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Abstract
Background and Aims Salt stress negatively affects al-
falfa (Medicago sativa L.) production and biological
nitrogen fixation. We investigated whether rhizobium
symbiosis has an effect on host plant tolerance to salt
stress.
Methods We determined the survival rate, oxidative
damage level, activities of antioxidant enzymes, and
contents of osmotic solutes in the leaf and root of 4-
month-old alfalfa with active nodules, inactive nodules
or without nodules, and under short-term salt stress.
Results Alfalfa with active nodules showed higher sur-
vival rate. Higher survival rate was associated with
reduced lipid peroxidation, higher activities of superox-
ide dismutase (SOD), catalase (CAT), peroxidase
(POD), and ascorbate peroxidase (APX) as well as
higher concentrations of reduced glutathione (GSH)
and soluble sugar, especially in roots under salt stress.
Variance analysis indicated nodulation affected the

activities of SOD, CAT, POD, and APX along with
concentrations of GSH, soluble sugar, and soluble pro-
tein. Inoculation also resulted in higher basal levels of
superoxide anion radical (O2

−·) without salt stress.
Conclusions Rhizobium symbiosis had a positive effect
on alfalfa salt tolerance by improving the activity of
antioxidant enzymes and osmotic adjustment capacity.

Keywords Nodulation . Oxidative damage .

Antioxidant system . Compatible solutes . Osmotic
adjustment

Abbreviations
MDA Malondialdehyde
SOD Superoxide dismutase
CAT Catalase
POD Peroxidase
APX Ascorbate peroxidase
GSH Reduced glutathione
O2

−· Superoxide anion radical
ROS Reactive oxygen species
AN Alfalfa with active nodules
IN Alfalfa with inactive nodules
NN Alfalfa with no nodules

Introduction

Symbiotic nitrogen fixation (SNF) has profound agro-
nomic, economic, and ecological impacts because the
availability of fixed nitrogen most frequently limits
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agricultural production throughout the world (Hoffman
et al. 2014). Symbiosis of rhizobia with more than 100
agriculturally important legumes contributes at least half
of the annual nitrogen fixed in soil ecosystems (Peoples
and Craswell 1992). Moreover, SNF could replace fer-
tilizer that degrades lands and pollutes groundwater
(Bolanos et al. 2006), and SNF may constitute a sus-
tainable alternative to chemical fertilization in salinity-
affected areas (El-Akhal et al. 2013). Therefore, under-
standing and improving the tolerance mechanism of
rhizobial legumes to saline environments are particular-
ly important for both agricultural and environmental
conservation.

In SNF, plants provide carbon compounds and
energy sources needed by rhizobia in exchange for
fixed nitrogen. In addition to nitrogen fixation,
rhizobia have been shown to benefit plants in many
different ways. Rhizobia produce molecules that can
influence plant development, including phytohor-
mones, lipochitooligosaccharide nod factors,
lumichrome, riboflavin, and H2 generated by nitro-
genase (Dakora 2003). When present in soil, nod
factors can stimulate seed germination, promote
plant growth, and increase grain yields, as well as
increase photosynthetic rates. Very low concentra-
tions of lumichrome and H2 released by rhizobia
also promote plant growth and increase biomass
(Dakora 2003). Rhizobia are known to suppress the
population of soil pathogens (Berendsen et al.
2012), and the legume itself releases phenolics that
can suppress pathogens and promote growth of mu-
tualistic microbes (Siqueira et al. 1991). The inocu-
lation of legumes with rhizobia, which resulted in
sink stimulation of photosynthesis, improved the
photosynthetic nutrient use efficiency and the pro-
portion of seed yield in relation to the total plant
biomass (Kaschuk et al. 2009). Root nodules have a
stronger antioxidant defense capacity than the host
roots: higher amounts of antioxidant molecules
(ascorbate, reduced glutathione (GSH), and
homoglutathione (hGSH)) and higher activities of
antioxidant enzymes such as superoxide dismutase
(SOD), catalase (CAT), peroxidases (POD), and
ascorbate-glutathione cycle enzymes. Therefore,
plant-associated rhizobia can impart some degree
of tolerance by plants to abiotic stresses (Grover
et al. 2011; Shrivastava and Kumar 2015). Recent
studies showed that the expression of genes related
to plant defense might initially be upregulated after

inoculation with rhizobia (Deakin and Broughton
2009). These effects imply that symbiosis may en-
hance the overall health status of plants and improve
their tolerance to abiotic stresses, including salinity.

The low number of studies available provides a
mixed picture for how the symbiotic relation impacts
plant tolerance to salinity. It has been reported that N-
fixing legumes were more sensitive to salt stress than
those depending on mineral nitrogen (Bouhmouch et al.
2005). Compared with N-fertilized plants, those fixing
nitrogen showed a larger degree of decreased yield
(Lauter et al. 1981), less nitrogen accumulation (Serraj
and Drevon 1998), and greater uptake of Na+ and Cl−

under NaCl stress, inducing ionic imbalance in the host
plant (Yousef and Sprent 1983). SNF is a process re-
quiring high energy input from host plants and may
compete for energy that is required for powering plant
salt tolerance mechanisms. As a result, maintaining high
SNF might compromise plant tolerance to salinity and
even survival of stress. Interestingly, Cordovilla et al.
(1999) reported that pea plants (Pisum sativum L.) de-
pendent on nitrogen fixation were more tolerant to salt
stress than those N-fertilized, in contrast to the results
obtained with faba bean (Vicia faba L.) where growth
inhibition of shoot and root was observed in nitrogen-
fixing plants. Thus, the effects of symbiosis on legume
salt tolerance appear to depend heavily on species. More
studies are needed to address how this symbiotic rela-
tionship impacts salt tolerance in legumes and to under-
stand the physiological processes affected.

Salt tolerance is a complex phenomenon that in-
volves morphological and developmental changes as
well as physiological and biochemical processes. Many
salt tolerant plants adapt to salinity by minimizing the
direct effects of Na or Cl ions through mechanisms such
as salt exclusion, salt sequestration, or salt excretion
(Munns and Tester 2008). However, these mechanisms
are usually not sufficient to limit the amount of salt
entering the plants. Thus, many plants need to deal with
the direct effects of salt toxicity. One adverse effect of
salinity is the production of reactive oxygen species
(ROS), such as superoxide anion (O2

−·) and hydrogen
peroxide (H2O2), inducing oxidative stress (Ertani et al.
2013). ROS not only damage host plants but also neg-
atively affect nitrogen fixation (Becana et al. 2000). The
production of oxygen radicals stimulated by high salin-
ity facilitates lipid peroxidation (Sreenivasulu et al.
1999). Prevention of ROS production in the nodule
and reduction of oxidative stress could provide a
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protective effect on nodule structure and function in
salinity stress (Redondo et al. 2012). Plants employ
antioxidants (e.g., ascorbate and glutathione) and detox-
ifying enzymes, such as SOD, CAT, and ascorbate per-
oxidase (APX), to combat oxidative stress induced by
salinity (Chinnusamy et al. 2005; Hernandez et al.
1995). It has been shown that a stronger antioxidant
capacity is associated with salt tolerance. For example,
the cotton callus from a NaCl-tolerant cultivar exhibited
enhanced activities of SOD, CAT, and APX, whereas
the callus tissue from a NaCl-sensitive cultivar showed a
little change in the activities of these enzymes after salt
stress (Gossett et al. 1994). Reduced glutathione, the
major source of non-protein thiols in most plant cells,
acts as an antioxidant buffer and is involved directly in
scavenging ROS (Shao et al. 2008). An increase of GSH
under salt stress has been shown to be important in
mitigating the salt-induced oxidative stress in Brassica
plants (Ruiz and Blumwald 2002). Dehydration often
occurs concurrently with salinity stress, and the accu-
mulation of solutes, like proline and soluble sugars,
helps plant systems adapt to a saline environment by
reducing water loss (Bohnert et al. 1995). Plants accu-
mulate proline, soluble sugar, and stress responsive
proteins that participate actively in the osmotic adjust-
ment when plants are under salt stress (Evelin et al.
2009; Szabados and Savouré 2010).

Alfalfa (Medicago sativa L.) is one of the most
important leguminous forage crops worldwide, and the
SNF effect on its salt tolerance has not been studied. We
hypothesize that rhizobium symbiosis may improve the
alfalfa salt tolerance by affecting its physiological and
biochemical processes such as enhancing the antioxi-
dant capacity during stress response. In this study, we
studied the response of well-developed alfalfa plants
with active nodules (AN), inactive nodules (IN), and
no nodules (NN) to salt stress by assessing the survival
rate and their ability to deal with oxidative and osmotic
stress induced by salt shock.

Materials and Methods

Plant materials and growth conditions

Seeds of alfalfa (M. sativa Ladak+) introduced from the
USA, with a germination rate of more than 90 %, were
surface-sterilized with 70 % ethanol for 30 s and 5 %
sodium hypochlorite for 20 min, and thoroughly rinsed

four to five times with sterile water. Seeds were then
germinated in Petri dishes in a growth chamber for
5 days with a relative humidity of 70 % at 25 °C.
Seedlings were transferred to conical plastic pots (H
30 cm×D 7 cm, one plant per pot) containing sterilized
quartz sand without added nutrients and cultured in the
greenhouse with a relative humidity of 55±5 % and 70
±5 %, at 30±5 °C and 20±5 °C, during day and night,
respectively.

Inoculation

When seedlings were about 10 cm in height, they were
randomly and equally divided into three groups: (1)
inoculated with Rhizobium meliloti strain Dormal and
watered daily with 1/4 strength nitrogen-free Hoagland
nutrient solution (Hoagland and Arnon 1950), which
resulted in development of AN; (2) inoculated and
watered with 1/4 strength Hoagland nutrient solution
daily, which led to development of IN due to inhibition
of rhizobia by sufficient nitrogen in the nutrient solu-
tion; and (3) not inoculated and watered with 1/4
strength Hoagland nutrient solution, which led to plants
with NN. Shoots were cut on the sixtieth day and
ninetieth day after inoculation to promote root and/or
nodule growth. After 120 days of growth, plants were
subjected to salt stress for survival tests and biochemical
analyses.

Plant growth and nodule characterization

Plants were harvested before salt treatment for nodule
examination as well as dry weight and nitrogen content
analysis. Dry weight of shoots and roots was recorded
after drying at 105 °C for 15 min and then at 70 °C to a
constant weight. The nitrogen content was estimated
using the Kjeldahl method. Nodule volume was calcu-
lated based on the diameter.

Survival rate tests

Beginning on day 120 after inoculation, each of the
three groups of alfalfa was further divided into four salt
treatments subgroups: 0 (control), 100, 200, and
300 mM NaCl dissolved in 1/4 strength Hoagland nu-
trient solution (for IN and NN) and 1/4 strength
nitrogen-free Hoagland nutrient solution (for AN).
Plants were treated twice daily for 30 days, followed
by irrigation with the original nutrient solution without
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NaCl for another 20 days. Plants with regenerated green
shoots were scored and survival rate (%) was defined as
the number of live plants in proportion to total plants.
Plant regrowth capacity was evaluated by measuring the
fresh weight of regenerated shoots after salt stress.

Biochemical analyses

Another salt stress experiment was conducted to deter-
mine the biochemical changes in alfalfa plants immedi-
ately after salt shock. Plants were cultivated as described
above and were subjected to salt shock 120 days after
inoculation: 1/4 strength Hoagland nutrient solution (for
IN and NN) and 1/4 strength nitrogen-free Hoagland
nutrient solution (for AN) both containing 150 mM
NaCl. Samples were harvested at 0 (control), 1, 2, 4, 6,
and 12 h after salt shock. Leaves and roots were collect-
ed separately, frozen immediately in liquid nitrogen, and
stored at −80 °C for further analysis. All experiments
were repeated four times.

Lipid peroxidation

Lipid peroxidation was determined using the thio-
barbituric acid (TBA) reaction as described by
Puckette et al. (2007) with some modifications.
Samples were homogenized in 5 mL of 5 % (w/v)
trichloroacetic acid (TCA) on ice and then centri-
fuged at 3000×g for 15 min. To 2 mL of the super-
natant aliquot, 5 mL of 5 % TCA containing 0.5 %
TBA were added. The mixture was heated to 100 °C
for 15 min, chilled in an ice bath, and centrifuged at
3000×g for 15 min. Absorbance of the supernatant
was measured at 450, 532, and 600 nm. The con-
centration of malondialdehyde (MDA) was calculat-
ed as a measure of lipid peroxidation and expressed
as millimole per gram dry weight (DW).

Determination of antioxidant enzyme activity

Samples were ground in a mortar on ice with 0.1-mM
potassium phosphate buffer (PBS) (pH 7.8) within 1 %
polyvinylpyrrolidone (PVP). Homogenate was centri-
fuged in a refrigerated centrifuge (10,000×g, 4 °C,
15 min), and the supernatant was used to assay the
activity of all antioxidant enzymes.

Content of superoxide anion radical (O2
−·) was

measured according to Elstner and Heupel (1976)
with some modifications. To 1 mL of supernatant,

0.75 mL of PBS (0.65 mM, pH 7.8) and 1 mL of
hydroxylamine hydrochloride (10 mM) were added.
The mixture was incubated at 25 °C for 20 min, then
mixed with 1 mL of sulfanilic acid (17 mM) and
1 mL of α-naphthylamine (7 mM), and incubated
again at 30 °C for 30 min. The absorbance of the
mixture was measured at 530 nm and sodium nitrite
was used as standard solution.

Superoxide dismutase (SOD, EC, 1.15.1.1) activ-
ity was determined on the basis of its ability to
inhibit the reduction of nitroblue tetrazolium
(NBT) by superoxide anion generated by the ribo-
flavin system under 4000 W (light intensity) at
25 °C. One unit of SOD was defined as the amount
of enzyme required to inhibit the reduction rate of
NBT by 50 % (Giannopolitis and Ries 1977). Per-
oxidase (POD, EC, 1.11.1.7) activity was measured
using guaiacol (1-hydroxy-2-methoxybenzene,
C7H8O2) as a substrate. The level of enzyme activity
was expressed as the amount of guaiacol oxidized
by POD per minute. Ascorbate peroxidase (APX,
EC, 1.11.1.11) activity was assayed, as described
by Nakano and Asada (1981), using ascorbate as a
substrate. Oxidation of ascorbate was initiated by
hydrogen peroxide (H2O2), and the decrease in ab-
sorbance at 290 nm was monitored. The concentra-
tion of oxidized ascorbate was calculated using an
extinction coefficient of 2.8 mM−1 cm−1. One unit of
APX activity was defined as the amount of enzyme
required to oxidise 1 mM ascorbate per minute.
Catalase (CAT, EC, 1.11.1.6) activity was measured
by monitoring the consumption of H2O2 at 240 nm
according to the method of Chance and Maehly
(1955). One unit of CAT activity was defined as an
absorbance change of 0.01 unit min−1.

Determination of reduced glutathione

Reduced glutathione content was determined by the
following procedures described by Hissin and Hilf
(1976) with certain modifications. Samples were
ground with 3 mL of HPO3 (5 %) and then centri-
fuged at 14,000×g for 10 min. To 0.2 mL of super-
natant, 2.6 mL of PBS (pH 7.0, 150 mM) and
0.2 mL of dithiobis-2-nitrobenzoic acid (DTNB,
0.1 mM) were added. After the mixture was incu-
bated at 30 °C for 5 min for reaction, the absorbance
of the mixture was measured at 412 nm.
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Determination of compatible solutes

Proline content was determined following the method of
Bates et al. (1973). Root and leaf tissues were homog-
enized in 4 mL of 3 % (w/v) sulfosalicylic acid and
centrifuged at 10,000×g for 30 min. The supernatant
(2 mL) was transferred to a test tube and mixed with
2 mL of glacial acetic acid and 2 mL ninhydrin reagent.
The reaction mixture was kept in a water bath at 100 °C
for 60 min to develop color. After cooling, the reaction
mixture was mixed with 4 mL of toluene and vortexed
for 30 s. The upper phase containing proline was
measured with a spectrophotometer at 520 nm using
toluene as a blank. Total soluble protein concentration
was determined according to Bradford (1976) using
bovine serum albumin as a standard. Five hundred mil-
ligrams of fresh materials were ground well in 10 mL of
50 mM cooled phosphate buffer (pH 7.8). The homog-
enate was centrifuged at 6000×g for 20 min at 4 °C. The
supernatant was used to determine the total soluble
proteins. The content of soluble sugar was determined
following the method of Dreywood (1946). Roots or
leaves were dried at 80 °C for 48 h to constant weight,
incubated in 80 % ethanol at 80 °C for 30 min, and then
centrifuged at 3500×g for 10 min. The mixture contain-
ing 2 mL of supernatant and 5 mL of anthrone reagent
was boiled in a water bath for 10min. The absorbance of
the mixture was determined at 620 nm.

Statistical analyses

The experiment was carried out in a split plot design with
a completely randomized block layout. Four salt levels
(0, 100, 200, and 300 mM NaCl), three nodulation treat-
ments (AN, IN, and NN), and two replicates comprised
the survival assay. Salt levels were replaced by six sam-
pling times (0, 1, 2, 4, 6, and 12 h after salt application)
for determination of physiological characters. SPSS (ver-
sion 16.0) was used for statistical analysis. Nodule vol-
ume was analyzed using independent T test. Other data
were subjected to one-way analysis of variance and
means were compared using S-N-K test at the level of
significance (defined as α=0.05). To explore the physi-
ological responses of alfalfa leaf and root to nodulation
under salt stress, between-factors effects were analyzed
using univariate analysis of variance. Figures were creat-
ed using Microsoft Excel (version 2007).

Results

Plant growth and nodule characterization

Plants of three nodulation treatments, with AN, IN,
and NN, showed similar growth before salt treat-
ment, indicated by no difference in shoot and root
dry weight (Fig. 1a, b). Close examination showed
NN plants lacked nodules, IN plants developed
small but white nodules, and AN plants produced
larger and pink nodules (Fig. 2a). Nodules of AN
plants were almost four times larger than those of IN
plants (Fig. 2c). Nitrogen content among these
plants was similar in both shoots and roots, indicat-
ing the amount of nitrogen from SNF in AN plants
is similar to that in NN and IN when obtaining
nitrogen from a nutrient solution (Fig. 1c, d).

Survival and plant regrowth

Nodulation treatment affected alfalfa survival under
salt stress and shoot regrowth after salt treatment
(Table 1). Under 200 mM NaCl stress, AN and IN

Fig. 1 Dry weight (a and b) and nitrogen content (c and d) in
shoot and root of alfalfa prior to salt treatment (AN alfalfa with
active nodules, IN alfalfa with inactive nodules, NN alfalfa with no
nodules. The data are means ± SE.Means are compared among the
all groups. The significance is labeled with letters. The same as
below except for specific notification.)
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plants showed higher survival compared to NN
plants which showed 50 % reduction in survival rate
(Fig. 3a). AN produced greater fresh weight of shoot
than NN during regrowth after 100 and 200 mM salt
stress (Fig. 3b). While IN showed the lowest shoot
weight under 100 mM salt treatment in regrowth, it
showed better regrowth than NN plants after
200 mM treatment.

Oxidative damage

Methane dicarboxylic aldehyde (MDA) concentration,
reflecting lipid peroxidation level, was influenced by

nodulation under salt shock in alfalfa leaf and root
(Table 2). In AN and IN leaves, MDA content was
nearly 70% higher than that of NN in control conditions
and the first hour of salt shock (Fig. 4a). However,
MDA content in NN leaf increased and stayed at a
relatively constant but higher level from 2 to 6 h after
salt shock compared to AN and IN. In particular, MDA
level was 2.5 and 5.6 times higher than in AN and IN
leaves, respectively, 6 h after salt shock. There was also
a notable difference in MDA content among roots of
AN, IN, and NN plants (Fig. 4b). MDA content in AN
root was the lowest compared to NN and IN roots in
control conditions and during salt shock for 1 and 2 h,

Fig. 2 Alfalfa root and nodule
color (a), nodule size (b), and
volume (c) (Data are means ± SE
of ten experiments. Different
letters indicate significant
difference (p< 0.05) amount AN
and IN plants.)
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Table 1 Variance analysis of survival rate, fresh weight of regenerated shoots, activities of SOD, POD, CAT, and APX in the leaf and root of
alfalfa under different treatments of nodulation and salt shock

Sources DF Survival Fresh weight SOD POD CAT APX

(factors) F
value

P value F value P value F value P value F value P value F value P value F value P value

Leaf

N 2 5.33 0.022 8.05 0.001 2.19 0.122 39.79 <0.001 49.79 <0.001 37.96 <0.001

S 5 133.67 <0.001 105.78 <0.001 9.08 <0.001 47.51 <0.001 23.39 <0.001 24.16 <0.001

N*S 10 5.33 0.007 4.08 0.001 7.50 <0.001 21.97 <0.001 11.84 <0.001 7.84 <0.001

Root

N 2 15.64 <0.001 53.41 <0.001 56.22 <0.001 3.57 0.035

S 5 15.1 <0.001 87.34 <0.001 5.48 <0.001 3.08 0.016

N*S 10 6.12 <0.001 21.22 <0.001 2.94 0.005 4.33 <0.001

N and S are the abbreviation of nodulation and salt shock, respectively



while NN root maintained the highest MDA content
during the same time. The highest level of root MDA
content in NN appeared at the second hour after salt
application while it delayed to the forth hour in AN.

Under control conditions and the first hour of salt
shock, superoxide anion radical (O2

−·) content in the
leaves and roots of AN and IN plants was higher
than that in NN (Fig. 4c, d). However, O2

− · content
of NN leaf increased with time, except for 4 h, while
AN plants showed a significant reduction of
O2

− · content and maintained a much lower level
than NN plants. O2

− · content of NN leaf was about
three times higher than AN and IN leaves 6 and 12 h
after salt shock. O2

− · content in roots of AN, IN, and
NN plants was similar from 4 to 12 h of salt shock.

Antioxidant defense

To explore the influence of nodulation on how
plants deal with oxidative stress induced by a saline
environment, we measured enzymatic activities of
SOD, POD, APX, and CAT. Activities of these
antioxidant enzymes were significantly affected by
nodulation and salt shock, except SOD activity in
the leaf was not influenced by nodulation (Fig. 4a
and Table 1). The SOD activity was nearly doubled
in NN and IN leaves 1 h after salt shock and
returned to the original level 2 h after stress. The
SOD activity in AN leaf was lower during the first
2 h but doubled 4 h after stress, reaching a similar
level as NN and IN plants 12 h after stress (Fig. 4a).
The SOD activity in AN root displayed an

Fig. 3 Effect of nodulation on survival rate (a) and shoot regrowth
(b) of alfalfa under salt treatment (Data are means ± SE of four
experiments with two replications. Different letters indicate sig-
nificant difference (p< 0.05) among AN, IN, and NN plants at the
same salinity level.)
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Table 2 Variance analysis of contents of O2
−·, MDA, GSH, proline, soluble sugar, and soluble protein in the leaf and root of alfalfa under

different treatments of nodulation and salt shock

Sources DF O2
−· MDA GSH Proline Soluble sugar Soluble protein

(factors) F
value

P value F value P value F value P value F value P value F value P value F value P value

Leaf

N 2 44.79 <0.001 4.11 0.022 8.64 0.001 6.02 0.004 0.82 0.446 3.11 0.053

S 5 2.93 0.021 14.16 <0.001 12.76 <0.001 10.85 <0.001 6.44 <0.001 5.71 <0.001

N*S 10 22.97 <0.001 20.27 <0.001 7.94 <0.001 2.20 0.031 5.60 <0.001 13.03 <0.001

Root

N 2 21.08 <0.001 22.14 <0.001 1.84 0.168 0.04 0.962 26.17 <0.001 3.75 0.030

S 5 6.29 <0.001 5.27 0.001 8.57 <0.001 7.70 <0.001 3.58 0.007 3.54 0.008

N*S 10 4.99 <0.001 6.71 <0.001 6.78 <0.001 5.77 <0.001 3.94 <0.001 3.54 0.001

N and S are the abbreviation of nodulation and salt shock, respectively.



increasing trend with salt shock and activity was
higher than that of IN and NN roots except for the
first hour of salt shock (Fig. 4b). The POD activity
in both leaves and roots of AN and IN plants was
significantly higher than NN plants in control con-
ditions (Fig. 5c, d). Salt shock had little effect on
POD activity in NN plants but resulted in significant
reduction in AN and IN, reaching similar levels for
all three types of plants 4 h after salt shock. CAT
activity in AN leaf was the lowest compared to NN
and IN plants and showed a little change in response
to salt shock, except at 4 h. CAT activity in NN and
IN leaves showed gradual reduction with time of salt
shock but maintained relatively higher levels than
AN plants (Fig. 4e). In contrast to the leaf, the root
of AN plants showed higher CAT activity without
salt shock and maintained a relatively constant but
higher level than NN and IN plants (Fig. 4f). The
APX activity in leaves of AN and IN plants was
higher than NN plants before salt stress (Fig. 4g).

APX activity decreased with time after salt shock in
all plants, although IN and AN plants maintained
higher activities during the first 4 h of salt shock.
The APX activity was the same in roots of AN and
NN plants before salt shock and showed limited
change during salt shock (Fig. 4h). The APX activ-
ity in IN root was higher than AN and NN plants
and fluctuated during salt shock but reached similar
levels as AN and NN plants 6 h after salt shock.

Nodulation effected GSH content during salt
shock. Both root and leaf of NN plants showed an
increase in GSH level, reaching a higher level than
AN and IN plants 2 h after salt shock. GSH levels in
NN leaf returned to original levels 4 h after salt
shock. The GSH level in root and leaf of AN plants
showed small increases with time after salt shock
and was significantly higher than NN plants 4 and
12 h after salt shock. GSH content remained rela-
tively constant in IN plants before and after salt
shock (Fig. 6a, b).

Fig. 4 Effect of nodulation onMDA (a and b) and O2
− · (c and d) contents in alfalfa leaf and root under salt shock (Data are means ± SE of

four experiments. Different letters indicate significant difference (p< 0.05) amount AN, IN and NN plants at the same time point)
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Fig. 5 Effect of nodulation on activities of SOD (a and b), POD
(c and d), CAT (e and f) and APX (g and h) in alfalfa leaf and root
under salt shock (Data are means ± SE of four experiments.

Different letters indicate significant difference (p< 0.05) amount
AN, IN, and NN plants at the same time point.)
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Compatible solutes and soluble protein content

Proline content in alfalfa leaves was affected by nodu-
lation (Table 2). Proline content in AN leaf was lower
than in IN and NN plants before salt stress. Salt shock
increased proline content significantly in all the plants
during the first 4 hours and remained at that level in all
treatments. Proline content in AN plants reached that
same level as IN and NN plants at 6 h after salt shock
(Fig. 5c). No difference in root proline content among
AN, IN, and NN plants before salt treatment was evi-
dent. Salt shock resulted in great fluctuation of proline
content. A clear difference was observed in plants 1 h
after salt shock. AN showed the lowest proline content
while NN plants showed the greatest proline content
(Fig. 5d). Soluble sugar content was similar in leaves
of AN, IN, and NN plants before salt stress. Salt shock
appeared to increase the soluble sugar content in all
plants, which reached the highest levels at 2, 4, and
6 h after salt shock in IN, NN, and AN leaves, respec-
tively (Fig. 5e). AN and NN roots showed the same
amount of soluble sugar before salt treatment. Salt shock
had little effect on soluble sugar in AN roots, but caused
a continuous decline in NN roots. Soluble sugar content
fluctuated in IN plants but was maintained at levels
similar to the control (Fig. 5f). No difference in soluble
protein content was observed in AN, IN, and NN plant
before salt treatment in either roots or leaves. Both root
and leaf of AN plants maintained relatively constant
levels of soluble protein after salt shock, while NN
plants showed drastic fluctuation of soluble protein con-
tent. IN plants also showed fluctuating soluble protein
level after salt shock but changes were less drastic
compared to NN plants (Fig. 6g, h).

Discussion

In our experiments, we demonstrated that rhizobium
symbiosis can improve salt tolerance in alfalfa based
on survival rate at 200 mM NaCl treatment. Better salt
tolerance is probably not simply due to a difference in
nitrogen nutrition level since there was a little difference
in nitrogen content in AN, IN, and NN plants prior to
salt treatment. The notion is further supported by better
shoot regrowth of AN plants at 100 and 200 mM NaCl
treatments, compared to NN plants, suggesting that the
interaction between rhizobia and host plants inherently
improves the tolerance of alfalfa to salinity. However,

our data also showed that AN plants exhibited better
shoot regrowth than IN plants under salt stress. There
may be two possible explanations for this observation.
First, the production of some of the active molecules
supporting salt tolerance requires functional symbiosis.
Second, non-functional nodules may be parasitic, com-
peting for energy required by host plants in response to
salt stress, which may explain why IN plants even
performed worse than NN plants at 100 mM NaCl
stress. In fact, a study has shown that soybean plants
will sanction Rhizobium by limiting oxygen supply to
the bacterium if Rhizobium does not fix nitrogen (Kiers
et al. 2003).

Our data indicated that symbiosis modified phys-
iological and biochemical responses in alfalfa imme-
diately after salt shock, providing a physiological
basis for improved salt tolerance in symbiotic alfalfa
plants during the long-term salt stress experiments.
Our biochemical analysis clearly showed how sym-
biosis and nodulation affect the antioxidant re-
sponse. The production of ROS is an inevitable
consequence of aerobic respiration. ROS are capable
of reacting indiscriminately to cause oxidative dam-
age to biomolecules such as lipid peroxidation, de-
naturation of proteins, and mutation of DNA (Porcel
et al. 2012). Common ROS include O2

−·, H2O2, and
hydroxyl free radical (OH·) (Gill and Tuteja 2010).
Estimates suggest that 2 to 5 % of the photosynthet-
ically produced electrons are dissipated by this re-
action under normal conditions and up to 30 %
under stress (Polle 2001). Therefore, O2

− · could be
an indicator of oxidative injury to plant cells and
tissue. In our experiment, higher O2

− · content was
found in leaves of IN and AN plants under control
conditions, potentially due to higher photosynthetic
activity required to meet the symbiosis needs. It has
been suggested that, during the symbiotic interac-
tion, bacteria are exposed to oxidative stress during
the oxidative burst that follows the infection process
(Peleg-Grossman et al. 2012; Santos et al. 2001).
This may also explain why leaves, as well as roots,
of AN and IN plants showed a higher O2

− · content
during control conditions. However, AN and IN
plants were able to control O2

− · content at lower
levels during salt shock, while O2

− · content in-
creased with time in NN leaf. AN maintained higher
O2

− · content than non-nodulated alfalfa at the first
hour of salt shock in the leaf and root, which sug-
gested that O2

− · content may be affected by the
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rhizobium symbiosis with the host plant. The func-
tional nodule is prone to high levels of ROS due to
the high respiration rate necessary to supply energy

required by the nitrogen reduction process (Harrison
et al. 2005). While O2

− · is produced during the
infection process, it is also produced in the later

Fig. 6 Effect of nodulation on contents of GSH (a and b), proline
(c and d), soluble sugar (e and f), and soluble protein (g and h) in
alfalfa leaf and root under salt shock (Data are means ± SE of four

experiments. Different letters indicate significant difference
(p < 0.05) amount AN, IN, and NN plants at the same time point.)
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stages of nodulation. O2
− · can be observed in infect-

ed cells of young nodules, revealing the prolonged
production of O2

− · during nodule development
(Pauly et al. 2006). It is not clear whether a higher
production of O2

− · in AN roots 1 h after salt shock
is due to a hindered nodulation process since an
increase in O2

− · production was not observed at that
time in IN plants.

MDA, one of the decomposition products of polyun-
saturated fatty acids (PUFA) of biomembranes, accumu-
lated under salinity treatment (Chaudhuri and
Chouchuri 1993). MDA content was the most important
marker for salt tolerance (Ashrafi et al. 2015). High
salinity could modify the plant membrane structure
and might stimulate oxygen radical production which
facilitated lipid peroxidation (Sreenivasulu et al. 1999).
Stable and lower MDA content at the early stage of salt
shock in AN and IN roots indicated that the membrane
structure damage and oxidative stress are less in alfalfa
root with nodules. Similarly, the lower MDA content
during the period from 2 to 6 h salt shock in the AN and
IN leaves suggests that inoculated alfalfa is more toler-
ant of salt shock compared with alfalfa without nodules.
This is consistent with the study conducted by Wu et al.
(2010), who found that there is notably lower MDA
content in the leaves of citrus seedlings with mycorrhiza
than in non-mycorrhizal seedlings.

Plant cells are capable of suppressing the buildup of
harmful intracellular ROS concentrations. This is
achieved by antioxidative defense systems consisting
of enzymatic and nonenzymatic ROS scavengers
(Mittova et al. 2015). SOD is a critical enzyme, respon-
sible for the elimination of O2

−·, and is considered a key
antioxidant in aerobic cells (Rasool et al. 2013). Com-
bined action of SOD, POD, APX, and CAT is critical in
mitigating effects of oxidative stress, since SOD cata-
lyzed the conversion of O2

− · into H2O2, and POD,APX,
and CAT scavenged H2O2 into H2O. The notable high
level and continuous increase of SOD activity in AN
root indicated that alfalfa with active nodules has a
better capacity to enhance the SOD activity to scavenge
O2

− · induced by salt shock. This result might explain
why plants with nodules can survive adverse conditions
when O2

− · levels increased. Although the SOD activity
in AN leaves was the highest and nearly constant at later
stages of salt shock, variance analysis indicated that
nodules have no effect on leaf SOD activity. The POD
activity has been found to be higher in salt-tolerant,
compared with salt-sensitive alfalfa under salt or

drought stress (Wang et al. 2009). Inoculated alfalfa
displayed a high level of POD activity in both the leaf
and root under normal conditions and the first 2 h of salt
shock, which means POD may play a crucial role to
scavenge ROSwhen host plants are infected by rhizobia
and exposed to early stages of salt shock. Another major
hydrogen peroxide detoxifying system in plant cells is
the ascorbate-glutathione cycle, in which APX enzymes
play a key role in catalyzing the conversion of H2O2 into
H2O, using ascorbate as a specific electron donor
(Caverzan et al. 2012). Even though APX activity fluc-
tuated in the root and declined in the leaf over the period
of salt shock, AN root, in general, maintained a com-
paratively high level of APX activity. The high level of
CAT activity in AN root suggests a strong capability for
detoxifying H2O2.

GSH plays a crucial role in plant defense against
abiotic and biotic stresses, including salt tolerance
(Pauly et al. 2006) and also appears to be essential for
proper development of root nodules resulting from sym-
biotic interaction (Frendo et al. 2005). In legumes, there
is a strong positive correlation between nitrogenase
activity and nodule GSH along with hGSH contents
(Groten et al. 2006). hGSH concentration regulates the
biological nitrogen fixation efficiency in nodules and a
deficiency of hGSH impairs nodule growth (El Msehli
et al. 2011). A gradual increase of GSH content in AN
leaves indicated alfalfa with functional nodules had a
continuous capacity to increase defense against oxida-
tive stress induced by salt shock, despite the fact that
GSH content was not affected by inoculation.

One of the main consequences of NaCl stress is loss
of intracellular water. Plants accumulate many metabo-
lites that are also known as Bcompatible solutes^ in the
cytoplasm to reduce the salt stress-induced water loss.
This mechanism of osmotic adjustment plays a vital role
in the protection of plants against stress, particularly
against salinity (Siddiqui et al. 2008). It was reported
that inoculation with native rhizobium can improve
osmotic stress tolerance in common bean (Sassi-Aydi
et al. 2012). Plants accumulate proline, soluble sugar,
and protein that participate actively in osmotic adjust-
ment when they are under salt stress (Evelin et al. 2009;
Szabados and Savouré 2010). However, the role of
proline in osmotic tolerance in legumes remains contro-
versial (Ashraf and Harris 2004; Khadri et al. 2006). In
our study, proline content increased significantly during
the first 4 h in all the plants, suggesting that proline may
be important for initial dehydration stress response.
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However, AN plants showed consistently lower proline
contents, especially in leaves, than IN and NN plants
during the initial response, implying that proline may
not the key contributor to the improved salt tolerance in
symbiotic alfalfa plants.

Within the plant-rhizobium symbiotic relationship,
the plant provides photoassimilates that supply energy
and carbon compounds required by the bacteria to fix
nitrogen. Photoassimilates are delivered to the nodules
as sucrose. The bacteria return ammonium (NH4

+) to the
host, and this is assimilated in the form of amino acids
(Aranjuelo et al. 2015). In this investigation, inoculation
affected root total protein and soluble sugar content. In
general, AN and IN plants showed more stable content
of soluble protein content in both leaf and root under salt
shock compared to NN plants. While it is not clear why
soluble protein content fluctuated so greatly in NN
plants, it is consistent that a significant decrease in total
soluble protein content 1 h after salt shock was observed
in both roots and leaves of NN plants. This reduction
may indicate a greater sensitivity in protein production
of NN plants to salt shock compared to AN and IN
plants. Some scientists reported that the increase in
soluble protein as a result of salt stress was higher in
salt-sensitive plants than in salt-tolerant spring wheat
and maize (Ashraf and O'Leary 1999; Azevedo Neto
et al. 2009). On the other hand, a higher content of
soluble protein has also been reported in salt tolerant
cultivars of barley and rice under salt stress conditions
(Hurkman et al. 1989; Lutts et al. 1996). It was reported
that soluble protein generally accumulated or remained
unchanged in plants grown under saline conditions and
they might provide a storage form of nitrogen which
was re-utilized when stress was alleviated. Thus, the
significance of change in soluble protein content in
association with nodulation and salt tolerance in alfalfa
requires further study.

Total soluble sugar content increased over time more
in the leaves of nodulated plants than in the leaves of the
non-nodulated plants after the onset of the salt shock.
Higher content of soluble sugar in nodulated plants
suggests a potential salt tolerance mechanism in these
plants in maintaining sugar production and transport to
roots compared to NN plants. A reduction of soluble
sugar in roots of NN plants can be deleterious, leading to
severe dehydration stress and death of the plants under
salinity stress. Results we observed for soluble sugar are
consistent with Feng et al. (2002), who reported that in
maize, mycorrhizal plants maintained higher total

soluble sugar than non-mycorrhizal plants. Furthermore,
Morant-Manceau et al. (2004) reported that total soluble
sugar contribution to osmotic adjustment was higher in
salt-tolerant plants. Palma et al. (2013) found that con-
centrations of soluble sugar are higher in nodules than in
alfalfa leaves and roots and that nodules are organs
specially protected in order to maintain this crucial
function, even under stress conditions. Thus, future
work can be done to distinguish whether the change in
soluble sugar content occurs in alfalfa roots or nodules
under salinity stress. In summary, our research demon-
strated that symbiotic nitrogen fixation has a positive
effect on the response of alfalfa to salt stress. Active
nodules improved the survival of host plants under
salinity stress potentially through enhancing various
anti-oxidative stress mechanisms and maintaining a sta-
ble production of soluble sugar and total soluble
proteins.
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