

Extraction of root hairs 150 

Root hairs were extracted from roots subjected to different salt stress 151 

treatments and their respective osmotic controls with sorbitol. Root hairs were 152 

extracted by peeling the root zone containing young root hairs, which were 153 

immediately frozen in liquid air. Peeling was performed by making an incision 154 

with a scalpel under a magnifying glass and pulling the epidermal tissue that 155 

contains the root hairs with a fine-tipped clamp. Root hairs of approximately 200 156 

roots (equivalent to 200 germinated seeds) generate sufficient material for a 157 

sample. 158 

 159 

Na
+
 and K

+
 determination in roots hairs 160 

Root hair samples subjected to different saline and osmotic treatments and 161 

saline treatment supplemented with calcium were weighed, immersed in a 1/10 162 

(w/v) plant tissue/water, boiled for 30 min and centrifuged for 5 min at 12,000 g. 163 

Sodium (Na
+
) and potassium (K

+
) content in the extracting solution were 164 

determined using a Jenway PFP flame photometer. Ion concentration was 165 

calculated using a standard curve with known concentrations of sodium and 166 

potassium. 167 

 168 

Root hair deformation 169 
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 Root hair deformation were observed 2 hours after inoculation. Root hairs 170 

from different treatments were stained with 1% (w/v) toluidine blue and observed 171 

under an optical microscope. Eight roots per treatment and four sections per root 172 

were observed and counted (approximately 600 root hairs per treatment). The 173 

percentage of deformed root hairs was calculated as a proportion of the total 174 

number of root hairs in each section. 175 

 176 

Apoplastic superoxide radical production in root hairs 177 

Superoxide levels were determined with nitroblue tetrazolium (NBT), 178 

which reacts with superoxide radicals to produce a blue formazan precipitate. 179 

Roots were incubated in 0.01% (w/v) in the dark for 30 min. The reaction was 180 

stopped with absolute ethanol and the blue precipitate was quantified under an 181 

optical microscope. 182 

 183 

Root hair death: Nuclear morphology, chromatin condensation and DNA 184 

fragmentation 185 

 Nuclear morphology, chromatin condensation and DNA fragmentation 186 

were evaluated using 4,6-diamino-2-phenylindole (DAPI). Roots were incubated 187 

1 µg mL
-1

 of  DAPI for 15 min. Nuclei of root hairs were visualized using 188 

epifluorescence microscopy (NIKON ECLIPSE Ti) with filter UV-2E/C (Ex: 189 

360/40nm, DM: 400nm, Em: 460/50nm). Eight roots per treatment and four 190 

sections per root were observed and counted (approximately 600 root hairs per 191 

treatment). The percentages of nuclei with altered morphology, chromatin 192 

condensation or DNA fragmentation were calculated as a proportion of the total 193 

number of root hairs in each section with unaltered morphology. Two nuclear 194 

characteristics were observed and recorded: chromatin condensation (relatively 195 

uniform nuclear envelope with bright and stippled nuclear material, without 196 

marked nucleolus) and DNA fragmentation (notably affected nuclear envelope 197 

and morphology).  198 

 199 

Image quantification 200 

Apoplastic superoxide radical production determined by blue formazan 201 

staining was quantified using the image analyzer program OPTIMAS 6.1. For the 202 

quantification procedure, we selected the root zone that contained young root 203 
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hairs. The total distribution of stain intensity was measured as luminance by the 204 

image processing software. This luminance was transformed into optical density 205 

(OD). Optical density, the final parameter that represents signal intensity, was 206 

calculated relative to the tissue area analyzed. 207 

 208 

RNA extraction 209 

Samples subjected to different treatments were homogenized in a cold 210 

mortar with trizol (in a 1/10 plant material/phenol relation), mixed for 1 min and 211 

incubated at room temperature for 5 min. Then, 0.2 mL chloroform per mL of 212 

trizol was added and incubated at room temperature for 3 min. After incubation, 213 

the samples were centrifuged at 14,000 rpm at 4
º
C for 15 min. The aqueous 214 

phases were transferred to clean tubes. Then, 1 volume of isopropanol was added 215 

and the samples were incubated at room temperature for 10 min and centrifuged at 216 

14,000 rpm, 4
º
C for 15 min. The precipitate was washed with 70% ethanol and the 217 

samples were centrifuged again at 14,000 rpm and 4
º
C for 15 min. The precipitate 218 

was dried and resuspended in DEPC water and its concentration was quantified in 219 

Thermo Scientific NanoDrop 3300. Purified RNA was treated with DNase I 220 

(Invitrogen) to remove genomic DNA, according to the manufacturer’s 221 

instruction. 222 

 223 

qRT-PCR 224 

DNA-free RNA (1 to 2.5 µg) was used with oligo(dT) for first strand 225 

cDNA synthesis using the Moloney Murine Leukemia Virus for RT-PCR 226 

(Promega), according to the manufacturer’s instruction. The lack of genomic 227 

DNA contamination was verified by qRT-PCR using primers able to amplify 228 

genomic DNA. The gene-specific primer pairs employed for the detection of 229 

transcripts of soybean were: four genes characterized under symbiotic and 230 

phatogenic interactions described by Mazarei et al. (2007), GmPR-1 (acidic PR-1 231 

GenBank accession number BU577813 forward primer 5´-232 

AACTATGCTCCCCCTGGCAACTATATTG-3´ reverse primer 5´-233 

TCTGAAGTGGTAGCTTCTACATCGAAACAA-3´), GmPR-2 (basic β-1,3-234 

endoglucanase GenBank accession number M37753 forward primer 5´-235 

TGAAATAAGGGCCACGAGTCCAAATG-3´ reverse primer 5´-236 

ATGGTACATGCAGACTTCAAGAATGCAGAT-3´), GmPR-3 (basic chitinase 237 
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GenBank accession number AF202731 forward primer 5´-238 

AACTACAATTACGGGCAAGCTGGCAA-3´ reverse primer 5´-239 

TTGATGGCTTGTTTCCCTGTGCAGT-3´), GmPR-5 (thaumatin-like GenBank 240 

accession number BU765509 forward primer 5´-241 

GCGCTTGCTCCGCTTTCAACT-3´ reverse primer 5´-242 

CTTGGAATAGACGGTGGGCTTGC-3´), and three isoforms of soybean PR-5 243 

characterized under salt stress, described by Tachi et al. (2009),  GmOLPb 244 

(neutral PR-5 isoform GenBank accession number AB370233 forward primer 5´-245 

ACCAATTTGGCAACCAGGAT-3´ reverse primer 5´- 246 

CATTGGTGCAGCAATACTCA -3´), GmOLPa (acidic PR-5 isoform GenBank 247 

accession number AB116251 forward primer 5´- 248 

GTACACCTCCGAACACGTTG-3´ reverse primer 5´- 249 

TGGGACACTCTCCGATGATG -3´) and GmP21e (acidic PR-5 isoform 250 

GenBank accession number AB370234 forward primer 5´- 251 

GTGCACACGTGGCATAAGGT-3´ reverse primer 5´- 252 

CACACAGCTACCGGAATTGC -3´). Gene-specific primer pairs for actin were 253 

used as an internal control forward primer 5´-254 

AACGACCTTAATCTTCATGCTGC-3´ and reverse primer 5´- 255 

GGTAACATTGTGCTCAGTGGTGG-3´. qRT-PCR was performed in 256 

thermocycler iQ5 (BioRad) at 58
º
C with iQ SYBR Green Supermix (BioRad), 257 

according to the manufacturer’s instruction. Relative expression levels with 258 

respect to inoculated control were calculated with the method of Livak and 259 

Schmittgen (2001). 260 

 261 

Statistical analyses 262 

Data were analyzed using analysis of variance (ANOVA) followed by the 263 

DGC (multiple-comparison method of Di Riezo, Guzmán and Casanoves in 264 

Infostat) test. All analyses were performed using the InfoStat program 265 

(InfoStat/Profesional ver. 2007p, Grupo InfoStat, Facultad de Ciencias 266 

Agropecuarias, Universidad Nacional de Cordoba, Argentina). 267 

Results 268 

Root hair deformation induced by B. japonicum inoculation under saline 269 

treatments: effect of calcium addition 270 
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 Root hair deformation is the first morphological response during the 271 

legume-rhizobia symbiotic interaction. The percentages of soybean root hair 272 

deformation  was evaluated 2 h after inoculation with B. japonicum under saline 273 

treatments and in saline treatments supplemented with calcium (Fig. 1). Root hair 274 

deformation was not affected under 50 mM NaCl treatment. Under 150 mM NaCl, 275 

root hair deformation was significantly reduced. Interestingly, these responses 276 

were partially reverted with the addition of calcium.  277 

 278 

Apoplastic superoxide radical production in root hairs under saline treatments: 279 

effect of calcium addition 280 

 In a previous work we have demonstrated a close correlation between  281 

apoplastic superoxide production and root hair deformation. Apoplastic 282 

superoxide radical production in root hairs was determined  2 h after inoculation 283 

with B. japonicum under saline treatments and in saline treatments supplemented 284 

with calcium, (Fig. 2). The calcium addition partially reversed the inhibitory salt 285 

effect on apoplastic superoxide production, allowing a significant increase in the 286 

apoplastic superoxide radical production induced by the inoculation with B. 287 

japonicum in the 50 and 150 mM NaCl treatments. 288 

 289 

Na
+
 and K

+
 ion content in root hairs during the symbiotic soybean-B. japonicum 290 

interaction under salt and osmotic stress: effect of calcium addition 291 

Salt stress usually induce changes in cellular ionic homesotasis.  The 292 

content of Na
+
 in inoculated and non-inoculated root hairs subjected to saline 293 

treatments for 2 h increased in a dose-dependent manner compared to the control 294 

(Fig. 3A). However, K
+
 levels were the same in all treatments (Fig. 3B). These 295 

results show that after 2 h, the Na
+
/K

+
 ratios increased significantly in a dose-296 

dependent manner with respect to the control in all saline treatments, whilst did 297 

not differ significantly from that of the control in osmotic treatments. The addition 298 

of calcium to saline treatments reduced the Na
+
/K

+
 ratios with respect to the saline 299 

treatments without calcium, mainly due to a reduced influx of Na
+
, since no 300 

alterations in K
+
 content were detected (Fig. 3A and B). 301 

 302 

Root hair death under saline treatments: effect of calcium addition 303 
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 Cell death is characterized by changes in the nuclear morphology.  The 304 

percentages of nuclei with chromatin condensation and DNA fragmentation (Fig. 305 

5) in root hairs 2 h after inoculation with B. japonicum under saline treatments 306 

and in saline treatments supplemented with calcium are shows in Figure 4. The 307 

nuclei of root hairs in the control treatment exhibited an orthodox conformation, 308 

with similar size and shape (Fig. 5A), and with a very low percentage of nuclei 309 

with DNA fragmentation (Fig. 4). The inoculation of root hairs induced an slight 310 

increase of nuclei with chromatin condensation. Likewise, while the 50 mM NaCl 311 

treatment did not alter these percentages with respect to the control, 50 mM NaCl 312 

combined with B. japonicum induced root hair death, with an important increment 313 

of nuclei with DNA fragmentation and a lower increase of nuclei with chromatin 314 

condensation (Fig. 4). These responses were similar in 150 mM NaCl treatments. 315 

Interestingly, in saline treatments supplemented with calcium the percentages of 316 

nuclei with DNA fragmentation were significantly reduced with respect to the 317 

unsupplemented treatments; this change was associated with a significant increase 318 

in the percentage of nuclei with chromatin condensation (Fig. 4). 319 

 320 

Expression of pathogen-related proteins  321 

 The expression levels for PR-1, PR-2 and PR-3 are shown in Figure 6. The 322 

transcripts levels of PR-1 (Fig. 6A) increased in all conditions of saline and 323 

osmotic stress and salt stress supplemented with calcium. The expression of PR-3 324 

(Fig. 6C) increased in 150 mM NaCl, 100 mM Sorbitol and in both saline 325 

treatments supplemented with calcium in the presence of the symbiont. 326 

Interestingly, the expression levels increased for PR-2 (Fig. 6B) only in saline 327 

treatment and this increase was reversed by the addition of calcium. We were not 328 

able to detect PR-5 BU765509 expression in root hairs, even though that 329 

expression was detected in other cell types of the root (data not shown). Due to 330 

the inability to detect expression of this PR-5 isoform in root hairs, we evaluated 331 

the expression of three other PR-5 isoforms (GmOLPa, GmOLPb and P21e) (Fig. 332 

6D, E and F) that have been characterized in soybean under salt stress conditions 333 

(Tachi et al. 2009). The three isoforms had expression in root hair. The levels of 334 

transcripts for GmOLPa (Fig. 6D) increased in all treatments of saline and 335 

osmotic stress and salt stress supplemented with calcium. Likewise, the levels of 336 
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transcripts for GmOLPb and P21e decreased or remained unaltered (Fig.6E and 337 

F). 338 

 339 

Effects of short-term salt stress on  nodulation 340 

The number of crown nodules in roots transiently subjected to saline stress 341 

for 2 h during the early events of symbiotic interaction significantly decreased in a 342 

dose-dependent manner with respect to the control, whereas the number of 343 

nodules in osmotic treatments showed no significant differences (Fig. 7A). 344 

 Non-crown nodules increased significantly in plants treated with 50 mM 345 

and 150 mM NaCl for 2 h with respect to the control (Fig. 7B). On the other hand, 346 

osmotic treatments showed no significant differences in non-crown nodule 347 

number with respect to the control (Fig. 7B). 348 

Crown nodule number in control condition supplemented with calcium for 349 

2 h did not vary significantly with respect to the non-supplemented control; 350 

however, under saline treatments the addition of calcium partly reversed the 351 

negative effect of salt on the number of crown nodules (Fig. 7A). Interestingly, 352 

the number of non-crown nodules in calcium-supplemented saline treatments was 353 

lower than in the non-supplemented ones (Fig. 7B).  354 

 The average weight per nodule for all treatments were also discriminated 355 

between crown and non-crown nodules (Fig 7C and D). A positive correlation 356 

between weight and number was observed. The decrease in crown nodule number 357 

under saline treatments was correlated with smaller nodules than normal (Fig. 358 

7C). Interestingly, under saline calcium-supplemented treatments, number and 359 

weight of crown nodules increased significantly with respect to unsupplemented 360 

saline treatment, without showing significant differences from the controls (Fig. 361 

7C). Crown and non-crown nodules were inversely related in terms of number and 362 

weight; indeed, when number and weight of nodules decreased in the crown root, 363 

they increased in other parts of the roots (Fig 7C and D). 364 

 365 

Discussion 366 

The negative effect of short-term saline treatments on crown nodule 367 

formation was dose-dependent and was produced by the ionic component of salt 368 

stress, since the number of nodules remained unaltered in the osmotic controls of 369 

these treatments. This result suggests that the ionic homeostasis of root hairs 370 
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during the early events of the symbiotic interaction affects the number of nodules 371 

that later develop. The lack of infection in saline treatments is not due to a 372 

negative effect on rhizobia survival (Muñoz et al. 2012). The exogenous 373 

application of calcium to attenuate the negative effects of salt is a common 374 

agricultural practice (Rengel 1992; Shabala et al. 2006). The root hair 375 

deformation inhibition, particularly under 150 mM NaCl, was reverted with the 376 

addition of calcium. Root hair deformation is an early step that greatly improves 377 

the efficiency of Rhizobium infection. Likewise, root hair deformation only 378 

occurs in actively growing root hairs and is supported by the machinery that 379 

sustains the polarized growth of root hair. Our group previously reported the 380 

importance of localized apoplastic superoxide radical production supporting the 381 

deformation that is affected under saline treatments, (Muñoz et al. 2012). In this 382 

work we show that the addition of calcium to 150 mM saline treatments, 383 

preserved the apoplastic superoxide production, a necessary condition for the 384 

deformation and subsequent infection during the symbiotic interaction. 385 

It has been suggested that some of the positive effects of calcium would be 386 

related to the balance in the opening and closing of non-selective cation channels 387 

(NSCC), since they involve not only the entry of sodium, but also the exit of 388 

potassium, and thereby contribute to the ionic homeostasis (Demidchik et al. 389 

2007). Accordingly, the addition of CaCl2 had a positive effect on the Na
+
/K

+ 
ratio 390 

and prevented the entry of Na
+
 in saline treatments combined with the symbiont, 391 

possibly by regulating NSCC, such as closing CCNS-IV (voltage independent), 392 

which are the main gateways of sodium into the cell. This effect of calcium on 393 

NSCC may be an important component in the regulation of ion homeostasis that 394 

helped to reverse the infection and nodule formation in short-term saline 395 

treatments. 396 

Furthermore, the analysis of sodium and potassium ion content in our 397 

system revealed that the Na
+
/K

+
 ratios was increased in a dose-dependent manner 398 

during saline treatments and independently of the symbiont presence. Likewise, 399 

these ratios did not change in osmotic treatments. This change in the Na
+
/K

+
 ratios 400 

is due to sodium influx from the extracellular medium to the intracellular 401 

environment and not to an outflow of potassium. This result is particularly 402 

important because the loss of potassium has also been studied as another negative 403 

response of the ionic effect of salt, which contributes to the imbalance of Na
+
/K

+
, 404 
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resulting in subsequent loss of ionic homeostasis and cellular death (Shabala and 405 

Cuin 2008). We have previously reported that treatments with hyperosmotic 406 

solutions of sorbitol, (that developed equal osmotic pressures  respect to saline 407 

treatments used in this study) did not induce cell death in root hairs (Muñoz et al. 408 

2012), suggesting that the loss of viability could be due to the ionic component of 409 

the salt. 410 

Death of soybean root hairs was detected by both high NaCl concentration 411 

(150 mM) and moderate NaCl (50 mM) combined with B. japonicum 2 h post 412 

inoculation. These cell death events were accompanied by differentials alterations 413 

in the generation of apoplatic superoxide radical and root hair deformation: 414 

absence of changes under 50 mM NaCl and a reduction under 150 mM NaCl. 415 

These results suggest that in both treatments could occur a differential induction 416 

of root hairs death involved in the subsequent decline of nodule formation. In this 417 

work we evaluated in detail the root hair death induced by saline treatments and in 418 

saline treatments supplemented with calcium. The progression of chromatin 419 

condensation can be classified into three stages during animal cell apoptosis: stage 420 

I, or ring condensation, stage II, or necklace condensation, and stage III, or 421 

nuclear collapse/disassembly (Toné et al. 2007). These stages are less clearly 422 

defined in plant cells, but the process of chromatin condensation progresses 423 

essentially in the same way and culminates in the formation of discrete domains 424 

of condensed and finally fragmented chromatin (Domínguez and Cejudo, 2006; 425 

Yamada et al. 2006). The differences observed in the nucleus morphology, 426 

particularly associated with the increase of nuclei with chromatin condensation 427 

and the decrease of nuclei with DNA fragmentation in saline treatments 428 

supplemented with calcium, with respect to the unsupplemented, indicates that the 429 

addition of calcium to saline treatments inhibited or at least delayed the cell death 430 

process. This inhibition or delay in the death progress, given by calcium addition, 431 

could help to sustain the rhizobia infection and subsequent nodule formation. 432 

We have also demonstrated a synergetic effect of salt stress and 433 

inoculation, in the induction of root hair cell death (Muñoz et al. 2012). These 434 

results led us to hypothesize that under salt stress, the symbiont could be 435 

recognized by the plant as a pathogen, and the response shifted to a plant-436 

pathogen like response. We evaluated the expression of four PR characterized in 437 

symbiotic and pathogenic interactions of soybean (Mazarei et al. 2007; López-438 
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Baena et al. 2009) and three PR-5 isoforms of soybean characterized in saline 439 

treatments (Tachi et al. 2009). In root hairs, we were not able to detect soybean 440 

PR-5 (BU765509) expression, even though its expression is detected in the 441 

remaining root, this result suggests that this PR-5 isoform may not have 442 

expression in root hairs. Likewise, of the other three isoforms of PR-5 evaluated, 443 

two showed no change in the applied treatments or decreased expression and, only 444 

one (GmOLPa) was increased in both saline treatments as in the calcium-445 

supplemented treatments and even in the osmotic control with sorbitol. This result 446 

indicates that in root hairs, the transcript levels of these PR5 isoforms increases in 447 

response to any osmotic pressure change in the medium. Similarly, the levels of 448 

transcripts for PR-1 and PR-3 were increased in all treatments of saline and 449 

osmotic stress and salt stress supplemented with calcium. 450 

Interestingly, the enhanced PR-2 expression under saline treatments was 451 

reversed by calcium addition, and these induction of  PR-2 expression was not 452 

observed in the osmotic controls.  These results, together with the reversion of 453 

sodium content, delayed root hair death and nodule formation in calcium-454 

supplemented saline treatments, and the absence of negative responses in the 455 

osmotic controls, suggest that PR-2 may be involved in the inhibition of infection 456 

and nodule formation by NaCl treatments. PR-2, a β-1,3-endoglucanase has a key 457 

role in the defense responses against several plant pathogens; by promoting the 458 

release cell-wall derived material that can act as defense elicitors (Leubner-459 

Metzger and Meins 1999). During nodulation, the colonization of the host plant 460 

by symbiotic rhizobia does not elicit plant defense reactions induced by 461 

pathogens, although at some stages the symbiotic infection resembles a 462 

pathogenic interaction. However, under certain circumstances, various defense 463 

reactions might take place in legume-rhizobia interactions, which can provoke the 464 

abortion of the infection in necrotic cells, concomitant with an accumulation of 465 

phenolic compounds and PR proteins (Vasse et al. 1993; Mithöfer 2002). 466 

Likewise, it was suggested that the plant controls the extent of nodule number by 467 

a systemic mechanism similar to innate immunity (Zamioudis and Pieterse 2012).   468 

The impossibility of re-infection in the root zone that was subjected to salt 469 

stress suggests a priming effect. In addition, the re-infection events that occured in 470 

the non-crown root zone after removing the stress treatment strongly suggest that, 471 

given the inability of B. japonicum to infect the salt-primed area, the formation of 472 
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nodules would have been induced in other parts of the root after the stress period. 473 

This redistribution of root nodules is not due to differences in root architecture, 474 

and shows how short-term and early saline stress affects the number and 475 

distribution of soybean nodules. This shift on the nodulation pattern, from crown 476 

to non-crown nodules induced by short-term salt effect, have an important 477 

negative effect on biological nitrogen fixation in soybean crops, because crown 478 

nodules provide the greater amount of fixed nitrogen to the soybean plant (Zdor 479 

and Pueppke 1988)  480 

Finally, considering that in field conditions the crown nodules are formed 481 

after infection of root hairs during the first days after germination, the increase of 482 

soil salinity at this stage can be very relevant for the subsequent formation of 483 

crown nodules, and the addition of calcium to the soil as an agricultural practice 484 

can attenuate the negative effects of salt on the infection and nodulation process. 485 

Future experiments will be carried out to study the priming effects induced by 486 

short-term salt stress exposure and the consequences in different responses that 487 

are related to the microorganism interactions in this experimental system. 488 

 489 

Acknowledgement 490 

This work was supported by grants from the Agencia de Promoción Científica y 491 

Tecnológica, National Microscopy Commission and the Instituto Nacional de 492 

Tecnología Agropecuaria (INTA), Argentina. RL is fellow of CONICET (Consejo 493 

Nacional de Investigaciones Científicas y Técnicas de la República Argentina). 494 

 495 

References 496 

Apel K, Hirt H (2004) Reactive oxygen species: metabolism, oxidative stress, and 497 

signal transduction. Annual Review of Plant Biology 55, 373-399. 498 

Ashraf M (1994) Breeding for salinity tolerance in plants. Critical review of plant 499 

science 13, 17-42. 500 

Bernstein L (1975) Effects of Salinity and Sodicity on Plant Growth. Annual review 501 

of Phytopathology 13: 295-312.    502 

Broughton W, Dilworth M (1971) Control of leghaemoglobin synthesis in snake 503 

beans. Biochemical journal 125, 1075-1080. 504 

Cárdenas L, Martinez A, Sanchez F, Quinto C (2008) Fast, transient and specific 505 

Page 15 of 26

http://www.publish.csiro.au/nid/102.htm

Functional Plant Biology



For Review
 O

nly

intracellular ROS changes in living root hair cells responding to Nod factors 506 

(NFs). The Plant Journal 56, 802–813. 507 

Casolo V, Petrussa E, Krajnáková J, Macrì F,  Vianello A (2005) Involvement of 508 

the mitochondrial K
(+)

ATP channel in H2O2- or NO-induced programmed 509 

death of soybean suspension cell cultures. Journal of experimental botany 56, 510 

997-1006.  511 

Delgado J, Ligero F, Liuch C (1994) Effects of salt stress on growth and nitrogen 512 

fixation by pea, faba-bean, common bean and soybean plant. Soil biology and 513 

biochemestry 26, 371-376. 514 

Demidchik V, Maathuis F (2007) Physiological roles of nonselective cation 515 

channels in plants: from salt stress to signalling and development. New 516 

phytologyst 175, 387-404. 517 

Demidchik V, Shabala S, Davies J (2007) Spatial variation in H2O2 response of 518 

Arabidopsis thaliana root epidermal Ca2
+
 flux and plasma membrane Ca2

+
 519 

channels The Plant Journal 49, 377–386. 520 

Domínguez F, Moreno J, Cejudo F J (2001) The nucellus degenerates by a process 521 

of programmed cell death during the early stages of wheat grain development. 522 

Planta 213, 352-360. 523 

Domínguez F, Cejudo F J (2006) Identification of a nuclear-localized nuclease from 524 

wheat cells undergoing programmed cell death that is able to trigger DNA 525 

fragmentation and apoptotic morphology on nuclei from human cells. 526 

Biochemical Journal 307, 529-536. 527 

Duzan H, Zhou X, Souleimanov A, Smith D (2004) Perception of Bradyrhizobium 528 

japonicum Nod factor by soybean [Glycine max (L.) Merr] root hairs under 529 

abiotic stress conditions. Journal of Experimental Botany 55, 2641–2646. 530 

Elsheikh E, Wood M (1995) Nodulation and N2 fixation by soybean inoculated with 531 

salt-tolerant rhizobia or salt-sensitive bradyrhizobia in saline soil. Soil biology 532 

and biochemistry 27, 657-661. 533 

Fedoroff N (2006) Redox regulatory mechanisms in cellular stress responses. 534 

Annals of botany 98, 289-300. 535 

Leubner-Metzger G and Meins F (1999) Functions and regulation of plant ß-1,3-536 

glucanases (PR-2). Datta SK, Muthukrishnan S (eds), CRC Press LLC, Boca 537 

Raton, Florida 49-76. 538 

Page 16 of 26

http://www.publish.csiro.au/nid/102.htm

Functional Plant Biology



For Review
 O

nly

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using 539 

real-time quantitative PCR and the 2
(-∆∆C(T))

 Method. Methods 25, 402-408. 540 

López-Baena J, Monreal J A, Pérez-Montaño F, Guasch-Vidal B, Bellogín R, 541 

Vinardell J, Ollero F (2009) The Absence of Nops Secretion in Sinorhizobium 542 

fredii HH103 Increases GmPR1 Expression in Williams Soybean. Molecular 543 

Plant Microbe Interaction 22, 445–1454. 544 

Mazarei M, Elling AA, Maier TR, Puthoff DP, Baum T J (2007) GmEREBP1 is a 545 

transcription factor activating defense genes in soybean and Arabidopsis. 546 

Molecular Plant-Microbe Interaction 20, 107-119. 547 

Mithöfer A (2002) Suppression of plant defence in rhizobia–legume symbiosis. 548 

TRENDS in Plant Science 7, 440-444. 549 

Mittler R, Vanderauwera S, Gollery M, Van Breusegem F (2004) Reactive oxygen 550 

gene network of plants. TRENDS in Plant Science 9, 490-498. 551 

Munns R, Tester M (2008) Mechanisms of salinity tolerance. Annual review of 552 

plant biology  59, 651-681. 553 

Muñoz N, Robert G, Melchiorre M, Racca R, Lascano R (2012) Saline and osmotic 554 

stress differentially affects apoplastic and intracellular reactive oxygen species 555 

production, curling and death of root hair during Glycine max L.-556 

Bradyrhizobium japonicum interaction. Environmental and Experimental 557 

Botany 78, 76-83. 558 

Onishi M,  Tachi H, Kojima T, Shiraiwa M, Takahara H (2006) Molecular cloning 559 

and characterization of a novel salt-inducible gene encoding an acidic isoform 560 

of PR-5 protein in soybean (Glycine max [L.] Merr.). Plant Physiology and 561 

Biochemistry 44, 574–580. 562 

Orzáez D, Granell A (1997) DNA fragmentation is regulated by ethylene during 563 

carpel senescence in Pisum sativum.The Plant Jounal 11, 137-144. 564 

Rengel Z (1992) The role of calcium in salt toxicity. Plant, cell and environment 15, 565 

625-632. 566 

Sagi M, Fluhr R (2001) Superoxide production by plant homologues of the gp
91phox 

567 

NADPH oxidase. Modulation of activity by calcium and by tobacco mosaic 568 

virus infection. Plant physiology 126, 1281-1290. 569 

Shabala S, Cuin T (2008) Potassium transport and plant salt tolerance. Physiologia 570 

plantarum 133, 651-669. 571 

Page 17 of 26

http://www.publish.csiro.au/nid/102.htm

Functional Plant Biology



For Review
 O

nly

Shabala S, Demidchik V, Shabala L, Cuin T, Smith J, Miller A, Davies J,  Newman 572 

I (2006) Extracellular Ca
2+

 ameliorates NaCl-induced K
+
 loss from 573 

Arabidopsis root and leaf cells by controlling plasma membrane K
+
-permeable 574 

channels. Plant physiology 141, 1653-1665. 575 

Shao H, Song Z, Liu L (1986) Preliminary studies on the evaluation of salt 576 

tolerance in soybean varieties. Acta agronomic science 6, 30-35. 577 

Shao H, Wan C, Chang R, Chen Y (1993) Preliminary study on the damage of 578 

plasma membrane caused by salt stress. Crops 1, 39-40. 579 

Singleton P, Bohlool B (1984) Effect of salinity on nodule formation by soybean. 580 

Plant physiology 74, 72-76. 581 

Tachi H, Yamada K,  Kojima T, Shiraiwa M, Takahara H (2009) Molecular 582 

characterization of a novel soybean gene encoding a neutral PR-5 protein 583 

induced by high-salt stress. Plant Physiology and Biochemistry 47, 73–79. 584 

Toné S, Sugimoto K, Tanda K, Suda T, Uehira K, Kanouchi H, Samejima K, 585 

Minatogawa Y, Earnshaw W (2007) Three Distinct Stages of Apoptotic 586 

Nuclear Condensation Revealed by Time-Lapse Imaging, Biochemical and 587 

Electron Microscopy Analysis of Cell-Free Apoptosis. Experimental Cell 588 

Research 313, 3635-3644. 589 

Vasse J, de Billy F, Truchet G (1993) Abortion of infection during the Rhizobium 590 

meliloti-alfalfa symbiotic interaction is accompanied by a hypersensitive 591 

reaction. The Plant Journal 4, 555–566 592 

van Loon LC, Rep M, Pieterse CMJ (2006) Significance of inducible defense-593 

related proteins in infected plants. Annual Review Phytopathology 44,135-162. 594 

Vincent J (1970) A Manual for the practical study of the root-nodule bacteria. 595 

Oxford: Blackwell Scientific Publications. 596 

Yamada T, Ichimura K, Van Doorn WG (2006) DNA degradation and nuclear 597 

degeneration during programmed cell death in Antirrhinum, Argyranthemum 598 

and Petunia. Journal of Experimental Botany 57, 3543-3552. 599 

Zamioudis C and Pieterse C (2012) Modulation of Host Immunity by Beneficial 600 

Microbes. Molecular Plant-Microbe Interaction 25, 139-150. 601 

Zdor R, Pueppke S (1988) Early infection and competition for nodulation of 602 

soybean by Bradyrhizobium japonicum 123 and 138. Applied and 603 

environmental microbiology 54, 1996-2002. 604 

Zhu JK (2001) Plant salt tolerance. Trends in Plant Science 6, 66-71. 605 

Page 18 of 26

http://www.publish.csiro.au/nid/102.htm

Functional Plant Biology



For Review
 O

nly

Fig. 1. Percentage of root hair deformation after two hours under different 606 

treatments: NaCl (50 or 150 mM), and NaCl (50 or 150 mM) supplemented with 5 607 

mM CaCl2, all of them inoculated with B. japonicum. Each value represents the 608 

mean ± SE from three independent experiments. Different letters indicate 609 

significant differences in the mean (p < 0.05 DGC test). 610 
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Fig. 2. Apoplastic superoxide radical levels with respect to the control after two 626 

hours under different treatments: NaCl (50 or 150 mM), and NaCl (50 or 150 627 

mM) supplemented with 5 mM CaCl2, all of them inoculated and noninoculated 628 

with B. japonicum. Each value represents the mean ± SE from three independent 629 

experiments. Different letters indicate significant differences in the mean (p <0.05 630 

DGC test). 631 
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Fig. 3. Ion content in soybean root hairs after two hours under different 649 

treatments: NaCl (50 or 150 mM), Sorbitol (100 or 300 mM), and NaCl (50 or 650 

150 mM) supplemented with 5 mM CaCl2, all of them inoculated and 651 

noninoculated with B. japonicum. Sodium ion content (A), potassium ion content 652 

(B). Each value represents the mean ± SE from three independent experiments 653 

(root hairs from 200 roots per experiment, equivalent to 200 germinated seeds). 654 

Different letters indicate significant differences in the mean (p < 0.05 DGC test). 655 
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Fig. 4. Percentages of nuclei with chromatin condensation or DNA fragmentation 669 

after two hours under different treatments: NaCl (50 or 150 mM), and NaCl (50 or 670 

150 mM) supplemented with 5 mM CaCl2, all of them inoculated and 671 

noninoculated with B. japonicum. Each value represents the mean ± SE from three 672 

independent experiments. Different letters indicate significant differences in the 673 

mean (p < 0.05 DGC test). 674 
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Fig. 5. Nuclei of root hairs that represent normal nuclei (A), nuclei with chromatin 686 

condensation (B) and nuclei with DNA fragmentation (C). Roots were stained 687 

with DAPI. Nuclei of root hairs were visualized using epifluorescence microscopy 688 

(NIKON ECLIPSE Ti) with filter UV-2E/C (Ex: 360/40nm, DM: 400nm, Em: 689 

460/50nm). 690 
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Fig. 6. Expression levels for PR-1 (A), PR-2 (B), PR-3 (C), PR-5 GmOLPa (D), 707 

PR-5 GmOLPb (E) and PR-5 GmP21e (F) in soybean root hairs after two hours 708 

under different treatments: NaCl (50 or 150 mM), Sorbitol (100 or 300 mM) and 709 

NaCl (50 or 150 mM) supplemented with 5 mM CaCl2, all of them inoculated 710 

with B. japonicum. Each value represents the mean ± SE from three independent 711 

experiments. Asterisks indicate significant differences respect to non-inoculated 712 

control (p < 0.05). 713 
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Fig. 7. Nodule number and weight, in soybean plants treated at germinated seed 718 

stage for two hours with: NaCl (50 or 150 mM), Sorbitol (100 or 300 mM) and 719 

NaCl (50 or 150 mM) supplemented with 5 mM CaCl2 all of them inoculated with 720 

B. japonicum. Crown nodules number (A), non-crown nodules number (B), crown 721 

nodules weight (C),  non-crown nodules weight (D). Each value represents the 722 

mean ± SE from three independent experiments (12 plants per experiment). 723 

Different letters indicate significant differences in the mean (p < 0.05 DGC test). 724 
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