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Spore associated bacteria of arbuscular mycorrhizal fungi 
improve maize tolerance to salinity by reducing ethylene stress 
level
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B. aryabhattai S210B15 significantly increased root length. 
Although salinity increased ethylene production in maize, 
bacterial inoculation significantly reduced the ethylene 
level at 0, 25 and 50 mM NaCl. Among the five strains, 
only P. koreensis S2CB35 showed the presence of PGP 
functional traits of nifH, acdS and nodA genes.
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Introduction

Many of the bacteria present in the soil provide benefits to 
plants by forming symbiotic relationship with roots. The 
symbiosis involves formation of specialized structures or 
nodules on the host plant. In addition, free living soil bacte-
ria especially present in the rhizosphere were also shown to 
promote plant growth either indirectly or directly. Beneficial 
free living bacteria also known as plant growth promoting 
(PGP) bacteria promotes plant growth directly by synthe-
sizing the compound such as auxins, phytohormones and 
facilitating the increase of nutrient uptake from the environ-
ment (Glick et al. 1999; Yim et al. 2013). The indirect plant 
growth promotion by bacteria involves the alleviation of 
the detrimental effects of biotic and abiotic stress on plants. 
PGP bacteria have different ways to facilitate plant growth 
such as fixing atmospheric nitrogen, production of various 
phytohormones, solubilization of minerals, production of 
siderophores and synthesis of enzymes.

The seedling stage is the most important stage of plant 
ontogeny as it is very responsive to various environmental 
conditions (Bewley and Black 1978; Bishnoi et al. 1993; 
Kuriakose and Prasad 2007). Salinity has been reported 
to negatively affect seed germination of various crops 

Abstract The role of spore associated bacteria of arbus-
cular mycorrhizal fungi (AMF) in improving plant growth 
and alleviating salt stress is a potential area to explore. In 
the present study, 22 bacteria isolated from the spore walls 
of AMF were identified to contain 1-aminocyclopropane-
1-carboxylate deaminase. These were tested for their abil-
ity to improve seed germination and alleviate salt stress in 
the early growth of maize. Among the isolates, 19 bacteria 
that were able to grow at 4 % NaCl were used for ger-
mination assay. Two bacteria and seven bacteria signifi-
cantly improved maize seed germination at 100 mM NaCl 
and 200 mM NaCl, respectively. Based on the presence of 
plant growth promoting (PGP) characters and the ability to 
improve seed germination, five strains were chosen for fur-
ther experiments. At 0 mM NaCl, all the strains were able 
to increase maize shoot and root growth significantly. At 
25 mM NaCl, except for Bacillus aryabhattai S210B15, all 
the strains were able to increase shoot and root growth sig-
nificantly. At 50 mM NaCl, Bacillus aryabhattai S110B3 
and B. aryabhattai S210B15 significantly improved shoot 
length, whereas, Pseudomonas koreensis S2CB35 and  
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medium (JNFb—Jensen’s Nitrogen Free media) amended 
with 3 mM ACC as nitrogen source (Penrose and Glick 
2003) and the amount of α-ketobutyrate produced by the 
enzymatic hydrolysis of ACC was estimated. Production of 
Indole-3-acetic acid (IAA) by the isolates was quantified in 
the presence and absence of tryptophan (Bano and Musar-
rat 2003). Filter sterilized tryptophan was supplied in the 
medium at a concentration of 500 µg ml−1. The ability to 
solubilize insoluble phosphate was carried out in NBRIP 
media (Mehta and Nautiyal 2001). Atmospheric nitrogen 
fixing ability was determined by allowing the isolates to 
grow in nitrogen free media. Siderophore production was 
studied on CAS agar plates prepared according to Alexan-
der and Zuberer (1991).

Maize seed germination under salt stress

For seed germination test, maize (Zea mays L.) seeds were 
surface sterilized by immersing in 70 % ethanol for 1 min 
and 6 % NaOCl for 5 min, followed by thorough rinsing 
with sterile distilled water seven to ten times. The steril-
ization was confirmed by incubating in nutrient agar media 
for 24 h. Ten surface sterilized maize seeds per treatment in 
triplicate were used to check germination on sterilized filter 
paper (Whatman No. 2) soaked in solutions of 0, 50, 100, 
150 and 200 mM NaCl in Petri dishes. Germination test was 
carried out for 96 h at 28 ± 1 °C with a cycle of 12 h of dark 
followed by 12 h of light (18 µmol m−2 s−1) in a plant growth 
chamber (DS 54 GLP, DASOL Scientific Co., Ltd., Repub-
lic of Korea). The number of germinated seeds was recorded 
every after 24 h.

To determine the bacterial efficiency of the isolated spore 
associated bacteria in improving seed germination, the bac-
teria were grown in nutrient broth supplemented with 4 % 
NaCl and cells were collected, washed and re-suspended in 
sterile 0.03 M MgSO4 (108 cells ml−1). Bacterial treatment 
of the surface sterilized seeds was done by immersing them 
in bacterial cells suspended in MgSO4 solution for 2–4 h 
in shaker at 60 rpm. Ten seeds per treatment were placed 
on sterilized filter paper (Whatman No. 2) in Petri dishes 
with 0, 100 and 200 mM NaCl and incubated for 4 days. 
Seeds without any treatment served as negative control and 
seeds treated only with saline solution were used as positive 
control. The petri dish covers were removed every 12 h at 
an open air circulation area to record the germination and to 
moisten the filter paper.

Gnotobiotic assay

Five bacteria were chosen for further gnotobiotic assay 
based on their PGP characters and their ability to improve 
seed germination under saline condition. Maize seeds 
were surface sterilized as mentioned above and allowed to 

including tomato (Cuartero and Fernandez-Munoz 1999), 
canola (Jalilia et al. 2009) and wheat (Egamberdieva 
2009). Like any other stress factor, salinity also elevates 
the level of stress ethylene (Mayak et al. 2004). Although 
little amount of ethylene is needed to break seed dormancy 
(Esashi 1991), following seed germination, high amounts of 
ethylene production inhibit root elongation. The production 
of the enzyme 1-aminocyclopropane-1-carboxylate (ACC) 
deaminase by bacteria has been well studied due to their 
significance in alleviating stress ethylene level in seedlings. 
Siddikee et al. (2015) reported that ACC deaminase con-
taining halotolerant bacteria ameliorated response of canola 
seedlings under salt stress by reducing the stress ethylene 
level.

Physiologically evolved stress ethylene has been reported 
to be more detrimental and can cause more damage in plants 
compared to the direct effects of the abiotic stress (Grichko 
and Glick 2001; Ali et al. 2014; Subramanian et al. 2015). 
Bacteria containing ACC deaminase activity cleaves ACC, 
a precursor of ethylene into ammonia and α-ketobutyrate, 
thus reducing ethylene production in seedlings (Mayak et 
al. 2004; Ali et al. 2014). Plant growth promotion through 
ACC deaminase activity of soil bacteria and plant associated 
endophytic bacteria have been studied previously. However, 
the role of ACC deaminase containing spore associated 
bacteria (SAB) of arbuscular mycorrhizal fungi (AMF) in 
reducing ethylene level is still uncertain. Spore associated 
bacteria of AMF were shown to improve plant growth and 
protect plants from phytopathogenic attack (Li et al. 2007; 
Bharadwaj et al. 2008). However, the exact mechanism on 
which these spore associated bacteria improve plant growth 
and help plants resist various detrimental environmental 
conditions is still not clear. In our previous study, we iso-
lated spore associated bacteria from the surfaces of Glomus 
caledonium, Racocetra alborosea and Funneliformis mos-
seae (Selvakumar 2016) and characterized for their associa-
tion with spore walls. Thus, this study aimed to evaluate the 
plant growth promoting characters of spore associated bac-
teria and their ability to improve resistance of maize plants 
to salt stress.

Materials and method

Plant growth promoting characters of spore associated 
bacteria

ACC deaminase containing 22 spore associated bacte-
ria were selected for this study (Table S1). Salt tolerance 
of the isolates was determined in nutrient agar media 
amended with different concentrations of NaCl (2, 4, 6, 
8, 10, 12 and 14 %). ACC deaminase activity was deter-
mined by growing the bacterial strains in nitrogen-free 
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94 °C for 4 min then 30 cycles of 30 s at 94 °C, 30 s at 50 °C, 
and 30 s at 72 °C and the final extension at 72 °C for 7 min. 
The presence of nodA gene was determined by amplifying 
the genomic DNA using a pair of specific primers, nodA-1 
(5′-TGC RGT GGA ARN TRN NCT GGG AAA-3′) and 
nodA-2 (5′-GGN CCG TCR TCR AAW GTC ARG TA-3′) 
as described by Palaniappan et al. (2010). The PCR reaction 
was performed using the following conditions: an initial 
denaturation step (94 °C, 5 min), followed by 20 cycles of 
denaturation (94 °C, 30 s), annealing (from 60 °C to 50 °C, 
30 s) and extension (72 °C, 42 s), followed by 22 cycles of 
denaturation (94 °C, 30 s), annealing (50 °C, 30 s), exten-
sion (72 °C, 42 s) and final extension (72 °C, 7 min). The 
amplified products were resolved on a 1 % agarose gel in 
1× TAE buffer and visualized under UV light (Bio-Rad Lab-
oratories, CA, USA).

Statistical analysis

Data were subjected to analysis of variance (ANOVA) and 
the mean significant differences were compared by t test and 
Duncan’s multiple range test (DMRT) at P ≤ 0.05. All data 
was analyzed using SAS package, Version 9.4.

Results and discussion

Plant growth promoting potential of spore associated 
bacteria

This study demonstrates the effectiveness of spore associ-
ated bacteria containing ACC deaminase activity in improv-
ing seedling germination and inducing salt tolerance during 
the early stages of maize growth. Of the 22 isolates charac-
terized to be associated with AMF spores, several PGP traits 
have been identified in all isolates (Table 1). Twelve bacte-
ria were able to grow in over 10 % NaCl, four bacteria in 
6 % NaCl and three bacteria in 4 % NaCl. All of the 22 spore 
associated bacteria were able to produce varying amounts 
of IAA in the presence of L-tryptophan, a precursor of IAA 
biosynthesis. IAA plays an important role in growth promo-
tion by increasing the total root surface area which leads to 
increased mineral uptake by plants (Spaepen and Vander-
leyden 2010). Strain Bacillus aryabhattai S210B8 showed 
the highest IAA production in the presence of tryptophan 
followed by P. koreensis S2CB35. All of the 22 bacteria 
showed ACC deaminase activity, in particular, Variovorax 
paradoxus S2CB41 showed the highest activity among the 
strains followed by B. aryabhattai S1CB4. ACC deami-
nase activity is an important PGP trait as this is involved 
in reduction of stress ethylene (Glick et al. 2007). Nineteen 
bacteria which were able to grow in 4 % NaCl or greater 
concentration were tested for phosphate solubilizing ability. 

germinate in Petri dishes containing moistened filter paper 
for 2 days. Evenly germinated seedlings were then trans-
ferred to sterilized growth pouches containing 0, 25 and 
50 mM NaCl solutions. Four replicates were maintained for 
each treatment with three maize seedlings per pouch. Sterile 
Hoagland’s nutrient solution with the desired concentration 
of NaCl was used to moisten the pouch every day. After 
7 days, shoot and root lengths of the maize seedlings were 
measured.

Determination of stress ethylene production

Ethylene emission from the maize seedlings were measured 
following the protocol of Mayak et al. (2004) with slight 
modification. Maize seeds were surface sterilized, then 
treated with SAB as described previously. One piece of fil-
ter paper was placed inside a 120 ml narrow neck bottle 
and 2 ml of de-ionized water was added to each bottle then 
autoclaved at 121 °C for 15 min. After cooling to room tem-
perature, 10 seeds were placed in each bottle then incubated 
in a plant growth chamber. Three days after germination, 
treated seeds were additionally supplied with 2 ml of bacte-
rial suspension in 30 mM MgSO4. Six days after germina-
tion, the excess liquid was drained and 2 ml of 0, 25, and 
50 mM NaCl solution was added. Four hours after the addi-
tion of saline solution, the bottles were closed for 20 h with 
a rubber septum and the ethylene from the headspaces were 
collected and analyzed. The gas samples were injected in 
a Gas Chromatograph (dsCHROM 6200, Donam Instru-
ments Inc., Republic of Korea) packed with a Poropak-Q 
column and equipped with a flame ionization detector. The 
gas chromatograph was adjusted to 40, 150 and 250 °C for 
oven, injection and detection temperatures, respectively. 
The flow rates of N2, H2 and air were 35, 30 and 300 ml 
min−1, respectively. The amount of ethylene produced was 
expressed as nmol of ethylene (g seed)−1 h−1 by comparing 
to a standard curve generated with pure ethylene.

Presence of functional genes

The presence of nifH gene was determined by amplify-
ing the 390 bp fragment using a pair of specific primers, 
19F (5′-GCIWTYTAYGGIAARGGIGG-3′) and 407R 
(5′-AAICCRCCRCAIACIACRTC-3′) as described in Ueda 
et al. (1995). The conditions of the polymerase chain reac-
tion (PCR) were: initial denaturation at 94 °C for 4 min 
then 30 cycles containing 30 s at 94 °C, 1 min at 50 °C, and 
30 s at 72 °C and the final extension at 72 °C for 7 min. The 
presence of acdS gene was determined by amplifying the 
558 bp fragment using primers F1936f (5′-GH GAM GAC 
TGC AAY WSY GGC-3′) and F1939r (5′-GA RGC RTC 
GAY VCC RAT CAC-3′) as described in Blaha et al. (2006). 
The PCR conditions were as follows: initial denaturation at 
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96 h, maize seed germination was reduced to 73, 63 and 
30 % in 100, 150 and 200 mM NaCl, respectively (Fig. S1). 
Egamberdieva (2009) reported that a much lower percentage 
of wheat seed germination was observed at 100 mM NaCl 
compared to non-saline controls. In our study, maize seed 
germination was high under optimal condition. However, 
as salinity increased, germination percentage decreased. 
Bacteria which were able to grow over 4 % of NaCl were 
tested for their ability to improve seed germination under 
salt stress. Under 0 mM NaCl, no significant difference was 
observed between bacterial treatment and control (Fig. 1a, 
t test, P ≤ 0.05). Under 100 mM NaCl, two bacteria treat-
ments showed significantly higher germination percent-
age compared to control (Fig. 1b, t test, P ≤ 0.05). Under 
200 mM NaCl, seven bacterial treatments showed signifi-
cantly higher germination percentage than control (Fig. 1c,  
t test, P ≤ 0.05). Similar results were obtained by Jalilia et al. 
(2009) with PGP bacterial inoculation significantly enhanc-
ing seed germination of canola at 11 and 14 dS m−1 salinity. 

All the 19 bacteria were able to solubilize tricalcium phos-
phate. P solubilization ability of bacteria can help plants to 
uptake more P by solubilizing the insoluble P into soluble 
P (Liu et al. 2014). The highest P solubilization ability was 
observed in Paenibacillus xylanexedens S210B16 followed 
by P. koreensis S2CB35. Eighteen bacteria from different 
genera were able to fix atmospheric nitrogen. Four Pseudo-
monas bacteria were able to produce siderophores, which 
can facilitate iron nutrition for the plants and are involved in 
soil borne disease suppression.

Seed germination

To confirm the PGP activities of the isolates in associa-
tion with plants, seed germination assays were conducted. 
Salinity is shown to decrease seed germination of most crop 
plants mainly by causing osmotic stress to the seeds (Sid-
dikee et al. 2015). A greater reduction in maize seed germi-
nation was observed as salt concentration increased. After 

Table 1 Plant growth promoting characters of spore associated bacteria

Strain Salt  
tolerance 
(%)

IAA productiona ACC deami-
nase activityb

P solubilizationc N 
fixation

Sid-
erophore 
productionWithout 

tryptophan
With 
tryptophan

Bacillus aryabhattai S1CB3 >10 1.31 ± 0.01 3.46 ± 0.66 3.12 ± 0.28 15.03 ± 4.94 + −
Bacillus aryabhattai S1CB4 >10 1.34 ± 0.01 5.64 ± 1.74 14.1 ± 7.09 2.13 ± 0.04 + −
Bacillus aryabhattai S110B2 >10 1.34 ± 0.01 3.24 ± 0.58 10.52 ± 2.43 29.68 ± 8.61 + −
Bacillus aryabhattai S110B3 6 1.31 ± 0.07 6.32 ± 1.52 2.37 ± 1.48 22.92 ± 6.15 + −
Bacillus aryabhattai S110B4 6 1.36 ± 0.02 3.77 ± 0.41 1.35 ± 0.65 0.53 ± 0.04 + −
Bacillus aryabhattai S120B2 >10 2.12 ± 0.08 2.52 ± 0.24 2.68 ± 1.57 50.9 ± 16.28 + −
Bacillus aryabhattai S120B3 >10 1.29 ± 0.00 2.11 ± 0.19 4.14 ± 3.49 22.04 ± 4.03 + −
Sphingomonas aquatilis S3CB10 2 2.81 ± 0.09 2.63 ± 0.21 8.15 ± 1.56 ND ND ND
Bacillus aryabhattai S310B3 >10 2.71 ± 0.30 6.98 ± 3.63 1.80 ± 1.22 26.25 ± 1.75 + −
Bacillus aryabhattai S2CB31 >10 1.33 ± 0.03 2.38 ± 0.41 4.06 ± 1.17 76.43 ± 27.73 + −
Pseudomonas koreensis S2CB32 4 2.00 ± 0.04 6.43 ± 0.04 0.65 ± 0.34 105.64 ± 2.33 + +
Pseudomonas koreensis S2CB35 4 2.01 ± 0.03 8.47 ± 0.73 0.78 ± 0.48 108.54 ± 2.88 + +
Pseudomonas koreensis S2CB37 4 2.05 ± 0.07 6.34 ± 0.14 2.38 ± 1.39 113.1 ± 1.31 + +
Variovorax paradoxus S2CB41 2 1.93 ± 0.11 1.91 ± 0.07 14.5 ± 0.16 ND ND ND
Pseudomonas koreensis S2CB45 6 2.01 ± 0.04 6.16 ± 0.14 1.65 ± 0.53 108.18 ± 1.52 + +
Sphingomonas aquatilis S2CB54 2 0.83 ± 0.42 2.87 ± 0.06 2.13 ± 0.47 ND ND ND
Bacillus aryabhattai S210B8 >10 1.63 ± 0.03 10.95 ± 2.08 2.46 ± 2.46 79.85 ± 2.45 + −
Bacillus aryabhattai S210B11 >10 1.88 ± 0.19 6.37 ± 1.30 1.95 ± 1.95 108.27 ± 1.47 + −
Bacillus aryabhattai S210B15 >10 1.85 ± 0.05 5.21 ± 0.52 2.59 ± 2.14 34.94 ± 5.96 + −
Paenibacillus xylanexedens S210B16 6 0.78 ± 0.39 1.67 ± 0.04 4.48 ± 4.48 109.32 ± 1.21 − −
Bacillus aryabhattai S220B2 >10 1.27 ± 0.04 3.21 ± 0.68 1.12 ± 1.12 94.32 ± 1.21 + −
Bacillus aryabhattai S220B4 >10 1.54 ± 0.05 3.17 ± 0.69 2.11 ± 1.39 95.90 ± 0.70 + −

Each value represents the mean of three replications ± SE
+, positive; −, negative; ND not determined
a µg ml−1

b µmol α-ketobutyrate (mg protein)−1 h−1

c g l−1
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In another study, Siddikee et al. (2015) reported that under 
120 mM NaCl, canola seed germination was increased by 
halotolerant PGP bacterial inoculation compared to control.

Early growth of maize

Based on the PGP characters and the ability to improve 
maize seed germination, five bacteria namely, B. aryabhat-
tai S110B3, P. koreensis S2CB35, B. aryabhattai S210B8, 
B. aryabhattai S210B15 and P. xylanexedens S210B16 
were selected and studied for their ability to improve 
plant growth in gnotobiotic condition. As the salinity level 
increased, maize shoot and root growth were reduced. At 
25 mM NaCl, salinity reduced the shoot and root growth by 
13 and 4 %, respectively compare to 0 mM NaCl (Fig. 2a, 
DMRT, P ≤ 0.05), whereas at 50 mM NaCl, the growth 
further reduced to 43 and 11 %, respectively compared to 
0 mM NaCl (Fig. 2b, DMRT, P ≤ 0.05). At 0 mM NaCl, all 
the bacterial treatments showed significantly higher shoot 
and root growth. At 25 mM NaCl, all the treatments signifi-
cantly improved maize growth over the control except for 
treatment with B. aryabhattai S210B15, whereas, at 50 mM 
NaCl, P. koreensis S2CB35 and B. aryabhattai S210B15 
showed significantly higher root growth compared to con-
trol. ACC deaminase plays an important role in functional 
interactions of various plant associated bacteria and fungi. 
Under salt stress, ACC deaminase activity has shown to 
improve plant growth (Nadeem et al. 2007; Siddikee et al. 
2010) and root elongation (Wang et al. 2000; Belimov et al. 
2002).

Fig. 1 SAB inoculation effect on maize seed germination. a 0 mM NaCl concentration, b 100 mM NaCl concentration, c 200 mM NaCl concentra-
tion. Each value represents the mean of three replications ± SE. *Denotes significant difference compared to control at P ≤ 0.05 (t test, SAS v9.4)

Fig. 2 Early growth and ethylene emission of maize seedlings inocu-
lated with spore associated bacteria under different salt levels. a Shoot 
length, b root length and c ethylene emission. T1, control, T2, B. ary-
abhattai S110B3, T3, P. koreensis S2CB35, T4, Bacillus aryabhattai 
S210B8, T5, Bacillus aryabhattai S210B15, T6, Paenibacillus xyl-
anexedens S210B16. Alphabets on top of columns indicate statistical 
grouping based on DMRT (P ≤ 0.5)
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growth under salt stress. Significant reduction in ethylene 
emission in maize seedlings by inoculation of Bacillus, Pae-
nibacillus and Pseudomonas strains demonstrate the effect 
of bacterial ACC deaminase activity with respect to salinity 
stress. In addition, the presence of PGP functional traits in 
these strains infers that they might have helped the maize 
plants to overcome the detrimental effects of salinity. Fur-
ther studies with PGP functional gene mutants of these bac-
teria can help identify the vital PGP characters to improve 
plant resistance to salt stress.

Acknowledgments This research was supported by the Basic Sci-
ence Research Program through the National Research Foundation of 
Korea (NRF) funded by the Ministry of Education, Science and Tech-
nology (2015R1A2A1A05001885).

Compliance with ethical standards

Conflict of interest The authors declare no conflict of interests.

References

Alexander DB, Zuberer DA (1991) Use of chrome azurol S reagents 
to evaluate siderophore production by rhizosphere bacteria. Biol 
Fertil Soils 12:39–45

Ali S, Charles TC, Glick BR (2014) Amelioration of high salinity 
stress damage by plant growth-promoting bacterial endophytes 
that contain ACC deaminase. Plant Physiol Biochem 80:160–167

Bano N, Musarrat J (2003) Characterization of a new Pseudomonas 
aeruginosa strain NJ-15 as a potential biocontrol agent. Curr 
Microbiol 46:324–328

Belimov AA, Safronova VI, Mimura T (2002) Response of spring 
rape (Brassica napus var. oveifera L.) to inoculation with plant 
growth-promoting rhizobacteria containing 1-aminocyclopro-
pane-1-carboxylate deaminase depends on nutrient status of the 
plant. Can J Microbiol 48:189–199

Bewley JD, Black M (1978) Physiology and biochemistry of seeds, 
vol I. Development, germination and growth. Springer, Berlin, 
pp 1–306

Bharadwaj DP, Lundquist P, Alstrom S (2008) Arbuscular mycorrhi-
zal fungi spore associated bacteria affect mycorrhizal coloni-
zation, plant growth and potato pathogens. Soil Biol Biochem 
40:2494–2501

Bishnoi NR, Sheroran IS, Singh R (1993) Effect of cadmium and nickel 
on mobilization of food reserves and activities of hydrolytic 
enzymes in germinating pigeon pea seeds. Biol Plant 35:583–589

Blaha D, Prigent-Combaret C, Mirza MS, Moenne-Loccoz Y (2006) 
Phylogeny of the 1-aminocyclopropane-1-carboxylic acid deam-
inase-encoding gene acdS in phytobeneficial and pathogenic 
Propeobacteria and relation with strain biogeography. FEMS 
Microbiol Ecol 56:455–470

Cuartero J, Fernandez-Munoz R (1999) Tomato and salinity. Sci Hor-
tic 78:83–125

Egamberdieva D (2009) Alleviation of salt stress by plant growth regu-
lators and IAA producing bacteria in wheat. Acta Physiol Plant 
31:861–864

Esashi Y (1991) Ethylene and seed germination. In: Matoo AK, Suttle 
JC (eds) The plant hormone ethylene. CRC Press, Boca Raton, 
pp 133–157

Glick BR, Jacobson CB, Schwarze MMK, Pasternak JJ (1994) 1-Ami-
nocyclopropane-1-carboxylic acid deaminase mutants of the 

Ethylene emission

A biphasic pattern of ethylene emission proposed by Renata 
and Gniazdowska (2012) indicated that extremely low ethyl-
ene emission is crucial for the activation of embryo axis during 
the very early stage of germination and the amount of ethyl-
ene emission increased during embryo expansion and radical 
protrusion in variety of seeds. Balancing the ethylene level 
during seed germination promotes successful physiological 
performance of the seed and plant establishment (Patricia et al. 
2010). Mayak et al. (2004) reported that ethylene is involved 
in a plant’s response to abiotic stress. The present study shows 
that when salinity increases, ethylene emission from maize 
seedlings also increased, however, inoculation of ACC deami-
nase containing bacteria reduced the ethylene emission from 
the seedlings (Fig. 2c, DMRT, P ≤ 0.05). Under 0 mM NaCl, 
B. aryabhattai S210B15 and P. xylanexedens S210B16 signifi-
cantly decreased ethylene emission by 4 and 6 %, respectively. 
Under 25 mM NaCl, B. aryabhattai S110B3, P. koreensis 
S2CB35 and P. xylanexedens S210B16 significantly reduced 
ethylene emission by 6, 6 and 5 %, respectively. Under 50 mM 
NaCl, except for B. aryabhattai S210B8, all the SAB were able 
to reduce ethylene emission of maize significantly. A previous 
study by Madhaiyan et al. (2007) reported that ACC deaminase 
producing plant endophytic Methylobacterium spp. strains 
reduced ethylene stress level and improved canola seedlings 
growth. Another study by Siddikee et al. (2015) reported that 
ACC deaminase producing halotolerant bacteria reduced eth-
ylene stress levels of canola seedlings under salt stress.

Presence of PGP functional traits

All the five bacteria were targeted for presence of PGP func-
tional traits nifH, acdS and nodA genes by PCR amplifica-
tion. Only P. koreensis S2CB35 showed the presence of all 
the three genes and P. xylanexedens S210B16 was positive 
for nifH gene (Fig. S2). Although Bacillus and Paenibacil-
lus strains showed quantitative ACC deaminase activity, 
acdS gene was not found in their genome. The phylogeny 
and evolutionary study of ACC deaminase by Nascimento 
et al. (2014) reported that despite the known ACC deami-
nase activity shown by bacteria belonging to Bacteroidetes/
Firmicutes, the presence of acdS gene in their genome was 
not identified. This explains that although known amount of 
ACC deaminase activity was present in the bacterial strains, 
acdS gene was not amplified in their genome.

Conclusion

Spore associated bacteria of AMF exhibited multiple plant 
growth promoting characters. Bacteria showing ACC deam-
inase activity improved maize seed germination and early 

1 3

Plant Growth Regul (2017) 81:159–165164



Palaniappan P, Chauhan PS, Saravanan VS, Anandham R, Sa T (2010) 
Isolation and characterization of plant growth promoting endo-
phytic bacterial isolates from root nodule of Lespedeza sp. Biol 
Fertil Soils 46:807–816

Patricia PT, Eduardo P, Marcos SB (2010) Effects of abscisic acid, 
ethylene and sugars on the mobilization of storage proteins 
and carbohydrates in seeds of the tropical tree Sesbania virgate 
(Leguminosae). Ann Bot 106:607–616

Penrose DM, Glick BR (2003) Methods for isolating and character-
izing ACC deaminase containing plant growth-promoting rhizo-
bacteria. Physiol Plant 118:10–15

Renata B, Gniazdowska A (2012) Ethylene in seed development, 
dormancy and germination. In: McManus MT (ed) The plant 
hormone ethylene, annual plant reviews, vol 44. Wiley, Oxford, 
pp 189–218

Selvakumar G (2016) Characterization of AMF spore and bacte-
ria association and their co-inoculation effect on alleviation of 
salt stress in maize plants. Dissertation, Chungbuk National 
University

Siddikee MA, Chauhan PS, Anandham R, Han GH, Sa T (2010) Isola-
tion, characterization and use for plant growth promotion under 
salt stress of ACC deaminase producing halotolerant bacteria 
derived from coastal soil. J Microbiol Biotechnol 20:1577–1584

Siddikee MA, Sundaram S, Chandrasekaran M, Kim K, Sa T (2015) 
Halotolerant bacteria with ACC deaminase activity alleviate salt 
stress effect in canola seed germination. J Korean Soc Appl Biol 
Chem 58(2):237–241

Spaepen S, Vanderleyden J (2010) Auxin and plant-microbe interac-
tions. Cold Spring Harb Perspect Biol 3(4):a001438

Subramanian P, Krishnamoorthy R, Chanratana M, Kim K, Sa T (2015) 
Expression of an exogenous 1-aminocyclopropane-1-carboxylate 
deaminase gene in psychrotolerant bacteria modulates ethylene 
metabolism and cold induced genes in tomato under chilling 
stress. Plant Physiol Biochem 89:18–23

Ueda T, Suga Y, Yahiro N, Matsuguchi T (1995) Remarkable N2-fixing 
bacterial diversity detected in rice roots by molecular evolution-
ary analysis of nifH gene sequences. J Bacteriol 177:1414–1417

Wang C, Knill E, Glick BR, Defago G (2000) Effect of transferring 
1-aminocyclopropane-1-carboxylic acid (ACC) deaminase genes 
into Pseudomonas flourescens strain CHA0 and its gacA deriva-
tive CHA96 on their growth-promoting and disease-suppressive 
capacities. Can J Microbiol 46(10):898–907

Yim W, Seshadri S, Kim K, Lee G, Sa T (2013) Ethylene emission and 
PR protein synthesis in ACC deaminase producing Methylobac-
terium spp. inoculated tomato plants (Lycopersicon esculentum 
Mill.) challenged with Ralstonia solanacearum under greenhouse 
conditions. Plant Physiol Biochem 67:95–104

plant growth promoting rhizobacterium Pseudomonas putida 
GR12-2 do not stimulate canola root elongation. Can J Microbiol 
40:911–915

Glick BR, Patten CL, Holguin G, Penrose DM (1999) Biochemical 
and genetic mechanisms used by plant growth promoting bacte-
ria. Imperial College Press, London

Glick BR, Todorovic B, Czarny J, Cheng Z, Duan J, McConkey B 
(2007) Promotion of plant growth by bacterial ACC deaminase. 
Crit Rev Plant Sci 26:227–242

Grichko VP, Glick BR (2001) Amelioration of flooding stress by ACC 
deaminase containing plant growth-promoting bacteria. Plant 
Physiol Biochem 39:11–17

Jalilia F, Khavazib K, Pazirac E, Nejatib A, Rahmanib HA, Sadaghi-
anid HR, Miransarie M (2009) Isolation and characterization of 
ACC deaminase-producing fluorescent pseudomonads, to allevi-
ate salinity stress on canola (Brassica napus L.) growth. J Plant 
Physiol 166:667–674

Kuriakose SV, Prasad MNV (2007) Cadmium stress affects seed ger-
mination and seedling growth in Sorghum bicolor (L.) Moench 
by changing the activities of hydrolyzing enzymes. Plant Growth 
Regul 54:143–156

Li B, Ravnskov S, Xie G, Larsen J (2007) Biocontrol of Pythium 
damping-off in cucumber by arbuscular mycorrhizal-associated 
bacteria from the genus Paenibacillus. Biocontrol 52:863–875

Liu FP, Liu HQ, Zhou HL, Dong ZG, Bai XH, Bai B, Qiao JJ (2014) 
Isolation and characterization of phosphate-solubilizing bacteria 
from betel nut (Areca catechu) and their effects on plant growth 
and phosphorus mobilization in tropical soils. Biol Fertil Soils 
50:927–937

Madhaiyan M, Poonguzhali S, Sa T (2007) Characterization of 1-ami-
nocyclopropane-1-carboxylate (ACC) deaminase containing 
Methylobacterium oryzae and interactions with auxins and ACC 
regulation of ethylene in canola (Brassica campestris). Planta 
226:867–876

Mayak S, Tirosh T, Glick BR (2004) Plant growth promoting bacteria 
that confer resistance in tomato and pepper to salt stress. Plant 
Physiol Bioch 167:650–656

Mehta S, Nautiyal CS (2001) An efficient method for qualitative 
screening of phosphate-solubilizing bacteria. Curr Microbiol 
43:51–56

Nadeem SM, Zahir ZA, Naveed M, Arshad M (2007) Preliminary 
investigations on inducing salt tolerance in maize through inocu-
lation with rhizobacteria containing ACC deaminase activity. Can 
J Microbiol 53:1141–1149

Nascimento FX, Rossi MJ, Soares CRFS, McConkey BJ, Glick BR 
(2014) New Insights into 1-aminocyclopropane-1-carboxylate 
(ACC) deaminase phylogeny, evolution and ecological signifi-
cance. PLoS One 9:e99168

1 3

Plant Growth Regul (2017) 81:159–165 165


	Spore associated bacteria of arbuscular mycorrhizal fungi improve maize tolerance to salinity by reducing ethylene stress level
	Abstract
	Introduction
	Materials and method
	Plant growth promoting characters of spore associated bacteria
	Maize seed germination under salt stress
	Gnotobiotic assay
	Determination of stress ethylene production
	Presence of functional genes
	Statistical analysis

	Results and discussion
	Plant growth promoting potential of spore associated bacteria
	Seed germination
	Early growth of maize
	Ethylene emission
	Presence of PGP functional traits

	Conclusion
	References


