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Abstract
Salinity, a serious environmental pressure on crop production, might be counteracted by free-living and symbiotic inoculants 
entailing positive synergistic effects. Enhancement in nutrient uptake and/or production of antioxidants under the stress 
condition, can improve plant growth and yield. In this study, inoculation of Lallemantia iberica with Funneliformis mosseae 
and the sulfur solubilizing bacterium (Thiobacillus sp. T95 and T40) was evaluated under two salinity levels (6.72 dS/m and 
0.91 dS/m as control). The root colonization, spore density, seed and biological yield, total soluble sugars, and nutrients were 
reduced by salt stress. Antioxidant enzyme activity (catalase, superoxide dismutase, peroxidase and ascorbate peroxidase), 
proline, contents of sodium and sulfur have increased under salt stress. The enzyme activities as well as the concentrations 
of nitrogen, phosphorus, potassium, sodium, and sulfur were dropped at the flowering stage (75 days after sowing). Seed 
and biological yield, antioxidant enzymes activity, proline content, and nutrients were significantly improved in mycorrhizal 
treatments. Inoculation of Thiobacillus exhibited the positive effect on root colonization, spore density, enzymes activity, 
and nutrients. Bacterial treatments (dual and single) significantly increased the sulfur and total soluble sugars. Totally, the 
mycorrhizal plants accumulated more enzymatically produced antioxidants, osmolytes, and showed improved nutrient uptake. 
Our results provide new insights into the relationship among arbuscular mycorrhizal fungi (AMF), biosulfur bacteria, and 
plant growth under saline conditions. In conclusion, the Lallemantia iberica inoculation with mycorrhizal fungi, either 
alone, or in combination with Thiobacillus, is indicated for optimum plant yield through alleviation of the salinity stress.

Abbreviations
AMF  Arbuscular mycorrhizal fungi
POX  Peroxidase
APX  Ascorbate peroxidase
ROS  Reactive oxygen species
CAT   Catalase
SOD  Superoxide dismutase
DARI  Dryland Agricultural Research Institute
TSS  Total soluble sugars
DAS  Days after sowing

WUE  Water use efficiency
GR  Glutathione reductase

Introduction

Dragon’s head (Lallemantia iberica (M. Bieb) Fisch. & C. 
A. Mey.) is an annual herb belonged to Lamiaceae family, 
spreads across Southwest of Asia and Europe and originates 
from the Caucasus and the Middle East [1]. Dragon’s head is 
cultivated for its seeds oil (it contains up to 30% of a drying 
oil used in foods and industry), mucilage (treatment of nerv-
ous and hepatic diseases, and as a general tonic, aphrodisiac 
and expectorant remedies) [1, 2], and essential oil (effective-
ness on breast cancer and antioxidant activities) [3].

In arid and semi- arid areas, steadily increasing salini-
zation of soil has affected approximately 6% of the world’s 
land area [4]. The yield of most crop plants is reduced 
due to osmotic stress, ion toxicity, and nutrient deficiency 
along with elevation of salt concentration in the root 
environment [4]. Also, morphological and physiological 
changes have been observed in response to environmental 
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stress leading to decrease the growth parameters in L. iber-
ica [5]. The intensity of negative effects of soil salinity on 
growth, development, and morphophysiological character-
istics of Lallemantia species is varied [6]. As a result of 
salinity stress, reactive oxygen species (ROS) is produced 
and damaging plant cells [7]. To prevent the production 
of ROS, plants use an effective scavenging system includ-
ing non-enzymatic molecules (e.g., carotenoids, ascorbate, 
glutathione and tocopherols) as well as enzymatic anti-
oxidants (superoxide dismutase (SOD), catalase (CAT), 
ascorbate peroxidase (APX), and glutathione reductase 
(GR)) [7, 8].

Sulfur (S) and phosphorus (P), as two essential nutrients 
for plant growth, are usually applied through chemical ferti-
lizers for achieving higher yields of crops, by leaving harm-
ful effects on the environment and mostly with low quality 
[9]. While using bio-fertilizers like the AMF can provide 
extrinsic plants protection against salt stress along with 
improving nutritional status, water availability, and water 
use efficiency (WUE) [9, 10]. Mycorrhization enhances root 
hydraulic conductivity as well as adjusting the osmotic bal-
ance and enzyme activities [8], photosystem II efficiency, 
and photosynthetic product [9], antioxidant production, and 
finally through reducing the Na concentrations [11] of plants 
under the salt stress conditions.

The Thiobacillus bacteria make sulfate available, 
through its oxidation process with the formation of thiosul-
fate and tetrathionate. These bacteria increase the cationic 
exchange rate of soil by activating beneficial soil microbes 
and facilitation of biological oxidation in soil, resulting in 
improved nutrients uptake, thereby increasing the crop yield 
by 30–60% [12, 13]. Also, the production of sulfuric acid 
reduces soil pH, therefore isolated  H+ can displace the Na 
from clay particles, and then increase sodium subsequent 
leaching and decline in soil salinity [14]. The interaction 
between Thiobacillus and mycorrhiza may have positive, 
neutral, and negative effects on plant growth through myc-
orrhizal root association [15]. The positive effect of com-
bined inoculation of AMF and Thiobacillus species has been 
reported on Allium cepa [9], as well as combined usage of 
mycorrhiza with other beneficial bacteria [8]. The reports 
on the interaction between sulfur oxidizing bacteria and 
AMF under salinity conditions have been scarce. Therefore, 
inoculation with Funneliformis mosseae and Thiobacillus sp. 
(individually and dual) is necessary, due to possible positive 
and/or negative effects on nutrient uptake and antioxidant 
enzymes activity of plants. These effects may be varied in 
soil salinity stress. Thus, the main purpose of this work was 
to investigate the impact of earlier mentioned soil microor-
ganisms individual or dual impact of Funneliformis mosseae 
and Thiobacillus sp. on plant (Lallemantia iberica) produc-
tivity under salinity stress in comparison with non-saline 
condition.

Materials and Methods

Site Explanation and Climatic Particularity

A 2-year (2017–2018) trial was conducted at Agricultural 
Research Farm of Urmia University (latitude 37°33′09″ N, 
45°05′53″ E and altitude 1320 m), considered as a semi-
arid regime. Meteorological data for these two years are 
presented in Fig. 1.

Experimental design was a split plot arrangement based 
on the randomized complete block design with three rep-
lications. Treatments were soil salinity (0.91 dS/m as 
control and 6.72 dS/m) as main plots, and bio-fertilizer 
(untreated as control, Funneliformis mosseae + Thioba-
cillus sp., Funneliformis mosseae and Thiobacillus sp.) 
as sub plots. Lallemantia iberica seeds (Kurdistan-2 lan-
drace), supplied by the Dryland Agricultural Research 
Institute (DARI), were sown at a depth of 3 cm in plots of 
250-by-200 cm size on 15 March 2017 and 16 March 2018. 
Seeds were planted with 2 cm spaces in rows, forming 6 
rows and the spacing between the rows was 30 cm. The 
mycorrhizal inoculum was a mixture of sterile sand, myc-
orrhizal hyphae, and spores (20 spores/g inoculum) and 
colonized root pieces, which were produced on Zea mays 
L. host plants provided by Dr. Y. Rezaee Danesh (Depart-
ment of Plant Protection, Urmia University). The AMF 
inoculum (250 g/m2) was banded in the rows at a depth 
of 10 cm under the seeds, and lightly covered with soil. 
The sulfur was in the form of pelletized sulfur-bentonite 
mixture and Thiobacillus (7 kg/ha Thiobacillus sp. bac-
teria + 250 kg/ha organic bentonite sulfur). For bacterial 
treatments, the seeds were inoculated with Thiobacillus 
sp. T95 and T40 (9.3 × 107). A biological fertilizer (Sul-
foBarvar-1) was prepared from GreenBiotech, Tehran, 
Iran, before being immediately planted. The activity of 
Thiobacillus bacteria was measured and confirmed before 
applying the fertilizer. For this purpose, sample of biosul-
fur fertilizer was inoculated into 100 ml of Thiobacillus 
enrichment medium, and uninoculated medium was used 
as a control. Total sulfate and pH [16] and bacteria popula-
tion [17] were determined at the end of incubation period. 
For the non-fertilizer (control treatment), seeds were sown 
without inoculation. Characteristics of saline soil in sub-
group typic Endoaquepts and non-saline soil in subgroup 
typic Calcixerepts [18] are reported in Table 1.
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Measurements

Seed and Biological Yields

To measure seed and biological yield, 30 plants were ran-
domly harvested from each plot and transferred to the 
laboratory in separate bags. Then, seed and biological 
yield of each plant were measured using precision scales.

Root Colonization and Spore Density

After harvesting of the plants (110 days after sowing, DAS), 
to determine the percentage of root colonization, 1 cm long 
segments of roots were carefully washed, cleared in 10% 
KOH for 1 h at 90 °C, and were then stained with 0.05% 
lactic acid-glycerol-Trypan Blue [19]. AMF colonization 
was estimated using the grind-line intersect method [20].

The method of wet sieving and decanting without using 
sugar and centrifuge solution was applied to extract soil 
spores. Specifically, 100 g of soil was poured into conical 
flask, and mixed with 1 L of water, and the mixture brought 
to suspension. The soil mixture was agitated to free the AMF 
spores from soil and allowed to be settled for several minutes 
where the supernatant was decanted through standard sieves 
[21], and was counted by microscope (Model CX22, Japan).

Nutrients

Samples of leaves and roots were taken from 50 DAS (veg-
etative stage) and 75 DAS (70% flowering stage), washed 
in distilled water, and were then placed into paper bags and 
were oven dried (at 75 °C) for 48 h. The dried samples were 
ground in a knife mill, and aliquots were separated to deter-
mine K, N, P, S, and Na. The values were expressed on a 
percentage basis.

To measure the percentage of nitrogen, dried plant was 
used for wet digestion (Digestion in volumetric flask with 
sulfuric acid—salicylic acid and oxygenated water). Total 
nitrogen was determined by Kjeldahl (Model Vapodest 20 s, 
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Fig. 1  Total rainfall, average monthly air temperature and relative humidity for the 2017 and 2018 growing seasons in Urmia, Iran

Table 1  Soil physical and chemical properties of experimental site

Non-saline soil Saline soil

Soil depth (cm) 0–30 0–30
EC (dS/m) 0.91 6.72
Soil texture Clay–loam Clay–loam
Sand–silt–clay (%) 27–32–41 24–36-40
Organic carbon (%) 1.51 1.03
Organic matter (%) 0.74 0.68
pH 7.95 7.45
Nitrogen (%) 0.089 0.074
Phosphorus (mg/kg) 13 10
Potassium (mg/kg) 201 187
Sodium (mg/kg) 12 165
Calcium (meq/100 g) 35 37
Magnesium (meq/100 g) 20 18
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Germany) digestion, distillation, and in terms of titration 
procedures by McGill and Figueiredo [22].

The percentages of Na and K in samples were determined 
using flame photometer (Model Jenway PFP7, UK) accord-
ing to Waling et al. [23]. The ratio of K/Na was also calcu-
lated. Leaf phosphorus was determined using the molyb-
denum blue procedure by Chapman and Pratt [24]. The 
absorbance was taken at 420 nm using a spectrophotometer 
(Spectrophotometer, Model UV/Vis 2100 PC, USA). The 
sulfur concentration of dried tissues was determined through 
di-acid digestion by applying turbidity method using a spec-
trophotometer at 420 nm wavelength [25].

Enzyme Extraction

Leaf samples were collected in 50 DAS (vegetative stage) 
and 75 DAS (70% flowering stage). To extract the speci-
mens, 0.5 g of the plant tissues, stored in the—80 °C, was 
thoroughly crushed with liquid nitrogen, received 1.5 mL of 
extraction buffer, was completely homogenized, and even-
tually centrifuged in an Eppendorf tube at 10.000×g for 
20 min at 4 °C. The upper phase was separated to read the 
protein level and activity of the antioxidant enzymes [26].

To measure the activity of superoxide dismutase (SOD), 
50 μL of extract was mixed with 1 mL of superoxide dis-
mutase solution, containing 0.05 mol potassium phosphate 
buffer (pH 7.8), 75 μmol NBT, 13 mmol of l-methionine 
0.1 mol EDTA, and 2 μmol riboflavin. To establish the reac-
tion, the mixture was placed in a light chamber for 15 min, 
and after that the absorbance of solution was read using a 
spectrophotometer at 560 nm [27].

The quantitative concentration of ascorbate peroxidase 
was measured by Nakano and Asada [28] method. With 
respect to this method, 50 μL of extract was mixed with 
50 mmol of potassium phosphate buffer (pH 7) and 0.1 mmol 
 H2O2 in an ice bath, and immediately 50 μL of the enzyme 
extract was added to that. Finally, by addition of 0.5 mmol 
ascorbate (ascorbic acid), the reduction in absorbance at 
290 nm for 1 min was recorded using a spectrophotometer.

To measure the quantitative activity of peroxidase (POX), 
50 μL of the enzyme extract was mixed with 3 mL of 0.1 mol 
potassium phosphate buffer and 50 μL of pure giacole liquid 
 (C7H8O2) as an electron donor). Next, 50 μL of 3% hydrogen 
peroxide was added (as an electron receptor), and immedi-
ately changes in optical absorption at 436 nm were recorded 
using a spectrophotometer at intervals of 15 s to 3 min [29].

Catalase activity was measured in terms of Dhindsa et al. 
[30], by which 50 μL of extraction was mixed with 1 mL of 
catalase measurement solution, containing 50 mL of potas-
sium phosphate buffer (pH 7) and 15 mmol of hydrogen 
peroxide  (H2O2). Then, the absorbance was read using a 
spectrophotometer at 240 nm for 1 min.

Osmolytes

In 50 DAS (vegetative stage) and 75 DAS (85% flowering 
stage), according to the method of Bates et al. [31], 0.5 g 
of leaf tissue was placed in 10 mL of 3% sulfosalicylic acid 
and was then homogenized. The homogeneous mixture was 
filtered, and 2 mL of this solution was mixed with 2 mL 
of ninhydrinic acid. Furthermore, 2 mL of acetic acid was 
added to each tube, and then incubated for 1 h at 100 °C. 
The reaction mixture was added in cold water and 4 mL of 
toluene. The upper phase was removed and the absorbance 
was determined at 520 nm. Proline concentration (μmol/g 
FW) was calculated as follows:

where FP: Proline content (μmol/g FW); R number read 
from the spectrophotometer; T The amount of toluene con-
sumed (in all samples is the same as 4 mL); W The sample 
weight used (for this test is 0.5).

In 50 and 75 DAS, according to the method of Irigoyen 
et al. [32], the concentration of total soluble sugars was 
estimated by applying the anthron. In this method, 0.5 g of 
fresh leaves were placed in about 5 mL of 95% ethanol and 
were then centrifuged at 3500 × g for 15 min. The absorb-
ance of supernatant (mixed with anthron + sulfuric acid, and 
then placed in a boiling water bath for 10 min) was read at 
620 nm.

Statistical Analysis

The analysis of variance (ANOVA) for both years was per-
formed using GLM procedure (SAS 9.1.3, SAS Institute 
Inc., Cary, NC, USA), with the means compared by Duncan 
multiple range test at P ≤ 0.05.

Results

Analysis of variance of 2-year data indicated the significant 
interaction effect of ″Salinity × Inoculants″ on the root colo-
nization, spore density, seed and biological yields, nitrogen, 
phosphorus, sodium, and potassium of either roots or leaves, 
on the concentrations of leaf CAT, POX, SOD, APX and 
proline in 50 DAS (vegetative stage), and also on the phos-
phorus, sulfur, sodium and potassium of roots and leaves, 
K/Na (roots and leaves), POX, SOD, proline and TSS in 75 
DAS (flowering stage) (Supplementary Tables 1, 2 and 3). 
There was no significant effect of salinity and/or inoculants 
on the TSS at the vegetative stage (50 DAS). The inoculants 
indicated non-significant effect on APX at both vegetative 

FP =
R ×W × T

115.5
× 1000
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and flowering stages (Supplementary Table 3). The effect 
of year on some measured traits including spore density, 
seed and biological yields,  Kleaf and  Kroot (75 DAS), SOD, 
APX (50 DAS), CAT and POX (75 DAS), proline (50 and 
75 DAS) were significant and higher values were observed 
in second year (2018) (Supplementary Tables 1, 2 and 3).

Root Colonization and Spore Density

Root colonization and spore population had significant 
reduction for single and dual inoculations under the 
saline conditions. The highest root colonization (66.72%) 
and spore density (101.3 spores/g soil) were belonged 
to inoculation with F. mosseae under non-saline condi-
tion followed by ″F. mosseae + Thiobacillus″ (60.54% 
and 88.5 spores/g soil, respectively). Root colonization 
of those plants inoculated with F. mosseae was reduced 

to 23.23% under saline condition. Under salinity stress, 
the spore density had no significantly differences between 
single and dual inoculation (Fig. 2a and b). The lowest 
root colonization under both saline and non-saline condi-
tions was similar in the absence of mycorrhizal inoculant 
for non-inoculated plants and bacterial treatment (Fig. 2a).

Seed and Biological Yields

Seed and biological yields were decreased under salin-
ity stress and also mycorrhizal plants (dual and/or single) 
had significant effect on yields under these conditions. 
Also, in non-saline conditions mycorrhizal plants (F. mos-
seae + Thiobacillus and F. mosseae) had the highest bio-
logical yield (0.85 and 0.81 g per plant, respectively) and 
plants with ″F. mosseae + Thiobacillus″ treatment had the 
highest seed yield (0.39 g per plant) (Fig. 2 and d).
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Fig. 2  Means comparison of root colonization (a), spore density (b), 
seed yield (c) and biological (d) affected by AMF and/or bacterial 
inoculants under two salinity levels (non-saline and saline condi-
tions). Different letters show significant differences at 5% probability 

level (Duncan’s multiple range test). 0 = non-inoculated, B = Thioba-
cillus sp., M = Funneliformis mosseae, M + B = Funneliformis mos-
seae + Thiobacillus sp



2528 S. Heydari, A. Pirzad 

1 3

Nutrients

Leaf nitrogen  (Nleaf) and leaf phosphorus  (Pleaf) were sig-
nificantly declined under the saline condition, at both veg-
etative (50 DAS) and flowering (75 DAS) stages. Under 
salinity stress, treatments involving AMF resulted in a 
greater increment in  Nleaf and  Pleaf compared to those of 
bacterial inoculation. The highest nitrogen and phosphorus 
percentage were belonged to 50 DAS and use of inoculants 
under non-saline, while the minimum was observed by the 
untreated control plants in 75 DAS under salinity stress 
(Fig. 3a and b).

Thiobacillus (single or with fungi) resulted in increas-
ing the sulfur accumulation under both of saline condi-
tions. Therefore, at flowering stage (75 DAS), it was higher 
for dual inoculation in saline condition. The maximum 
leaf S was obtained from dual inoculated plants in both 
salinity stresses especially at flowering stage. A positive 

synergistic effect of organisms (F. mosseae + Thiobacil-
lus) led to the maximum leaf S in this above mentioned 
situation (Fig. 3c).

The salinity stress (6.72 dS/m) caused about 30-fold 
increase in sodium  (Naleaf and  Naroot) in all treatments. 
Nonetheless, mycorrhizal treatments (single and dual 
inoculation) declined the concentration of  Naleaf more 
effectively than that of  Naroot. Leaf sodium contents of 
vegetative (50 DAS) and flowering (75 DAS) stages were 
similar and minimum under the non-saline conditions. 
The concentration of root sodium was higher than that of 
leaf Na, which was significantly reduced in mycorrhizal 
treatments (Fig. 4a and b). In all samples (roots and leaves 
of 50 and 75 DAS), potassium had a higher concentra-
tion under non-saline. The maximum potassium content 
in roots and leaves occurred in mycorrhizal inoculation 
followed by bacterial inoculation. As a result, the highest 
 Kleaf (50 and 75 DAS) was belonged to mycorrhizal plants 
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(F. mosseae) under the non-saline condition (Figs. 4-c and 
4-d). The comparison of means indicated that the maxi-
mum K/Na ratio (roots and leaves of both 50 and 75 DAS) 
was belonged to the plants treated with F. mosseae fol-
lowed by dual inoculation of ″F. mosseae + Thiobacillus 

sp.″. Due to the greater reduction of potassium concentra-
tion in comparison with sodium at the flowering stage, 
the ratio of K/Na has also decreased (Fig. 4 and f).
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Antioxidant Enzymes Activity

At both (vegetative and flowering) stages, CAT, POX, 
SOD and APX activity was significantly enhanced by 
salinity stress. Under saline conditions, the CAT activ-
ity increases was greater for dual colonized plants (F. 

mosseae + Thiobacillus sp.), compared to those of other 
treatments at vegetative stage. At the flowering stage (75 
DAS), all (single or dual) inoculants exhibited identical 
increases for CAT activity (Fig. 5a). The rising POX and 
SOD activity at vegetative stage were obtained in the pres-
ence of mycorrhizal inoculum which significantly increased 
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under stress condition. At the flowering stage, this increment 
of POX and SOD activity was observed for individual AMF 
inoculation. The same trends for non-saline condition were 
observed either in 50 DAS or in 75 DAS (Fig. 5b and c).

In 50 DAS, microbial (fungi and bacteria) inoculation 
exhibited identical APX with untreated control plants. In 75 
DAS, there was less activity of APX under both saline and 
non-saline conditions (Fig. 5d).

Osmolytes

Leaf proline concentration at both growing stages (vegeta-
tive and flowering) increased in mycorrhizal plants followed 
by dual inoculation. Inoculation of Thiobacillus revealed the 
similar and even lower concentrations of proline, in compar-
ison with non-inoculated plants. The maximum leaf proline 
concentration (8.51 and 7.13 μmol/g FW in vegetative and 
flowering stages, respectively) was obtained under salinity 
stress with individual application of F. mosseae. The same 
trend (lower concentration) of leaf proline along with inocu-
lations was observed under non-saline condition (Fig. 5e).

At the vegetative stage (50 DAS), concentrations of 
total soluble sugars (TSS) were not affected by inocula-
tions (AMF and/or Thiobacillus) neither by salinity nor 
by non-salinity stresses. At the flowering stage, the high-
est leaf TSS was obtained from bacterial treatment plants 
(Thiobacillus sp. and F. mosseae + Thiobacillus sp.) under 
non-saline conditions. There were no significant changes of 
leaf TSS of inoculated plants by salinity treatments and/or 
microbial (fungi and bacterial) inoculants at the vegetative 
stage (Fig. 5f).

Discussion

The decrease in the spore density under salinity (Fig. 2a), 
was one of the most important factors of root colonization 
percentage reduction (Fig. 2b). Also, negative effect of salin-
ity stress on the germination of spores, inhibition in hyphal 
growth, and proliferation in soil with a subsequent reduction 
in the spread of mycorrhizal colonization, suppression of 
arbuscules’ formation, and reduction of photosynthetic avail-
ability, indirectly cause to decrease colonization percentage 
under salinity stress [33, 34]. In addition, the lack of access 
to water and nutrients caused by ionic stress (Figs. 3 and 
4), reduced the root growth and biomass (Fig. 2b), result-
ing in reduction of plant photosynthesis and organic car-
bon transfer to create mutual coexistence of microorgan-
isms with the plants [35]. In the present study, seed and 
biological yields were decreased under salinity stress. Also, 
mycorrhiza-inoculated plants had a relatively higher yield 
than non-inoculated plants (Fig. 2). This was probably due 
to the fact that, leaf phosphorus and nitrogen losses were 

compensated under salinity stress by inoculations of Thioba-
cillus or F. mosseae as with dual inoculation (Fig. 3a and b). 
On the other hand, increased production of antioxidants in 
plants treated with mycorrhiza under salt stress (Fig. 5) can 
be considered as another factor in improving plant growth 
and yield under stress conditions.

Lower concentrations of leaf nutrients (N, P,  Kleaf and 
 Kroot, S and  Naleaf and  Naroot) decreased at the flowering 
stage (Figs. 3 and 4). Accordingly, it may be caused by the 
appearance of new sinks during the flowering stage and allo-
cation of materials for producing antioxidants under salinity 
stress (Fig. 5), which reduced the transfer of photosynthetic 
materials to fungi symbiotic with roots [36]. As a result, 
reduced the nutrient uptake by root resulted in reduction 
of nutrients in the leaves and roots at this stage under both 
salinity conditions (Figs. 3 and 4). Furthermore, remobili-
zation processes for growth and fertility for new sinks [37] 
as another factor, decrease the concentration of elements in 
the roots and leaves. Leaf phosphorus and nitrogen losses 
under salinity stress were compensated by inoculations of 
Thiobacillus or F. mosseae as with dual inoculation (Figs. 3a 
and b). Elevation of nutrients uptake by activity of mycor-
rhizal fungus, excretion of organic acids and Thiobacillus 
with oxidization of sulfur to sulfate, reducing the soil pH, 
soil electrical conductivity, organic carbon, and enhanced 
the availability of nutrients (NPK) in soil [9, 34]. So, the 
AMF have the ability to increase host uptake of phosphorus, 
nitrogen, and water absorption [9].

The increasing concentration of sulfur in leaves was 
observed in Thiobacillus and/or mycorrhizal plants (Fig. 3c). 
As the results of our experiments indicated, inoculation of 
AMF individual or dual with bacteria increases the anti-
oxidant activity of the plants (Fig. 5). On the other hand, 
sulfur is an important component of some antioxidants like 
glutathione (non-enzymatic antioxidant) [38], consequently 
increasing this element under salinity stress and mycorrhizal 
treatments is unexpected due to the increase in antioxidant 
enzymes. Moreover, Mycorrhizal colonization enhanced the 
activity of Thiobacillus, production of root exudates and 
extensive hyphal network, which may acidify the rhizos-
phere thereby enhancing sulfur availability to the host plant 
[39].

As the results show, reduction of Na along with increase 
of K accumulation were observed in leaf and root (both 
stages) in plants with AMF (single and dual) inoculations 
(Fig. 4a, b, c and d). Due to the similarities in physico-
chemical properties of Na and K, these ions compete with 
each other for major binding sites in metabolic processes. 
Therefore, retaining K or preventing Na from accumulat-
ing in the leaves and maintaining a high cytosolic K/Na 
ratio is necessary for salt tolerance (Fig. 4a and b). Fur-
thermore, Hanin et al. [11] reported that mycorrhizal colo-
nization can prevent Na translocation to shoot tissues. This 
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may lead to subsequent dilution of toxic effect of sodium 
in inoculated plants. The reason for the rise of potassium 
in mycorrhizal plant tissue could be due to K transporters 
and channels from the arbuscule or hartig net to the host 
plant [40]. This may result in subsequent dilution of toxic 
effect of sodium in inoculated plants (Fig. 4a and b).

Although root colonization decreases under salin-
ity stress, the positive effects of coexistence (fungi and 
bacteria) in comparison with control plants are evident. 
The oxidative stress created in the plant following salin-
ity stress causes oxygen radicals including singlet oxygen 
(1O2), hydrogen peroxide  (H2O2), and/or hydroxyl radicals 
 (OH•). As indicated in Fig. 4, antioxidant enzymes activ-
ity (CAT, POX, SOD and APX) increased under salinity 
stress to counteract and eliminate its destructive effects. 
The efficiency of SOD is related to catalysis of the dismu-
tation of superoxide anion  (O2

−) to  H2O2 and  O2. Then, 
the action of enzymes (POD, APX, GPX and CAT) turns 
hydrogen peroxide to water and oxygen protecting organ-
isms against free radicals [34, 41]. POX and CAT reduce 
the levels of lipid peroxidation by eliminating the excess 
ROS. Mycorrhizal symbiosis raised up the ability to pro-
tect the plants by enhancing antioxidant enzymes activi-
ties under salinity stress and non-saline condition (Figs. 3 
and 5). Higher APX and POD activities in AMF inocula-
tion are correlated with plant growth improvement under 
salt stress [41]. Higher activity of antioxidant enzymes in 
mycorrhizal plants was often associated with increased 
biomass along with higher P or N concentration (Figs. 2b 
and 3). Also, the availability of Fe, Cu, Zn, and Mn in 
AMF-inoculated plants might be the reason of increased 
activity some metalloenzymes such as SOD, CAT, and 
APX [42].

The results of the present study also revealed that, the 
antioxidants’ activity dropped at the flowering stage (Fig. 5). 
The composition of antioxidants is largely depended on 
maturation stage, growing conditions, and part of the plant 
analyzed [43]. Because senescence affects the expression 
of antioxidant gene products, SOD and CAT activities are 
reduced in leaves upon aging and with maturity [34, 44]. The 
results demonstrated that co-inoculation with bacteria and 
AMF or single-inoculation was more efficient on antioxidant 
enzymes (Fig. 5).

Enhanced leaf proline in stressed plants (Supplemen-
tary Table 3) might be due to activate stress genes [45]. 
To reduce salt stress-induced damages, proline may retain 
osmotic pressure balance between intracellular and extra-
cellular space to improve the moisture retention capacity 
[46]. The reason for the elevation of proline in mycorrhizal 
plants (Fig. 5e) in salt stress is accumulation of the maxi-
mum content of proline in root tissues of mycorrhizal plants 
adjusting osmotic capacity to absorb water under stress con-
ditions [42].

As an osmotic adjustment, reduction of the total soluble 
carbohydrates when L. iberica plants that were exposed 
to salinity (Fig. 5f), could be caused by osmotic stress-
induced decline in photosynthesis and the subsequent 
shortage of photo assimilates [47]. Sensitivity of L. iberica 
to salinity stress varied with the growth stage, where the 
amount of soluble sugar in the vegetative stage was not 
affected (Fig. 5f). Total soluble sugar in plants inoculated 
by Thiobacillus under salinity stress plants (Supplemen-
tary Table 3) may be due to the positive effect of sulfur 
fertilizer on photosynthesis along with the increase in the 
total content of pigments [48]. According to Lewis et al. 
[49], a demand of plants for carbon is relatively less, and 
sinks activity declines at the onset of flowering. Further-
more, the flowering may decrease the net photosynthesis 
and mesophyll conductance [50].

Conclusion

Overall, salinity stress led the osmotic stress in plants to 
enhance the activity of antioxidant enzymes, proline con-
tent, and  Naleaf plus  Naroot uptake. On the other hand, it 
reduced the absorption of NPK by the plants. These are 
very important and effective factors in reducing plant yield 
under salinity stress. Although salt stress reduced the per-
centage of colonization and spore density, AMF inocula-
tion improved the antioxidant enzymes activity, osmolytes, 
and nutrients concentration of Lallemantia iberica plants 
under salinity condition. Therefore, using inoculants, espe-
cially co-inoculation of AMF and Thiobacillus bacteria, 
was more successful in most of the measured cases (about 
59% of all measured traits) in comparison with applying 
the individual mycorrhiza. Thiobacillus increased the 
sulfur uptake and TSS content. Despite higher N, P, S, 
 Kleaf,  Kroot,  Naleaf,  Naroot, CAT, SOD, APX, proline and 
TSS were diminished with the development of a new sink 
at the flowering stage. These data can provide additional 
support for future research on medicinal plants resistance 
to saline condition. Of course, further research is needed 
to investigate the role of bio-fertilizers on plant support to 
improve growth at saline conditions.
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