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ABSTRACT
Enhancement of manganese (Mn) availability in saline and Mn-deficient
soils is very important for plant growth. An experiment was carried out to
evaluate the effect of Pseudomonas sp. rhizobacteria (P0 (control), P1, P2 and
P3) and Mn (0 and 10 mg Mn kg−1 soil) on the distribution of Mn in the
rhizosphere of pistachio seedlings under salinity stress (0, 1000 and
2000 mg NaCl kg−1 soil). The results showed that salinity decreased the
dry weight, Mn uptake and chlorophyll content of the pistachio seedlings.
However, inoculation with rhizobacteria increased these parameters in
saline conditions. Application of rhizobacteria increased the availability of
Mn in the rhizosphere soil. The use of rhizobacteria decreased the residual-
Mn form in the rhizosphere. Inoculation with rhizobacteria increased
the percent of Mn2+ and MnCl+ species in the soil solution. However,
pistachio seedlings inoculation with rhizobacteria increased the contents
of Mn available forms in the rhizosphere soil.
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Introduction

Soil and water salinity is a major environmental problem, particularly in arid and semiarid irrigated
area which limits growth, development and productivity of many plants. It affects the growth and
yields of agricultural plants in various ways such as reduced water availability in the soil, decreased
nutrient uptake and causing nutritional imbalances, increased toxicity levels of certain toxic ions
[sodium (Na+) and chloride (Cl−)] and decreased activity of some essential nutrients like potassium
(K+) (Munns 2002). Also, the concentration of Na+ and Cl− is increased under saline conditions
causing high ratios of Na+/calcium (Ca++), Na+/K+, Mg++/Ca++, Cl−/nitrate (NO3

−) in plant tissues
and causing nutrient deficiency (Uddin et al. 2012). The relationship between salinity and micro-
nutrient deficiency is complex and remains poorly understood (Tozlu, Moore, and Guy 2000). Soil
salinity may decrease the uptake of micronutrient because of stronger competition by other cations
in the rhizosphere. In saline and sodic soils, the solubility and availability of micronutrients such as
iron (Fe), zinc (Zn), manganese (Mn) and copper (Cu) are very low, and plants growing in such soils
often show deficiencies of these elements (Eskandari and Mozaffari 2014). In addition, salt stress
influences nutrient availability variously depending on the pH, the activity coefficient of a special
nutrient such as K and Ca, and on the ionic strength of the solutions (Keshavarz et al. 2006).

Manganese (Mn) is an important micronutrient to plant growth at all stage of plant development
and human health. It is required in photosynthesis and chloroplast formation, nitrogen metabolism
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and activation and synthesis of various enzymes (Marschner 1995). Plant species differ considerably
in their sensitivity to Mn deficiency. However, the critical deficiency levels of Mn in fully expanded
leaves are between 10 and 20 mg kg−1 dry mass (Shenker, Plessner, and Tel-Or 2004). Manganese
deficiency is common on soils of high pH containing free carbonate. This deficiency is caused by an
inadequate amount required for plant uptake, but is not from a low total Mn in soils (Wang, Wei,
and Hao 2016). The ability of calcareous soils with high pH values to release Mn and refill soil
solution Mn is low (Havlin et al. 2007). The availability of Mn for plants is reduced at high pH due
to the formation of insoluble compounds. Also, calcium carbonate (CaCO3) is another main factor
in the availability of Mn in calcareous soils. Furthermore, the addition of Mn-fertilizer to calcareous
soils, become insoluble and cannot be used by plants. Thus, the efficiency of Mn-fertilizers in these
soils is low (Karimian and Gholamalizadeh Ahangar 1998). Yadav (2011) reported that the available
micronutrients (Fe, Zn, Mn and Cu) showed negative correlation with pH and calcium carbonate
(CaCO3) content of soils. Strawn and Sparks (2000) believe that adsorption, desorption, and
precipitation–dissolution are the most important processes that control the bioavailability of metals,
such as Mn, in soils.

In the soil–plant systems, distribution of nutrients among different soil components plays an
important role in determining its availability to plants. Furthermore, various chemical fractions of
nutrients in the soil differ in their availability to plants. Generally, the mobility and bioavailability of
nutrients in soil are influenced by the nutrient’s chemical form, soil pH value, content of organic matter,
redox conditions, precipitation as salts, biotransformation by microorganisms and root exudates chela-
tors (Adriano 2001; Alloway 1990). Unlike the single extraction procedures, sequential extraction gives
information about both mobile and stable fractions of nutrients in soils and estimates the real and
potential mobility of nutrients (Oluwatosin et al. 2008). Different sequential extraction methods have
been proposed to evaluate the distribution of micronutrients including Mn in various soil fractions and
the transformation of micronutrients added to soil in relation to its bioavailability (Tessier, Campbell,
and Bisson 1979; Shuman 1985; Alvarez et al. 2006; Doelsch, Moussard, and Macary 2008). The usual
procedure was suggested by Tessier et al. (1979), who categorized Mn fractions in soils as water-soluble
plus exchangeable (WSEXC), carbonate-bound (CA), iron–manganese oxide–bound (FeMnOX),
organic matter–bound (OM), and residual (RES) forms.Mn inWSEXC fractions are readily bioavailable,
whereas Mn in the RES fraction are tightly bound and unlikely to be released easily under normal
conditions. Zinati, Li, and Bryan (2001) reported that Mnmainly associated with FeMnOX in calcareous
soils.

In addition to the micronutrients interactions with inorganic and organic soil components, soil
microbial activities can also affect the availability of micronutrients in the soil (Adriano 2001). One
of the biological ways to mitigate micronutrient deficiency including Mn is by using soil beneficial
bacteria. Soil bacteria can influence nutrients by biosorption, complexation by metabolites and
siderophores, dissolution and reduction-oxidation processes. These processes can lead to the dis-
solution of insoluble nutrient compounds and minerals, and desorption of nutrient species from
exchange sites in the soil (Gadd 2004). Furthermore, bacteria can mobilize nutrients by the produc-
tion of protons, amino acids, organic acids and siderophores. However, the oxidation/reduction is
the most important process in the availability of Mn in the soil. This process could be done by soil
bacteria. The reduction increased the solubility of Mn (Smith and Gadd 2000). The fluorescent
pseudomonads rhizobacteria, one of the most effective groups of Pseudomonas, are suitable to be
used as nutrient solubilizer agents due to production of various secondary metabolites and stimula-
tion of plant growth in salt-affected soils (Mishra et al. 2010). The ability of Pseudomonas to survive
and colonize plant roots in arid and saline soils have been reported (Paul and Nair 2008; Akhgar
et al. 2014). Chen et al. (1994) reported that siderophore pseudobactin produced by Pseudomonas
putida increased the solubility of Fe, Zn, Mn and Cu. Also, the siderophore produced by fluorescent
pseudomonads bacteria increased Fe solubilization from smectite (Ferret et al. 2014).

Soil salinity is an important factor which affects the growth of many plants, including pistachio
trees in Iran, especially in the Rafsanjan area due to poor quality of irrigation water, poor
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management, salt build-up in soils and low rainfall. Moreover, the availability of micronutrients such
as Mn in this area is very low due to the high CaCO3 concentration in the soil, high soil pH value,
low organic matter, imbalanced fertilization and soil salinity as well as irrigation water (Mozaffari
and Malakouti 2006). However, reports on the effects of bacteria on the availability of soil Mn under
saline conditions are very few. Thus, the aim of this study was to determine the effect of fluorescent
pseudomonads and Mn on the speciation and distribution of Mn in the rhizosphere soil of pistachio
seedlings under various salinity levels.

Materials and methods

Isolation and determination of plant growth promoting (PGP) activities of rhizobacteria

Rhizospheric soil samples with different salt content (EC = 2–18 dS m−1) were collected from
pistachio orchards in the Rafsanjan (30°24′24″ N and 55°59′38″ E) located in Iran. Based on
cultivating in King B medium and radiation under fluorescence in the ultraviolet (UV) light,
fluorescent pseudomonads rhizobacteria (32 isolates) were selected and purified, and then some of
their PGP activities were measured (Abbas-Zadeh et al. 2010). Finally, three isolates with the best
PGP activities (possessing ACC-deaminase activity, solubilization of insoluble P and Zn compounds
and production of IAA and siderophores) were selected for the greenhouse study (Table 1) and were
identified as Pseudomonas sp.

Pot experiment

A factorial greenhouse experiment was conducted based on a completely randomized design with
three replications. The pots were filled with 5 kg of soil which was collected from the pistachio
orchards in the Rafsanjan area. Nutrients including nitrogen, phosphorous, iron and zinc were
added uniformly to all the pots based on soil analysis (Table 2). The Mn treatments were supplied at
the rate of 0 and 10 mg kg−1 soil as manganese sulfate (MnSO4. H2O) and then eight germinated
pistachio (P. vera L. cv. Badami) germinated seeds were placed in each pot. Pseudomonas sp.
rhizobacteria (P0 (control), P1, P2 and P3) were transferred to nutrient broth (NB) liquid medium,
shaken for 48h, and their population determined, and then pistachio seeds were treated with
bacterial suspensions (1 mL for each seed with CFU = 108 cell mL−1). After germination (4 weeks)
the number of pistachio seedlings was reduced to 5 and then salt treatments (0, 1000 and 2000 mg

Table 1. Plant growth promoting activities of Pseudomonas sp. Rhizo-bacteria.

Siderophore IAA P Solubility Zn Solubility

Rhizobacteria (halo to colony diameter) (μg ml−1) ACC deaminase Activity HCN score

P1 2.09 2.99 705 0 + 3
P2 2.67 1.21 412 40.9 - 1
P3 1.47 16.6 404 2.58 + 1

P: Pseudomonas sp. rhizobacteria, IAA: Indole-3-Acetic Acid (at tryptophan concentration of 100 mg L−1), HCN: Hydrogen cyanide,
HCN score: 1(no production) and 3 (Relatively little), (+) containing (-) not-containing ACC-deaminase activity.

Table 2. Physical and chemical properties of the soil used in the experiment.

EC CEC OM CaCO3 Na Mg Ca HCO3
− CO3

2- SO4
−2

Texture pH dS m−1 Cmolc kg
−1 % mg L−1

SL 7.8 1.07 11.25 0.43 24 173 132 150 116 0 75

P K Fe Zn Mn Cu Total Mn

mg kg−1

9.2 147 1.67 0.35 3.14 1.44 500

EC: Electrical Conductivity, CEC: Cation Exchange Capacity, OM: Organic Matter, SL: Sandy Loam.
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NaCl kg−1 soil) were added to pots using irrigation water. Seedlings were irrigated with deionized
water to keep the soil water content higher than that of the field capacity. Twenty weeks after the salt
treatments, the pistachio seedlings were collected and measurements were recorded. Also, the
content of some soil properties such as pH, EC, dissolved organic carbon (DOC) and soluble form
of Mn, Na, Cl and SO4

2- in the seedling’s rhizosphere was determined.

Determination of Mn concentration in seedling tissues

Mn concentrations in tissues were determined by atomic absorption spectrophotometer (GBC Avanta
ver.1.33, GBC Scientific, Dandenong, Australia) following acid digestion (0.5 g dried and ground plant
material was digested with 5 mL of 2 N hydrochloric acid (HCl)) (Chapman and Pratt 1961).

Determination of total chlorophyll content

For total chlorophyll determination, a leaf sample (0.25 g) was ground in 80% acetone using a pestle
and mortar. After measurement of absorbance using the spectrophotometer (U-2000, Hitachi
Instruments, Japan), the content of total chlorophyll was calculated using the following equations
(Porra 2002):

Total Chlorophyll ðmgg�1 FWÞ¼ 17:76 � OD646:6ð Þþ 7:37 � OD663:6ð Þ½ � � V=W½ �

Rhizosphere soil Mn fractionation analysis

After harvesting of the seedlings, their roots were slowly removed from the soil and then the soil sticking
to roots collected as rhizosphere soil. The chemical fractions ofMn were determined using the procedure
proposed by Tessier et al. (1979). In this method, the soil sample is sequentially extracted and categorized
as water-soluble plus exchangeable (WSEXC), carbonate-bound (CA), iron–manganese oxide–bound
(FeMnOX), organic matter–bound (OM), and residual (RES) forms. The Mn forms, thus determined,
are reported as WSEXC, CA, FeMnOX, OM, and RES (Table 3). Also, the availability of Mn in the
rhizosphere soil was evaluated by 0.005 M DTPA (diethylenetriaminepentaacetic acid) (Lindsay and
Norvell 1978). The concentration of Mn at each step was determined by atomic absorption spectro-
photometer (GBC Avanta ver.1.33, GBC Scientific, Dandenong, Australia).

Determination of Mn speciation in soil solution

For determination of soil Mn speciation, some of the pot soil (after planting) properties including
pH in saturated phase, electrical conductivity (EC) of saturation extract, sodium by flame

Table 3. Sequential extraction procedure for the chemical fraction of Mn in soils (Tessier et al. 1979).

Soil/solution
ratio (g:mL) Fractions Extraction agents Shaking time

1:8 Water-soluble plus
exchangeable
(WSEXC-Mn)

1 M MgCl2
(pH 7.0)

1 h at 25 ◦C

1:8 Carbonate bound
(CA- Mn)

1 M NaOAc
(pH 5.0)

5 h at 25 ◦C

1:20 Fe and Mn oxide
bound
(FeMnOX- Mn)

0.04 M NH2OH. HCl in 25% (v/v) acid acetic
(pH 2.0)

2 h at 96 ◦C

1:16 Organic matter bound
(OM- Mn)

A: 0.02 M HNO3 + H2O2 30% (v/v)
B: H2O2 30% (v/v)
C: 3.2 M C2H3O2NH4

A: 2 h at 85 ◦C
B: 2 h at 85 ◦C
C: 0.5 h at 25 ◦C

Residual (RES- Mn) Total amount of soil Mn minus the sum of the other four fractions.
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photometer, Ca and Mg by titration with 0.01 N ethylenediaminetetraacetic acid (EDTA), Cl by
titration with 0.025 N silver nitrate (AgNO3), carbonate (CO3

2-) and bicarbonate (HCO3
−) by

titration with 0.1 N H2SO4, SO4
2- by turbidimetric method and dissolved organic carbon (DOC)

by methods suggested by Conyers et al. (2011) were measured and then speciation of soil Mn
evaluated using Visual MINTEQ software (ver. 2.40b).

Statistical analysis

Experimental data were statistically analyzed using analysis of variance (ANOVA) procedure and
means were separated by Duncan’s multiple range tests using the SAS software (SAS Inc., Cary NC).
P value at 0.05 was considered as significant.

Results

Shoot and root dry weight

The analysis of variance showed that rhizobacteria, salinity, Mn and interaction of rhizobacteria ×
salinity × Mn had a significant effect on shoot and root dry weight of pistachio seedlings (p ≤ 0.05).

The results revealed that salinity significantly reduced shoot and root dry weight of pistachio seedlings
(Table 4). The increase of NaCl to 1000 and 2000 mg kg−1 soil, decreased shoot dry weight by 7 and 34%
compared to the control, respectively. At these NaCl levels, root dry weight was reduced by 24 and 54%
compared to the control, respectively. The results showed that application of 10 mgMn kg−1 soil at 0, 1000
and 2000mgNaCl kg−1 soil, increased shoot dry weight by 44, 24 and 24%, respectively and root dry weight
by 23, 17 and 40%, respectively compared to the same NaCl levels. Also, inoculation with Pseudomonas sp.
Rhizobacteria (P1, P2 and P3) significantly increased shoot and root dry weight of pistachio seedlings at all
levels of NaCl compared to the control (P0). Inoculation by P1, P2 and P3 bacteria at 2000mgNaCl kg−1 soil,
significantly increased shoot dry weight by 30, 26 and 18%, respectively and root dry weight by 31, 28 and
22%, respectively compared to the same NaCl levels. However, the combined application of rhizobacteria
and Mn in the enhancement of shoot and root dry weight was more effective (Table 4).

Uptake of Mn by shoot and root

The analysis of variance indicated that rhizobacteria × salinity and salinity × Mn interactions had
a significant effect on Mn uptake by shoot of pistachio seedlings. Also, Mn uptake by root was significantly
affected by rhizobacteria, salinity, Mn and rhizobacteria × salinity × Mn interaction (p ≤ 0.05).

The results revealed that the addition of 1000 and 2000 mg NaCl kg−1 soil, significantly reduced
Mn uptake by shoot by 32 and 63% compared to the control, respectively. Also, inoculation by P1

Table 4. The effect of rhizobacteria × Mn × Salinity interaction on the shoot and root dry weight of pistachio seedlings at
24 weeks after sowing.

NaCl (mg kg−1 Soil) NaCl (mg kg−1 Soil)

0 1000 2000 0 1000 2000

Rhizobacteria Mn (mg kg−1 Soil) Shoot dry weight (g pot−1) Root dry weight (g pot−1)

P0 0 4.84 gh 4.52 hi 3.20 l 4.27 cd 3.24 fg 1.97 j
10 7.01 c 5.60 e 3.98 k 5.24 b 3.88 de 2.75 hi

P1 0 5.64 e 5.37 ef 4.17 i-k 4.54 c 3.62 ef 2.59 hi
10 8.73 a 6.68 cd 4.55 hi 6.28 a 4.18 cd 2.81 hi

P2 0 5.43 ef 5.32 ef 4.02 jk 4.49 c 3.86 de 2.52 hi
10 7.76 b 6.57 d 4.30 ij 5.58 b 4.45 c 2.91 gh

P3 0 5.27 ef 5.04 fg 3.79 k 4.39 c 3.41 f 2.41 i
10 7.59 b 6.51 d 4.10 jk 5.22 b 3.91 de 2.88 gh

P0: Control (non-inoculated); P1, P2 and P3: Pseudomonas sp. Rhizobacteria. For each parameter, values having a common letter are
not significantly different (P ≤ 0.05) according to Duncan’s multiple range test.
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and P2 rhizobacteria drastically increased Mn uptake by the shoot at all levels of salinity (Figure 1a).
On the other hand, application of 10 mg Mn kg−1 soil at 0, 1000 and 2000 mg NaCl kg−1 soil
significantly increased Mn uptake by shoot by 78, 39 and 21% compared to the same salinity levels,
respectively (Figure 1b).

According to the results, with the increase of NaCl rates to 1000 and 2000 mg kg−1 soil, Mn uptake by
the root significantly decreased by 14 and 41% compared to the control, respectively. On the other hand,
application of 10 mg Mn kg−1 soil at 0, 1000 and 2000 mg NaCl kg−1 soil significantly increased Mn
uptake by root by 29, 33 and 50% compared to the same salinity levels, respectively. However, the
combined application of PGPR and Mn in the enhancement of shoot and root dry weight was more
effective. The highestMn uptake by root was obtained from the simultaneous application of P1 bacterium
and Mn at the non-saline condition which was 433 μg pot−1 (Table 5).

Total chlorophyll content

The analysis of variance indicated that rhizobacteria, salinity, Mn and interaction of rhizobacteria ×
salinity ×Mn had a significant effect on the total chlorophyll content of pistachio seedling leaves (p ≤ 0.05).

According to the results, as NaCl levels increased, the total chlorophyll content in leaves reduced
(Table 5). The addition of 1000 and 2000 mg NaCl kg−1 soil decreased this parameter by 16 and 30%
compared to the control, respectively. Also, application of rhizobacteria and Mn increased this

Figure 1. The interactive effects of rhizobacteria × salinity (A) and salinity × Mn (B) on the Mn uptake by shoot of pistachio
seedlings 24 weeks after sowing. Within each graph, values having a common letter are not significantly different (P ≤ 0.05)
according to Duncan’s multiple range test.

Table 5. The effect of rhizobacteria × Mn × Salinity interaction on Mn uptake by root, and total chlorophyll content of pistachio
seedling leaves at 24 weeks after sowing.

NaCl (mg kg−1 Soil) NaCl (mg kg−1 Soil)

0 1000 2000 0 1000 2000

Rhizobacteria Mn (mg kg−1 Soil) Mn uptake by root (μg pot−1) Total chlorophyll content (mg g−1 FW)

P0 0 208 e-h 179 gh 122 i 2.67 f-j 2.24 k 1.86 l
10 270 cd 238 d-f 183 gh 3.44 b 2.86 c-f 2.72 e-i

P1 0 278 cd 222 e-g 162 hi 3.14 c 2.48 h-k 2.38 jk
10 433 a 275 cd 182 gh 4.33 a 2.94 c-f 2.80 d-h

P2 0 312 bc 249 de 165 hi 3.05 c 2.46 i-k 2.37 jk
10 422 a 304 bc 196 f-h 4.14 a 2.81 d-g 2.71 e-i

P3 0 249 de 202 f-h 161 hi 3.15 c 2.49 g-k 2.40 jk
10 330 b 253 de 200 f-h 4.22 a 3.02 c-e 2.78 d-h

P0: Control (non-inoculated); P1, P2 and P3: Pseudomonas sp. Rhizobacteria. For each parameter, values having a common letter are
not significantly different (P ≤ 0.05) according to Duncan’s multiple range test.
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parameter at all salinity levels. Application of 10 mg Mn kg−1 soil at 0, 1000 and 2000 mg NaCl kg−1

soil significantly increased the total chlorophyll content by 29, 27 and 46% compared to the same
salinity levels, respectively. Also, inoculation by P1, P2 and P3 rhizobacteria at 2000 mg NaCl kg−1

soil increased this parameter by 28, 27 and 29% compared to the same salinity level, respectively.
However, the combined application of rhizobacteria and Mn in the enhancement of the total
chlorophyll content was more effective (Table 5).

Dtpa-extractable Mn

The analysis of variance showed that DTPA-extractable Mn was significantly affected by rhizobac-
teria, salinity, Mn and salinity × Mn interaction (p ≤ 0.05).

According to the results, inoculation by P1, P2 and P3 rhizobacteria significantly increased DTPA-
extractable Mn content by 10, 5 and 20% compared to the control, respectively (Figure 2a). Also,
application of 2000 mg NaCl kg−1 soil significantly increased DTPA-extractable Mn content by 18%
compared to the control. On the other hand, application of 10 mg Mn kg−1 soil at 0, 1000 and
2000 mg NaCl kg−1 soil significantly increased DTPA-extractable Mn content by 18, 9 and 8%
compared to the same salinity levels, respectively (Figure 2b).

Water-soluble plus exchangeable (WSEXC)-Mn

The analysis of variance indicated that WSEXC-Mn was significantly affected by rhizobacteria × Mn
and salinity × Mn interactions (p ≤ 0.05).

According to the results, inoculation by P1, P2 and P3 rhizobacteria drastically increased WSEXC-
Mn by 100, 97 and 93% compared to the control, respectively. However, the combined application of
rhizobacteria and Mn in the enhancement of the WSEXC-Mn content was more effective (Figure
2c). Also, the results of salinity and Mn interaction showed that the WSEXC-Mn content was
increased with an increase in NaCl rates. Furthermore, application of 10 mg Mn kg−1 soil at 0,
1000 and 2000 mg NaCl kg−1 soil significantly increased the WSEXC-Mn content by 39, 27 and 34%
compared to the same salinity levels, respectively (Figure 2d).

Carbonate bound (CA)-Mn

The analysis of variance indicated that rhizobacteria × Mn and salinity × Mn interactions had
a significant effect on the CA-Mn content of pistachio seedling rhizosphere soil (p ≤ 0.05).

The results showed that inoculation by P1, P2 and P3 rhizobacteria drastically increased CA-Mn
by 84, 90 and 75% compared to the control, respectively. Also, application of Mn increased the
content of CA-Mn (Figure 2e). The addition of 1000 and 2000 mg NaCl kg−1 soil significantly
increased the CA-Mn content by 8 and 17% compared to the control, respectively. Moreover, the
content of CA-Mn was highest with simultaneous application of NaCl and Mn (Figure 2f).

Organic matter bound (OM)-Mn

The analysis of variance indicated that OM-Mn was significantly affected by rhizobacteria × Mn and
salinity × Mn interactions (p ≤ 0.05).

The results revealed that inoculation by P1, P2 and P3 rhizobacteria drastically increased the OM-
Mn content by 85, 82 and 95% compared to the control, respectively. Also, application of Mn
significantly increased OM-Mn content (Figure 2g). However, the addition of 1000 and 2000 mg
NaCl kg−1 soil significantly increased OM-Mn content by 26 and 37% compared to the control,
respectively. Furthermore, application of 10 mg Mn kg−1 soil at 0, 1000 and 2000 mg NaCl kg−1 soil
drastically increased the OM-Mn content by 64, 66 and 71% compared to the same salinity levels,
respectively (Figure 2h).
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Fe and Mn oxide bound (FeMnOX)-Mn

The analysis of variance indicated that FeMnOX-Mn was significantly affected by rhizobacteria ×
Mn and rhizobacteria × salinity interactions (p ≤ 0.05).

According to the rhizobacteria and Mn interaction results, the content of FeMnOX-Mn in the P3
bacterium inoculated rhizosphere soil significantly decreased by 12% compared to the control. Also,
application of Mn enhanced this fraction of Mn (Figure 3a). On the other hand, the addition of 1000

Figure 2. The main effect of rhizobacteria (A) and interactive effects of salinity × Mn (B) on the DTPA-Extractable Mn content, the
interactive effects of PGPR × Mn (C) and salinity × Mn (D) on the water-soluble plus exchangeable (WSEXC)-Mn content, the
interactive effects of rhizobacteria × Mn (E) and salinity × Mn (F) on the carbonate bound (CA)-Mn content, and the interactive
effects of rhizobacteria × Mn (G) and salinity × Mn (H) on the organic matter bound (OM)-Mn content in the rhizosphere soil of
pistachio seedlings 24 weeks after sowing. Within each graph, values having a common letter are not significantly different
(P ≤ 0.05) according to Duncan’s multiple range test.
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and 2000 mg NaCl kg−1 soil significantly reduced FeMnOX-Mn content by 13 and 22% compared to
the control, respectively. The lowest content of the FeMnOX-Mn was obtained from the combined
application of rhizobacteria and salinity (Figure 3b).

Residual (RES)-Mn

The analysis of variance showed that only the main effects of rhizobacteria, salinity and Mn had
a significant effect on the RES-Mn of pistachio seedling rhizosphere soil (p ≤ 0.05).

The results showed that inoculation by P1 and P2 rhizobacteria significantly decreased RES-Mn
content by 4 and 3% compared to the control, respectively. The P3 bacterium had no significant
effect on the RES-Mn content (Figure 3c). On the other hand, the addition of NaCl had no
significant effect on the RES-Mn (Figure 3d). Application of Mn reduced this fraction of Mn by
5% compared to the control, respectively (Figure 3e).

Speciation of Mn in the soil solution

The results indicated that free species of Mn (Mn2+) is most abundant in soil solution (Table 6). The
dominant species of Mn in soil solution were in the following order: Mn2+ > MnCO3 (aq) > MnSO4

(aq) > MnHCO3
+. The percent of Mn2+ species in the soil solution increased with application of

rhizobacteria, Mn and NaCl. Also, inoculation by rhizobacteria and application of NaCl and Mn
decreased the percent of MnCO3 (aq) complex in the soil solution. On the other hand, application of
NaCl, particularly at the high level (2000 mg kg−1 soil), lead to the formation of MnCl+ and MnCl2
(aq) complexes in the soil solution (Table 6).

Figure 3. The interactive effects of rhizobacteria × Mn (A) and rhizobacteria × salinity (B) on the Fe and Mn oxide bound
(FeMnOX)-Mn content, and the main effects of rhizobacteria (C), salinity (D) and Mn application (E) on the residual (RES)-Mn
content in the rhizosphere soil of pistachio seedlings 24 weeks after sowing. Within each graph, values having a common letter are
not significantly different (P ≤ 0.05) according to Duncan’s multiple range test.
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Properties of rhizosphere soils

Application of rhizobacteria, Mn and NaCl increased the soluble Mn concentration, but reduced pH
value as compared to the control. The highest soluble Mn concentration was related to Mn
application. Also, application of 1000 and 2000 mg NaCl kg−1 soil increased soluble Mn concentra-
tion by 35 and 47% as compared to the control, respectively. Also, inoculation by P1, P2 and P3
rhizobacteria increased soluble Mn concentration by 35, 35 and 29% as compared to the control,
respectively. Addition of 1000 and 2000 mg NaCl kg−1 soil decreased pH value to 7.49 and 7.42,
respectively. Generally, inoculation by P1, P2 and P3 rhizobacteria tended to decrease pH value to
7.61, 7.65 and 7.51, respectively. Also, application of rhizobacteria, Zn and NaCl enhanced EC
amount as compared to the control. Addition of 1000 and 2000 mg NaCl kg−1 soil increased EC to
7.32 and 12.0 dS m−1, respectively. Furthermore, inoculation by P1, P2 and P3 rhizobacteria increased
DOC content by 51, 23 and 90% compared to the control, respectively. Also, inoculation by
rhizobacteria and addition of NaCl increased Na, Mg, Ca, SO4

−2, HCO3
−, Cl and sodium adsorption

ratio (SAR) contents relative to the control (The results are not shown).

Correlation between various forms of Mn, Mn uptake and some growth parameters

The results showed that there was a positive and significant correlation between DTPA-Mn with
WSEXC-Mn, CA-Mn and OM-Mn, and negative correlation with FeMnOX-Mn and RES-Mn
contents (Table 7). Also, the correlations between the Mn uptakes by shoot and root with WSEXC-
Mn, CA-Mn and FeMnOX-Mn was positive and significant and with RES-Mn was negative and
significant. Furthermore, significant and positive correlations were observed between the total

Table 6. Speciation of rhizosphere soil Mn as affected by main effects of rhizobacteria inoculation, Mn application and salinity.

Control Mn Application P1 P2 P3 1000 mg NaCl kg−1 soil 2000 mg NaCl kg−1 soil

Mn2+ Mn2+ Mn2+ Mn2+ Mn2+ Mn2+ Mn2+

(83.2%) (85.3%) (87.1%) (86.3%) (89.1%) (91.0%) (90.2%)
MnCO3 (aq) MnCO3 (aq) MnCO3 (aq) MnCO3 (aq) MnCO3 (aq) MnCO3 (aq) MnCO3 (aq)
(10.2%) (7.60%) (7.21%) (7.99%) (5.38%) (3.38%) (2.78%)
MnSO4 (aq) MnSO4 (aq) MnSO4 (aq) MnSO4 (aq) MnSO4 (aq) MnSO4 (aq) MnSO4 (aq)
(4.44%) (5.30%) (3.73%) (3.61%) (3.43%) (1.78%) (1.33%)
MnHCO3

+ MnHCO3
+ MnHCO3

+ MnHCO3
+ MnHCO3

+ MnHCO3
+ MnHCO3

+

(1.85%) (1.58%) (1.73%) (1.76%) (1.73%) (1.26%) (1.14%)
MnCl+ MnCl+

(2.41%) (3.97%)
MnCl2 (aq)
(0.5%)

P1, P2 and P3: Pseudomonas sp. Rhizobacteria

Table 7. Simple correlation coefficients (r) for relationships among DTPA-extractable Mn, sequential extracted fractions, Mn uptake
and some growth parameters of pistachio seedlings.

DTPA WSEXC CA FeMnOX OM RES
Dry

weight
Mn Uptake
(Shoot)

Mn Uptake
(Root)

Total
Chl.

DTPA 1
WSEXC 0.63** 1
CA 0.61** 0.96** 1
FeMnOX 0.22ns −0.21ns −0.18ns 1
OM 0.70** 0.88** 0.89** −0.11ns 1
RES −0.21ns −0.45** −0.50** −0.75** −0.52** 1
Dry weight 0.15ns 0.34** 0.33** 0.01ns 0.55** −0.22ns 1
Mn Uptake (Shoot) −0.07ns 0.37** 0.36** 0.49** 0.18ns −0.64** 0.13ns 1
Mn Uptake (Root) −0.07ns 0.32** 0.31** 0.51** 0.16ns −0.62** 0.20ns 0.93** 1
Total Chl. 0.05ns 0.31** 0.28* 0.59** 0.29* −0.73** 0.03ns 0.70** 0.74** 1

WSEXC: Water-soluble plus exchangeable, CA: Carbonate bound, FeMnOX: Fe and Mn oxide bound, OM: Organic matter bound,
RES: Residual, Chl: Chlorophyll. *: p < 0.001, **: p < 0.05 and ns: not significant.
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chlorophyll content and the WSEXC-Mn, CA-Mn, FeMnOX-Mn and OM-Mn, while its correlation
with RES-Mn was significant and negative. Also, dry weights of seedling have a positive and
significant correlation with WSEXC-Mn, CA-Mn and OM-Mn. The significant correlation between
DTPA-Mn and growth parameters was not observed (Table 7).

Discussion

The salts concentration in the soils of Iranian pistachio orchards is very high. Also, according to
the previous studies, Mn is one of the major limiting nutrient for growth and yield of pistachio
trees in central Iran. Various chemical fractions of nutrients in the soil differ in their availability
to plants and it is influenced by different factors. This study evaluated the effect of fluorescent
pseudomonads rhizobacteria and Mn application on the fractionation and speciation of Mn in
the rhizosphere soils and its relationship with some growth parameters of pistachio seedlings
under soil salinity.

Inhibition of plant growth is a common response to salt stress. The results of this study revealed that
salinity significantly decreased the dry weight of pistachio seedlings, while treatment with rhizobacteria
and Mn increased this parameter. The increase in the seedlings dry weight was maximal after combined
treatment with the rhizobacteria and Mn. The reduction of growth parameters under salinity may be
related to the increment of osmotic stress, nutrients deficiency and destruction of some biochemical and
physiological mechanisms (Alqarawi, Abd Allah, and Hashem 2014). A decrease in the shoot and root
dry weight of pistachio seedlings due to salt stress has been reported by Eskandari and Mozaffari (2014).
The growth promoting of inoculated seedlings with the rhizobacteria may be related to their ability to
produce of siderophore, IAA, solubilization of soil nutrients as well as ACC-deaminase activity as
observed under in vitro conditions. The improvement of crop growth inoculated with rhizobacteria
has been reported by Egamberdieva (2012).

According to the results, as salinity increased the concentration ofMn in the shoot decreased, but, in the
root was enhanced. Also, salinity reduced Mn uptake by shoots and roots of seedlings. However, applica-
tion of rhizobacteria and Mn increased Mn concentration and uptake in shoot and root. The reduction of
Mn content in saline condition has been reported by Talei et al. (2012). Mn in the soil solution participates
in cation competition and Mg particularly depresses Mn uptake. The results of this study showed that
salinity drastically increased Mg content in the soil solution. In saline soils, the solubility and availability of
micronutrients such as Fe, Zn, Mn and Cu are very low, and plants growing in such soils often show
deficiencies of these elements (Eskandari and Mozaffari 2014). The accumulation of Mn in the PGPR
inoculated seedlings was due to the increased root activity and also the solubilization of Mn compounds
present in the soil. Soil microbes can affect the availability of nutrients such as Mn by the production of
organic acids, proton and humic substances (Hernandez, Kappler, and Newman 2004).

The photosynthetic pigments efficiency is indicated by the function of chlorophyll pigments and
chlorophyll content in stressed plants is a key index to predict plant’s health and photosynthesis capacity
to salinity stress. The results of this research showed that the contents of total chlorophyll decreased with
increasing NaCl levels. However, simultaneous treatment with the rhizobacteria and Mn significantly
enhanced this parameter under different NaCl levels. Reduction in the chlorophyll content under salinity
stress might also be due to the impaired biosynthesis or accelerated pigment degradation, weakening of
protein-pigment-lipid complex and or increased chlorophyllase enzyme activity (Neocleous and
Vasilakakis 2007). The enhancement of chlorophyll by application of Mn could be related to the Mn
role in water oxidation to molecular oxygen in the photosynthesis process. The enhancement of
chlorophyll content by application of rhizobacteria has been reported by Han and Lee (2005).

The analysis of rhizosphere soil revealed that total dissolved Mn concentration increased by applica-
tion of NaCl, Mn and rhizobacteria, but the value of pH reduced. Enhancement in the content of Mn
under salinity condition could be attributed to the replacement of exchangeable Mn with Na+ as well as
lower pH value. Also, with regard to formation of soluble complexes of Mn-chloride such as MnCl+ and
MnCl2

° under soil salinity in soil solution, the enhancement of Mn mobility may be related to it. The
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formation of soluble complexes of micronutrients-chloride in saline condition have been reported by
Khoshgoftar et al. (2004). Furthermore, soil microbes can reduce the rhizosphere pH value by the
production of organic acids and protons. Soil pH plays a vital role in solubility of Mn. A negative
correlation has been reported between soil pH and micronutrient extractability (Lindsay 1979). Also,
increasedMg andCa content in saturated soil water extract in saline condition indicate that ion exchange
process occurred in the soil/solution mixture.

Our results showed that in the untreated rhizosphere soil, the Mn associations with different
fractions of soil were in the following order: RES > FeMnOX > CA > OM > WSEXC. This sequence
was agreement with that of Alvarez et al. (2006) in alkaline soils. On the other hand, Zinati, Li, and
Bryan (2001) reported that Mn in calcareous soils was predominantly associated with FeMnOX
form. However, treatment with the rhizobacteria, NaCl and Mn changed the content of various Mn
forms in the rhizosphere soil.

The results of the present study revealed that soil salinity drastically increased DTPA-Mn,
WSEXC-Mn, CA-Mn and OM-Mn, but decreased FeMnOX-Mn contents in the rhizosphere soils
of pistachio seedlings. The increases in the contents of Mn under salinity condition could be
attributed to the replacement of exchangeable Mn with Na+ as well as lower pH value. According
to the results of this study, application of NaCl increased Mn content in the soil solution. Also, the
value of pH with the application of 2000 mg NaCl kg−1 soil caused the initial soil pH 7.73 to decrease
by 0.31 units. Among the various factors that influenced the solubility and mobility of soil micro-
nutrients, pH plays a vital role. The reduction of pH values under saline conditions may be related to
the substitution of exchangeable H+ with Na+ (Khattak and Jarrell 1989). Furthermore, Khattak and
Jarrell (1988) reported that under saline conditions, low pH values and cation exchange processes
result in increased rates of Mn extraction with DTPA. Also, our results showed that salinity
drastically increased Mn2+ in the soil solution. The Mn2+ is the predominant source for the plant.
In the calcareous soil the availability of Mn is controlled by MnCO3, and deficient Mn concentra-
tions frequently limit plant growth (Lebron and Suarez 1999). On the other hand, the soluble
complexes of MnCl+ and MnCl2

° were formed under saline conditions. The associated chloride
ligand improves the formation of Mn-chloride complexes that can maintain Mn in the soil solution
and finally produce an increase in soil solution Mn (Khattak and Jarrell 1988).

According to the present study results, inoculation by Pseudomonas sp. rhizobacteria increased
the DTPA-Mn, WSEXC-Mn, CA-Mn and OM-Mn, but decreased the FeMnOX-Mn, and RES-Mn
contents in the rhizosphere soils of pistachio seedlings. These results indicated that application of
rhizobacteria redistributed FeMnOX-Mn and RES-Mn to other available forms of Mn. The main
effect of the soil microorganism population on the Mn in soil is oxidation/reduction processes. In
redox condition, several compounds like Mn act as an alternative electron acceptor for microbial
respiration and are converted into reduced ionic species. Several Mn-reducing rhizobacteria
(Pseudomonas and Bacillus) reduce oxidized Mn4+ to Mn2+, which is available to plants. The
reduction of Mn needs protons and electrons, which are supplied via carboneous compounds
decomposition and organic secretion from roots (Marschner 1995) and microbes. Also, Mn-
oxidizing bacteria catalyze the oxidation of Mn2+ by producing enzymes, extracellular superoxide,
and providing hydrogen peroxide (Learman et al. 2011). The mineral solubilization potential of
Pseudomonas sp. rhizobacteria attributed to its ability to reduce the pH of the rhizosphere medium
by release of organic acids (such as gluconic acid, oxalic acid, and citric acid) and protons. However,
it appears that the release of organic acids that sequester cations and acidify the rhizosphere medium
is a major mechanism of Mn solubilization (Hariprasad and Niranjana 2009). Other factors affecting
the distribution of various forms of nutrient in the soil are siderophores. The Pseudomonas sp.
rhizobacteria used in this study were able to produce siderophore in vitro condition. Chen et al.
(1994) reported that siderophore pseudobactin produced by Pseudomonas putida increased the
solubility of Fe, Zn, Mn and Cu. Also, the siderophore produced by fluorescent pseudomonads
bacteria increased Fe solubilization from smectite (Ferret et al. 2014). Furthermore, the amount of
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Mn2+ significantly increased (predominant source of Mn for the plant) in the soil solution of
rhizobacteria-inoculated rhizosphere soil.

In this study, application of Mn increased all fractions of Mn except RES-Mn. Karimian and
Gholamalizadeh Ahangar (1998) believe that the addition of soluble inorganic Mn to calcareous soils
as fertilizer, become insoluble and cannot be used by plants. Thus, the efficiency of Mn-fertilizers in
these soils is low. Also, with regard to correlation coefficients results, the fractions of WSEXC-Mn,
CA-Mn, FeMnOX-Mn and somewhat OM-Mn in saline and calcareous soils could be as available
forms of Mn to plants. Yadav (2011) reported that the available micronutrients showed positive and
significant correlation with organic carbon and negative correlation with pH and CaCO3 content of
soils. However, no significant correlation between DTPA-extractable Mn with growth parameters
and Mn uptake under saline conditions could be attributed to the enhancement of Mn availability in
the soil and the reduction of seedlings growth.

Conclusion

In summary, the results suggest that the distribution and availability of Mn are affected in saline soil.
Application of NaCl increased the DTPA-Mn, WSEXC-Mn, CA-Mn and OM-Mn, but decreased the
FeMnOX-Mn, and RES-Mn contents in the rhizosphere soils. On the other hand, the growth of pistachio
seedlings, especially the root, drastically decreased with the increasing salinity levels. Therefore, the
reduction of Mn uptake in saline conditions could be attributed to the poor growth of seedlings roots,
reducing seedling access to Mn in the soil. However, inoculation with Pseudomonas sp. rhizobacteria
significantly increased seedling access toMn in the soil andMnuptake, increasing root growth. Thus, soil
indigenous and beneficial bacteria can increase the nutrient uptake and seedling growth under soil
salinity stress by synthesizing the siderophores and IAA, solubilizing the nutrient immobile forms and
possessing the ACC- deaminase activity. Using these bacteria could be a very effective strategy in the
establishment and adaptation of pistachio seedlings in saline soils.
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