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Abstract
Background and aims Many plant growth-promoting
endophytes (PGPE) possessing 1-aminocyclopropane-
1-carboxylate (ACC) deaminase activity can reduce
the level of stress ethylene and assist their host plants
cope with various biotic and abiotic stresses. However,
information about the endophytic bacteria colonizing
in the coastal halophytes is still very scarce. This study
aims at isolating efficient ACC deaminase-producing
plant growth-promoting (PGP) bacterial strains from
the inner tissues of a traditional Chinese folk medicine
Limonium sinense (Girard) Kuntze, a halophyte which
has high economic and medicinal values grown in the
coastal saline soils. Their PGP activity and effects on

host seed germination and seedling growth under sa-
linity stress were also evaluated.
Methods A total of 126 isolates were obtained from the
surface sterilized roots, stems and leaves of L. sinense
(Girard) Kuntze. They were initially selected for their
ability to produce ACC deaminase as well as other PGP
properties such as production of indole-3-acetic acid
(IAA), N2-fixation, and phosphate-solubilizing activities
and subsequently identified by the 16S rRNA gene se-
quencing. For selected strains, seed germination, seedling
growth, and flavonoids production in axenically growth
L. sinense (Girard) Kuntze seedlings at different NaCl
concentrations (0–500 mM) were quantified.
Results Thirteen isolates possessing ACC deaminase
activity were obtained. The 16S rRNA gene sequencing
analysis showed them to belong to eight genera: Bacil-
lus, Pseudomonas, Klebsiella, Serratia, Arthrobacter,
Streptomyces, Isoptericola, and Microbacterium. Inoc-
ulation with four of the selected ACC deaminase-
producing strains not only stimulated the growth of the
host plant but also influenced the flavonoids accumula-
tion. All four strains could colonize and can be re-
isolated from the host plant interior tissues.
Conclusions These results demonstrate that ACC
deaminase-producing habitat-adapted symbiotic bacte-
ria isolated from halophyte could enhance plant growth
under saline stress conditions and the PGPE strains
could be appropriate as bioinoculants to enhance soil
fertility and protect the plants against salt stress.
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Introduction

Saline soils and saline irrigation constitute a serious prob-
lem in agriculture suppressing plant growth and yield
worldwide (Hu and Schmidhalter 2005; Karthikeyan
et al. 2012). Increased salinization of arable land is
expected to have devastating global effects, resulting in
30% land loss within the next 25 years and up to 50% by
the middle of twenty-first century (Wang et al. 2003). At
present, strategies for alleviation of salt stress involve
developing salt-resistant cultivars, leaching excess solu-
ble salts from upper to lower soil depths, flushing soils
that contain soil crusts at the surface, reducing salt by
harvesting salt-accumulating aerial plant parts in areas
with negligible irrigation water or rainfall for leaching,
and amelioration of saline soils under cropping and
leaching (Bacilio et al. 2004; Ramadoss et al. 2013).
Halophytes are adapted to saline soils and occur naturally
in different salt environments. Understanding the salt-
tolerance mechanisms of halophytes and subsequently
developing salinity-tolerant crops and plants are now
essential for solving the current problem of crop yield
reduction. Although there are numerous reports on the
physiological and molecular mechanisms of how plants
respond to salt stress, the mechanism of salinity tolerance
is a very complex phenomenon and the nature remains
unresolved (Munns and Tester 2008; Türkan and Demiral
2009). It is noteworthy that most studies fail to consider
the fact that all plants in natural ecosystems are thought to
be symbiotic with endophytes and these habitat-adapted
symbiotic endophytes can have profound effects on host
plant stress tolerance and fitness (Rodriguez et al. 2008;
Redman et al. 2011).

Plant growth promoting endophytic (PGPE) bacte-
ria are a group of microorganisms associated symbiot-
ically with the terrestrial plants and are known for their
beneficial effects on growth and health of the host (Qin
et al. 2011b; Reinhold-Hurek and Hurek 2011;
Grönemeyer et al. 2012). The known mechanisms used
by PGPE can be either direct or indirect, similar to the
rhizosphere bacterium, such as nitrogen fixation for
plant use, ammonia production, solubilization of min-
eral phosphate, sequestration of iron for plants by

siderophores, production of plant hormones like
auxins, cytokinins and gibberellins, and biological
control of plant pathogens and deleterious microbes
through the production of antibiotics and cell wall
degrading enzymes (Lucy et al. 2004; Patel et al.
2012). In addition to these commonly studied mecha-
nisms of plant growth promotion, many PGPE have
also been shown to stimulate plant growth through the
activity of 1-aminocyclopropane-1-carboxylate (ACC)
deaminase, which reduces plant ethylene level under
unfavorable conditions and confers resistance to stress,
by catalyzing the conversion of ACC into ammonia
and α-ketobutyrate (Glick et al. 1998). Recently, the
use of ACC deaminase possessing endophytes has
become a promising alternative for plant growth pro-
motion and to alleviate plant stress caused by salinity
(Sun et al. 2009; Khan et al. 2011a; Jha et al. 2011;
Karthikeyan et al. 2012; Jha et al. 2012; Rashid et al.
2012). Therefore, production of ACC deaminase is
likely an important and efficient way for endophytes
to manipulate their plant hosts. However, little is
known at present about the bacterial community asso-
ciated with coastal halophytes, and it is not known
whether the native habitat-adapted symbiotic bacteria
could be, at least potentially, strong candidates in pro-
moting halophytes growth and contribute to their host
salt-tolerance ability.

Halophyte Limonium sinense (Girard) Kuntze, the
“pioneering plant” in salina land, is a traditional Chi-
nese folk medicine used for the treatment of fever,
hemorrhage, hepatitis, and other disorders and mainly
distributed along coastal salts marshes in southern
China. Recently, L. sinense extract was shown to pos-
sess anti-virus, antitumor, and hepatoprotective activi-
ties, and the major constituents in its leaves and roots
were flavonoids (Lin and Chou 2000; Tang et al.
2012). This herb has been regarded as a commercially
important and rare endemic perennial herb in Chinese
medicine and now being excessive exploitation and the
wild resource is critically decreased. Therefore, it is
necessary to rescue L. sinense and boost its production
to meet the human health demands. Thus, a better
understanding of the presence of the plant growth
promoting endophytic bacteria in L. sinense is impor-
tant. These bacteria may have been adapted to the salt
stress condition and could provide significant benefit
to the host plants. We may speculate that habitat-
adapted symbiotic ACC deaminase-producing PGP
bacteria from the halophyte L. sinense could be

754 Plant Soil (2014) 374:753–766



beneficial for mitigating the salt stress to the plants
growing in such salt-affected habitat.

In order to test this hypotheses, the present study
focuses on the isolation of putative endophytic bacteria
associated with halophyte L. sinense collected from
coastal salts marshes in Jiangsu Province, east China,
and evaluation the plant growth promoting activities
using the efficient ACC deaminase-producing isolates
under salinity stress. Furthermore, pertaining effects of
such stressful situation on the total flavonoids biosynthe-
sis in L. sinense were also investigated in plants with and
without bacteria inoculation.

Materials and methods

Sampling and isolation of plant-associated bacteria

Healthy plant samples of a coastal halophytic medicinal
plant, L. sinense (Girard) Kuntze, collected from the
coastal region in Jiangsu, east of China (119°26′37.30″
E, 34°40′27.38″N), were used as sources for the isolation
of plant-associated bacteria. The samples were firstly
surface sterilized using previously described procedures
(Qin et al. 2009). The sterilized tissues were also
imprinted onto nutrient agar and ISP 2 agar plates (me-
dium see below), incubated at 28 °C for 2weeks to ensure
the effectiveness of surface sterilization. Subsequently,
the surface sterilized samples were aseptically crumbled
into smaller fragments using a commercial blender and
then macerated using a sterile mortar and pestle with
sterile distilled water. Then, 100 μl of the tissue extracts
and the serial dilutions (10−1 to 10−3) were plated onto six
different isolation media: nutrient agar (peptone 5 g, beef
extract 2 g, agar 18 g, 1 L distilled water, pH 5.0), King’s
B medium (peptone 20 g, K2HPO4 1.5 g, MgSO4-7H2O
1.5 g, glycerol 20 g, and agar 15 g, pH 7.0), R2Amedium
(yeast extract 0.5 g, tryptone 0.25 g, peptone 0.25 g,
starch 0.5 g, pyruvic acid sodium 0.3 g, K2HPO4 0.3 g,
MgSO4-7H2O 0.05 g, agar 15 g, pH 7.0), TWYE medi-
um (Coombs and Franco 2003), trehalose-proline medi-
um (trehalose 5.0 g, proline1.0 g, (NH4)2SO4 1.0 g, NaCl
1.0 g, CaCl2 2.0 g, K2HPO4 1.0 g, MgSO4·7H2O 1.0 g,
agar 15.0 g, pH 7.2) and ISP 5 agar medium (Shirling and
Gottlieb 1966). All the plates were supplemented with
3 % NaCl and incubated at 28 °C for 2–4 weeks. A
representative of each colony as evident from their colony
morphology was picked and transferred to fresh nutrient
agar medium or ISP 2 (yeast 4 g, glucose 4 g, malt 5 g,

agar 15.0 g, pH 7.2) agar plates to establish pure cultures
of bacteria and actinomycetes.

Screening for plant growth promoting activities

ACC deaminase activity assay

To determine the presence of ACC deaminase, the
ability of the isolates to use ACC as nitrogen source
was checked by growing them onto DF salts minimal
agar medium supplemented with 3 mMACC instead of
(NH4)2SO4 as nitrogen source. The ACC deaminase
activity of cell-free extracts was determined by esti-
mating the amount of α-ketobutyrate (α-KB) generat-
ed by the enzymatic hydrolysis of ACC (Vessey 2003)
and the amount of α-ketobutyrate produced was deter-
mined by comparing the absorbance at 540 nm of a
sample to a standard curve of α-ketobutyrate ranging
between 0.1 and 1.0 nmol. For the detailed quantitative
determination of ACC deaminase activity, the protocol
described by El-Tarabily (2008a) was carried out. After
determining the amount of protein and α-KB, the en-
zyme activity was expressed as micromoles of α-KB
per milligram of protein per hour of the active isolates.

Determination of other plant growth-promoting traits

IAA production was examined using the colorimetric
method described by Sheng et al. (2008). The isolates
were grown in test tubes containing 3 mL of sucrose-
minimal salts medium (sucrose 1 %, (NH4)2SO4 0.1 %,
K2HPO4 0.2 %, MgSO4 0.05 %, yeast extract 0.05 %,
CaCO3 0.05 %, NaCl 3.0 %, pH 7.2) supplemented with
0.5 mg mL−1 of tryptophan. Log-phase cultures grown at
28 °C were used. The IAA concentration was determined
using a calibration curve of pure IAA as a standard
following the linear regression analysis. The nifH gene
was amplified using the primers PolF (5′-TGCGAYCCS
AAR GCB GAC TC-3′) and PolR (5-ATS GCC ATC
ATY TCR CCG GA-3′) as described by Poly et al.
(2001). N-fixation ability was also detected by observing
the growth on N-free semi-solid JNFb medium
(Döbereiner et al. 1995). Plates were incubated at 28 °C
for 7 days and then strains were re-inoculated in the JNFb
N-free semi solid medium, and bacterial growth was
observed as qualitative evidence of the atmospheric ni-
trogen fixation. P-solubilization activity was tested on
Pikovaskaya’s agar medium containing 2 % tricalcium
phosphate. The appearance of clear halo zone around
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bacterial colonies after incubation for 3–5 days at 28 °C
was observed.

Identification and tolerance to salinity
of plant-associated bacteria

The selected PGP strains were identified by determina-
tion of the 16S rRNA gene sequences. Genomic DNA
extraction and PCR amplification of 16S rRNA gene of
the strains were carried out according to the procedures
described by Qin et al. (2012). The identification of
phylogenetic neighbors and the calculation of pairwise
16S rRNA gene sequence identities were achieved using
the EzTaxon-e database (Kim et al. 2012). The phyloge-
netic relationship between the isolates and closely related
strains was investigated using the neighbor-joining
(Saitou and Nei 1987) algorithm. Phylogenetic tree was
generated using molecular evolutionary genetics analysis
(MEGA) software version 5 (Tamura et al. 2011). The
stability of the clades in the trees was appraised using a
bootstrap value with 1,000 repeats (Felsenstein 1985).
The tolerance of isolates to salinity was tested by growing
the strains on modified mineral-based nutrient agar plates
(peptone 1 g, K2HPO4 0.2 g, MgSO4·7H2O 0.2 g, CaSO4

0.1 g, agar 15 g, 1 L distilled water) supplemented with
increasing concentrations of NaCl (0–30 %, w/v, at inter-
vals of 1 %) at 28 °C.

Effects of isolates on seed germination under saline
stress

The strains possessing ACC deaminase activity were
selected to study their effects on seed germination
under salt stress. L. sinense seeds were surface steril-
ized with 75 % ethanol for 30 s, then 0.1 % HgCl for
7 min, and finally washed with distilled water. A 0.2-
ml aliquot of the final washed water was then inocu-
lated onto ISP 2 agar plates, incubated at 28 °C to
check the effectiveness of surface sterilization. Bacte-
ria used in the inoculation were grown in nutrient broth
and incubated in the absence of light at 28 °C for 24 h;
actinomycetes were grown in ISP 2 broth medium and
incubated in the absence of light at 28 °C for 72 h.
Then, the endophytes suspensions in sterile distilled
water (1.0–2.0×108 cfu mL−1 for bacteria and
106 cfu mL−1 for actinomycetes) were used for seed
inoculation; control seeds were treated with sterile
distilled water only. Seeds were soaked at room tem-
perature for 10 h in the bacterial suspensions (1 mL)

and placed onto MS medium (with 0, 100, 200, 250,
300, and 500 mM NaCl). Each plate was put 50 seeds,
and each treatment was performed in three replications.
The plants were maintained and harvested after 8 days
at the two-leaf stage.

Effects of selected strains inoculation on plant growth
promotion and total flavonoids production under saline
stress

The most efficient four strains screened from the seed
germination experiment were selected for continue inoc-
ulation. The surface sterilized seeds were inoculated with
the endophytic bacterial suspensions and placed onto MS
medium (with 0, 100, 200, and 250 mM NaCl). Seeds
were soaked in sterile water as control. Each treatment
was performed in nine replicas. The plants were grown in
a glasshouse at 25 °C and a 16/8 day/night regime. After
12 weeks, plants were removed from the growth contain-
er, roots were rinsed with water to remove attached MS
media, and growth promoting effects were evaluated by
measuring the root length, shoot length, leaf number, and
area. The total flavonoids compounds were extracted
from the whole plant using 70 % ethanol solution. The
total flavonoids content was performed by a modification
of the AlCl3 complexation method as described before
(Tavares et al. 2010). The contents of total flavonoids
were measured and then expressed as milligrams of rutin
equivalent (milligrams of rutin per kilogram of dry
weight), through the calibration cure of Rutin. The refer-
ence substance was bought from Shanghai YuanYe Bio-
technology Co., Ltd.

Inocula recovery

The inoculated L. sinense seedlings after 12 weeks were
sterilized and cut into 0.2×0.5 cm small sections, respec-
tively. Then, the samples were plated onto nutrient agar
media and incubated for 2–5 days at 28 °C. The colonies
were identified for their morphological characteristics
and compared with the original inoculated strains.

Statistical analysis

Statistical analysis was conducted by using analysis of
variance statistical package for social sciences software
18.0, and means were compared using the least significant
difference (LSD) method; P≤0.05 was considered signifi-
cant. The results were expressed as mean ± SD.
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Results

ACC-deaminase activity of isolated plant-associated
bacteria

In the present study, a total of 126 plant-associated bacterial
strains were isolated from the inner tissues of L. sinense.
Out of these, only 13 isolates were able to growonDF agar
medium amended with ACC, indicating that they have the
ACCdeaminase activities, while the rest isolates grewwell
only on the medium supplemented with (NH4)2SO4. Elev-
en of themwere isolated from leaves, and two strains were
obtained from roots. Based on the quantitative assays, 13
isolates showed different level of ACC deaminase activity
(Table 1). Highest ACC deaminase activity was exhibited
by the isolate KLBMP 4941 (177.22 μmol α-KB/mg
Pr·h), followed by strains KLBMP 5180 (147.59 μmol
α-KB/mg Pr·h), KLBMP 4905 (133.83 μmol α-KB/mg
Pr·h), and KLBMP 4942 (114.38 μmol α-KB/mg Pr·h).

Characterization of other PGP properties of the isolates

All of the ACC deaminase-producing strains were
tested for other PGP properties. Biosynthesis of IAA
showed differences among strains and was summa-
rized in Table 1. Ten strains could produce IAA and

the determined levels ranged from significant 0.15 to
8.24 mg/L. The PCR reaction showed six isolates
contained an amplifiable product of the expected size
(~360 bp) on agarose gel electrophoresis, and they
could also grow on N-free semi-solid JNFb medium,
suggesting that they have nitrogen fixation activity. In
the phosphate solubilization test, only four strains
showed the appearance of well-developed clearing
zones after incubation for 5 days. The isolate KLBMP
5045 displayed all the PGP characteristics. The NaCl
tolerance of all the isolates was tested, and the results
showed that all of them were able to tolerate 7 % NaCl,
five of them could tolerate more than 10 % NaCl and
one strain KLBMP 5045 was able to tolerate 23 %
NaCl. All the 13 strains were selected to study their
effects on seed germination and seedling growth under
saline stress.

Identification of plant-associated bacteria

After DNA extraction and PCR amplification, phylogenet-
ic analysis was carried out. The 13 ACC deaminase-
producing strains were identified by partial and full-
length sequencing of the 16S rRNA gene sequences. The
percentage of 16S rRNA gene sequence similarities (95.7–
100 %) of these isolates to the closest type strains was

Table 1 Plant growth promoting traits of isolated endophytic bacteria associated with L. sinense

No. of isolates and origin Nitrogen fixation Phosphate solubilization IAA ACCa Salt tolerance range %
(mg/L) μmol α-KB/ (mg Pr·h)

KLBMP 4905 (leaf) − − –b 133.83c±0.48 0–13

KLBMP 4920 (leaf) − − 3.26a±0.04a 8.65a±0.81 0–8

KLBMP 4941 (leaf) + − 0.15a±0.02a 177.22 cd±0.19 0–8

KLBMP 4942 (leaf) + − – 114.38d±0.38 0–7

KLBMP 4960 (leaf) − + 5.97a±0.05a 8.20a±0.39 0–8

KLBMP 4968 (leaf) − − –b 9.39a±0.90 0–16

KLBMP 5037 (leaf) + − –b 10.32a±0.42 0–10

KLBMP 5045 (leaf) + + –b 10.90a±0.41 0–23

KLBMP 5066 (root) + − – 6.62a±0.03 0–7

KLBMP 5084 (leaf) − + 8.24a±0.05a 8.79a±0.37 0–7

KLBMP 5180 (root) − − – 147.59cd±0.52 0–13

KLBMP 5219 (leaf) − + –b 10.62a±0.59 0–8

KLBMP 5229 (root) + − 6.08a±0.04a 7.45a±0.67 0–9

Values sharing the same letter(s) in column do not differ significantly according to Duncan’s multiple range test (P=0.05)
aMean of three replicate observations ± SD (Standard deviation)
bMean of lower than 0.1 mg/L
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presented in Table 2. Based on the sequence of the 16S
rRNA gene, these strains distributed under eight different
genera: Bacillus (three isolates), Pseudomonas (two iso-
lates), Klebsiella (three isolates), Serratia (one isolate),
Arthrobacter (one isolate), Streptomyces (one isolate),
Isoptericola (one isolate), and Microbacterium (one
isolate).

Effects of PGP strains on the seed germination
and seedling growth under saline stress

Only four strains namely KLBMP 4941, KLBMP 4942,
KLBMP 5180, and KLBMP 5084 among the thirteen
ACC deaminase producing isolates could significantly
enhance the seed germination percentage under salt stress
condition (Table 3). Generally, seed germination percent-
age (both inoculated and control groups) was gradually
reduced along with the increasing of the concentration of
NaCl. At the low NaCl concentration (0, 100, and
200 mM), the greatest effect was found from strain
KLBMP 4941, of which the germination percentage en-
hanced by 16.9, 150, and 81.8 %, respectively. At the
moderate NaCl concentration (250 mM), all strains en-
hanced germination percentage by 25–60.7%except strain
KLBMP 4942. For the high NaCl concentration (300,
500 mM), all the four strains showed excellent seed ger-
mination promoting effects, enhanced by at least 100 %.
However, at the high NaCl concentration, the seedling

growthwas inhibited and the growth became slowly. Thus,
their roles were further assessed under low and moderate
salinity stress (100, 200, and 250 mM).

After 12 weeks of bacteria and host–plant association,
the results indicated that plant growth indexwere similar in
bacteria inoculated and non-inoculated seedlings grown
without salt stress (Table 4). Generally, the increased salt
concentration resulted in a gradual reduction in plant
growth especially over 100 mM NaCl (Table 4, Fig. 1).
However, bacteria-inoculated L. sinense seedlings show
significant increases in plant root length, shoot length, leaf
number, and area as compared to the non-inoculated con-
trol under salinity stress (100, 200, and 250 mM). At
200 mM salt concentration, they significantly (P≤0.05)
increased root length by 79–159 %, shoot length by 50–
131 %, and total number of leaves up by 38 % as com-
pared to the control plants. At 250 mM salinity, the per-
centage increase in root length in PGP strains inoculated
plants was 52–127 %, in plant shoot length it was 17–
68 %, and in leaf area was 87–702 %, indicating the effect
of PGPE in alleviating the effects of salt stress of L. sinense
seedlings was prominent.

Effects of PGP strains on the host flavonoids
production under saline stress

Changes in total flavonoids content in L. sinense seed-
lings were shown as response to both NaCl and PGP

Table 2 Identification of the ACC deaminase producing putative endophytic bacteria by 16S rRNA gene sequences

No. of isolates Genera Nearest type strain Similarity (%) of 16S rRNA gene Accession number

KLBMP 5180 Arthrobacter A. soli (EF660748) 98.4 JN638413

KLBMP 4905 Bacillus B. megaterium (D16273) 99.7 JN638417

KLBMP 4941 B. flexus (AB021185) 100 JN638419

KLBMP 5066 B. aerophilus (AJ831844) 100 JX993775

KLBMP 4920 Pseudomonas P. brassicacearum subsp.
brassicacearum (AF100321)

95.7 JN638415

KLBMP 4968 P. brassicacearum subsp.
brassicacearum (AF100321)

99.7 JN638422

KLBMP 5045 Klebsiella Klebsiella pneumoniae subsp.
rhinoscleromatis (ACZD01000038)

99.5 JN638428

KLBMP 5219 Klebsiella pneumoniae subsp.
rhinoscleromatis (ACZD01000038)

99.8 JN638423

KLBMP 5229 Klebsiella pneumoniae subsp.
rhinoscleromatis (ACZD01000038)

99.8 JN638421

KLBMP 5084 Streptomyces S. pactum (AB184398) 100 JX993791

KLBMP 4942 Isoptericola I. dokdonensis (DQ387860) 100 JX993798

KLBMP 4960 Serratia S. rubidaea (AB004751) 100 JN638418

KLBMP 5037 Microbacterium M. paraoxydans (AJ491806) 99.7 JN638426
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strains inoculation (Fig. 2). The amount of total flavo-
noids was enhanced with increasing concentrations of
salt. Similarly, when endophytic bacteria were present,
an increase in content of flavonoids was also observed
regardless of salt concentration. In 100 mM NaCl
stress, a significant increase (17.03±0.22, 17.31±0.73,
21.74±0.29, and 24.38±0.25 mg/kg) in total flavonoids
content was observed under endophytic association
plants compared with control (7.30±0.08 mg/kg). In
200 mM salt stress treatments, plants with bacteria
association had 1.8- to 3.6-fold increase in flavonoids
quantity compared to non-inoculated control plants. At
highest salinity level of 250 mM of NaCl, accumula-
tion of total flavonoids was enhanced up to 2.5- to 3.6-
fold in the seedlings inoculated with PGPEs compared
to control plant. In total, effect of strains KLBMP
4942, KLBMP 5084, and KLBMP 5180 on accumula-
tion of the total flavonoids was better than strain
KLBMP 4941 in every salinity treatment. After
12 weeks growth, all of the four PGP strains were
successfully re-isolated from the inner tissues of L.
sinense seedlings, demonstrating that the four strains
could be putative endophytes (Supplementary Fig. 1).

Discussion

Endophytic bacteria have been found within different
organs, such as roots, stems, leaves, and seeds of
studied plants. In comparison with rhizosphere and
phyllosphere bacteria, endophytic bacteria are likely
to interact more closely with their host. In these very
close plant–endophyte interactions, plants provide nu-
trients and residency for bacteria, which in exchange
can directly or indirectly improve plant growth and
health, especially under various biotic and abiotic
stresses (Weyens et al. 2009). The understanding of

the role of these bacteria on promoting plant growth
may allow some practical applications for a more sus-
tainable crops production.

Salinity is one major limiting factor to plant growth
and crop productivity (Allakhverdiev et al. 2000). In
the coastal regions of eastern China, there are plant
species successfully adapted to saline environments
and differentiated in the evolutionary strategy for this
tolerance. The Chinese folk medicine L. sinense is
mainly distributed along salts marshes along Chinese
seashore, in which the wetland of Jiangsu province is
the broadest. This salt-secreting halophyte has various
physiological, biochemical, and molecular level mech-
anisms that allow optimal growth in saline conditions
(Chen et al. 2007), and perhaps part of its adaptive
success would depend at least on its ability to establish
and maintain effective associations with habitat-
adapted symbiotic plant growth promoting endophytic
bacteria. However, at present, there are no published
works about the isolation and characterization of the
endophytic bacteria associated with this halophyte in
natural saline conditions. Our work is the first report
about the isolation and plant growth promoting poten-
tial evaluation of bacteria associated with this impor-
tant and critically decreased halophyte. However, as
the unequivocal microscopic proof of endophytic ca-
pacities of the isolated strains has not yet been carried
out, we refer to the isolates as putative endophytes.

The ability plant growth promoting bacteria (PGPB)
in exhibiting various PGP traits such as nitrogen fixa-
tion, production of phytohormones, phosphate solubi-
lization, siderophore production, ACC deaminase ac-
tivity, and resistance to certain pathogens has been well
documented by many workers (Forchetti et al. 2007;
Karthikeyan et al. 2012). However, studies on endophytic
bacteria with PGP potential frommedicinal halophytes are
still few. Bacteria that have ACC deaminase activity help

Table 3 Effects of inoculation of four ACC deaminase producing putative PGPE strains on L. sinense seed germination after 8 days

No. of isolates 0 mM NaCl 100 mM NaCl 200 mM NaCl 250 mM NaCl 300 mM NaCl 500 mM NaCl

control 83 %(±0.57)ab 30 %(±1.00)a 33 %(±2.31)a 28 %(±1.53)a 15 %(±1.00)a 12 %(±2.08)a

KLBMP 4942 85 %(±1.73)ab 43 %(±0.58)ab 53 %(±0.57)ab 28 %(±0.58)a 37 %(±2.52)b 28 %(±1.53)ab

KLBMP 5180 77 %(±1.15)a 51 %(±0.58)bc 42 %(±1.52)ab 45 %(±1.00)a 35 %(±1.00)b 25 %(±1.73)ab

KLBMP 5084 78 %(±1.53)a 58 %(±1.16)bc 55 %(±1.52)ab 42 %(±1.53)a 38 %(±2.08)b 27 %(±1.53)ab

KLBMP 4941 97 %(±1.16)b 75 %(±3.61)c 60 %(±2.64)b 35 %(±2.00)a 35 %(±1.00)b 40 %(±0.57)b

Data (%-value means: germination rates of seeds) are represented as average of three replicates. Values sharing the same letter(s) in
column do not differ significantly according Duncan’s multiple range test (P=0.05)
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plants to withstand stress (biotic and abiotic) by reducing
the level of stress ethylene. Previous studies also showed
that organisms with a level of ACC deaminase activity of
20 nmol α-KB/mg Pr·h or higher is sufficient to promote
host plant growth (Penrose and Glick 2003). In this study,
we tested thirteen ACC deaminase possessing (6.62–
177.22 μmol α-KB/mg Pr·h) putative endophytic bacteria
for their growth-promoting activity under salt stress. Our
study revealed that seed treatment with four ACC
deaminase-possessing PGPE strains improved seed germi-
nation and vigor over the non-inoculated seeds of L.
sinense under salt stress. In total, the PGP effects are
consistent with the ACC deaminase activity level. Observ-
ing the ACC deaminase activity, the four most promising
strains (KLBMP 4941, KLBMP 4942, KLBMP5180, and
KLBMP 5084) nearly displayed highest ACC deaminase
levels except for strain KLBMP 5084. Special case was
strain KLBMP 4905, which exhibited higher ACC deam-
inase activity (133.83 μmol α-KB/mg Pr·h) but did not

promote the seed germination under salt stress. However,
we still need to construct the ACC deaminase-deficient
mutants to test the ability of the wild-type strains, and to
prove that the growth-promotion activity was solely attrib-
utable to the ACC deaminase (Sun et al. 2009). The 13
strains were also screened for their tolerance levels of
NaCl. All the strains could tolerate at least 7 % (w/v) NaCl
concentrations on modified mineral-based NA plates. Tol-
erance of putative endophytic bacterial strains to high
salinity levels in the present study was probably because
of the naturalization in the endophytic saline habitats. The
results of our current study confirmed the findings of
earlier works performed by other researchers who demon-
strated the increased resistance to various stress (Mayak
et al. 2004; Shaharoona et al. 2007; Cheng et al. 2007;
Zhang et al. 2011; Ahmad et al. 2011; Siddikee et al. 2011)
in plants treated with ACC deaminase containing PGPB.
Similar improvement of seed germination has been report-
ed with other halophytes. Jha et al. (2012) reported that

Fig. 1 ACC deaminase-producing bacteria inoculation effect on
shoot and root growth of 12 weeks old L. sinense seedlings
exposed to different salt concentration (100, 200, and 250 mM)

under gnotobiotic conditions. aWithout NaCl, b 100 mM NaCl,
c 200 mM NaCl, d 250 mM NaCl

Plant Soil (2014) 374:753–766 761



different halotolerant diazotrophic bacteria from the halo-
phyte Salicornia brachiatawere able towithstand high salt
concentration and were able to facilitate plant growth
promotion in the presence of growth inhibitory levels of
salt. Our present study agrees with previous findings that
halophytes are useful sources of halotolerant bacteria with
plant growth-promoting potential. The results presented
here also support the hypothesis that PGPE can contribute
to the salt habitats adaptation of halophytes.

The ACC deaminase activity isolates were also
screened multiple plant growth promoting traits, in-
cluding IAA production, phosphate solubilization,
and nitrogen fixation. Results summarized in Table 1
showed that some of them exhibited capacity to grow
in nitrogen-free conditions and produce IAA. Maybe
the applied nifH PCR reaction using the primers PolF
and PolR was not suitable for all the nifH-sequences in
the present study. Some isolates may still be character-
ized as nitrogen fixers, if alternative nifH-primers sys-
tems would have been applied. Thus, acetylene reduc-
tion is still quite valid as general method and recom-
mended to test the nitrogen fixation ability of the
isolates. Notably, the three most promising strains
(KLBMP 4941, KLBMP 4942, and KLBMP 5180)
had no or very low similar levels of IAA but had
significant different levels of ACC deaminase (Ta-
ble 1), suggesting that the ability of the three strains

to promote plant growth under salt condition may be
related to their capacity to produce ACC deaminase.
One of the most promising strain KLBMP 5084 exhib-
ited lower ACC deaminase activity (only 8.79 μmol α-
KB/mg Pr·h) but produced maximum 8.24 mg/L IAA.
Since IAA secreted by bacteria may promote root
growth directly, by stimulating cell elongation or cell
division (Pattern and Glick 2002), the observed posi-
tive effect of strain KLBMP 5084 on seed germination
and seedling growth could be due to this mechanism.
This result was consistent with a salt tolerant isolate of
Azospirillum brasilenseNH producing high IAA under
salt stress, which was suggested as the mechanism to
improve salt tolerant growth of wheat plants (Nabti
et al. 2010). Obviously, there could be more than one
mechanism that PGPE employed for protection against
salt stresses.

Phylogenetic analysis of 16S rRNA gene sequence
revealed that diverse assemblage of cultivable PGP strains
belonging to eight different genera exist as endophytes
associated with halophyte L. sinense (Table 2). The 16S
rRNA gene sequence of isolate KLBMP 4920 showed
95.7 % similarity with the type strain Pseudonomas
brassicacearum subsp. brassicacearum, which has been
described as the major root-associated bacteria of
Arabidopsis thaliana and Brassica napus plants and has
the ability to suppress plant pathogens by producing

Fig. 2 Total flavonoids profile of whole plant L. sinense treated with salt stress under putative endophytic interaction (control means no
endophytes inoculation). Bars represent means plus standard error
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antifungal compounds (Ortet et al. 2011). Thus, it is quite
possible that this strain represents a new species of the genus
Pseudonomas. Pseudomonas sp. is widespread bacteria in
agricultural soils and has many traits that make them well-
matched as plant growth-promoting rhizobacteria (Noori
and Saud 2012). The 16S rRNA gene sequences revealed
that the four PGPEdistributed onto four different genera and
corresponded to the bacterial species Bacillus flexus and
actinobacterial species Arthrobacter soli, Streptomyces
pactum, and Isoptericola dokdonensis. The genus Bacillus
is very abundant and occupies diverse ecological niches.
Plant growth promoting strains of Pseudomonas and Bacil-
lus have been widely studied for enhancement of plant
growth (Choudhary and Johri 2008; Hol et al. 2013) and
have been isolated from other halophytes (Ozawa et al.
2007; Sgroy et al. 2009; Jha et al. 2012).

Interestingly, three PGPE strains are actinobacteria.
Endophytic actinobacteria are of special interest since
they possess many properties that could benefit to plant
growth and the plant growth promoting actinobacterial
endophytes possess similar mechanisms like PGPR (Qin
et al. 2011b). In the last decades, the endophytic
actinobacterial genera, such as Streptomyces, Micrococ-
cus, Arthrobacter, Micromonospora, Pseudonocardia,
and Amycolatopsis have been isolated from various plant
species and many of them have positive effects on host
plants (Qin et al. 2011a; Li et al. 2012; Rungin et al.
2012). For example, several Streptomyces species, such
as Streptomyces rimosus and Streptomyces viridis, have
the ability to produce IAA and improve plant growth.
Treatment of seeds with auxin-producing strains in-
creased the germination capacity and enhanced an inten-
sive seedling growth (El-Tarabily et al. 2008b; Khamna
et al. 2010). Although ACC deaminase have been reported
to be produced by many bacteria, scarce study has been
made to screen endophytic actinobacteria for their potential
to produce ACC deaminase and to enhance plant growth.
To the best of our knowledge, present study is the first
report to show that endophytic actinobacterial strain be-
longing to the genus Isoptericola associated with a halo-
phyte exhibits the PGP activity and the first report of
utilization the ACC deaminase endophytic actinobacteria
to enhance the seed germination and seedlings growth
during salt stresses.

Flavonoids are ubiquitous plant secondary products
with a myriad of developmental and physiological
roles in plants and have become hot topic due to
various human health benefits (Buer et al. 2010). It is
known that the content of flavonoids may depend on

many aspects such as environment, cultural practices,
biotic and abiotic stresses, and genetic factors (Pandino
et al. 2010). In general, flavonoids are a remarkably
diverse group of secondary products with a vast array
of biological functions, including apparent roles in
stress protection (Winkel-Shirley 2002). Current study
showed decreased growth but an accumulation of total
flavonoids contents in L. sinense seedlings when ex-
posed to salt stress without bacteria association. How-
ever, plants hosting putative endophytic bacteria ex-
hibited better growth and higher total flavonoids con-
tents in seedlings compared to control plants. A posi-
tive correlation was found between flavonoids biosyn-
thesis and increased NaCl concentration in plants treat-
ed with putative endophytes. It has also been widely
accepted that plant–microorganisms symbiotic associ-
ation can improve plant growth and also enhance nu-
tritional quality and biochemical contents. The same
effects that PGPE association correlated with quantita-
tive changes in isoflavones contents has already been
mentioned in other reports on different host plants
(Sharifi et al. 2007; Khan et al. 2011b). Our results
are also in correlation with the previous studies. Maybe
the increased levels of total flavonoids were not only
the results of increased biomass (root length, shoot
length, leaf number, and area) compared to control
plants under salt stress but also of other unknown
mechanisms that needed to be further elucidated.

Conclusion

Endophytes represent a new area of research and offers
wide range of benefits to host plants. The present study
suggests that halophyte L. sinense is naturally associ-
ated with a variety of putative endophytic bacteria,
which exhibited higher tolerance to salinity and
displayed different plant growth promoting traits. Our
results provide strong evidence that the role of habitat-
adapted symbiotic ACC deaminase producing putative
endophytic bacteria in the performance of L. sinense
plants in salt stressful condition consists not only in the
improved seed germination and seedlings growth, but
also in the improvement host flavonoids production.
These effects could be due to the bacterial adaptation to
the endophytic saline environment where the bacteria
were isolated. However, a defined endophytic locali-
zation of the bacteria still needs to be determined by
microscopic or other molecular methods. Taking into
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account the fact that the wild Chinese folk medicine L.
sinense is critically decreased, from our findings arise
the possibility of using this biotechnological approach
to obtain habitat-adapted symbiotic PGP bacteria to
improve the quality and productivity of L. sinense
and other important plants in saline soil. However,
the favorable role of these putative PGPE still needs
to be investigated under field condition.
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