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Abstract Petroleum is potentially toxic to living organ-
isms, and there are worldwide efforts to develop methods
for bioremediation of petroleum-contaminated soils. Phy-
toremediation is an effective method to reduce the con-
centration of petroleum in soils, and plant growth-
promoting rhizobacteria (PGPR) play an important role in
the phytoremediation. Two PGPR, Pseudomonas aerugi-
nosa SLC-2 and Serratia marcescens BC-3, were isolated
from the rhizophere of Echinochloa grown in petroleum-
contaminated soil. These isolates showed capacities for
1-aminocyclopropane-1-carboxylate (ACC) deaminase ac-
tivity, indole acetic acid production, siderophore synthesis,
and the degradation of petroleum. The ACC deaminase
activity of SLC-2 and BC-3 was 2.52 + 0.03 pmol a-KA
(mg Pr-h)™" and 38.52 + 0.37 pmol o-KA (mg Pr-h)~",
respectively. On the other hand, when the concentration of
L-Trp increased, the TAA synthesis of BC-3 also increased,
while the synthesis of SLC-2 did not change significantly.
The ability of synthesized siderophore of SLC-2 was much
higher than that of BC-3. The petroleum degradations of
SLC-2 and BC-3 increased 4.78 and 7.36 %, respectively.
The pot experiment of oat was performed to evaluate the
plant growth-promoting abilities of SLC-2 and BC-3.
Compared with non-inoculated controls, the height and
fresh weight of stems increased (23.64 and 42.57) % and
(16.98 and 28.3) %, respectively, whereas the length and
fresh weight of roots also increased (10.34 and 20.84) and
(24.13 and 43.11) %, respectively, when inoculated with
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SLC-2 and BC-3. The results indicated that P. aeruginosa
SLC-2 and S. marcescens BC-3 can serve as promising
microbes for increasing plant growth in petroleum-con-
taminated soil to improve the phytoremediation efficiency.
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Introduction

With increasing industrialization, environmental problems
such as the pollution of the petroleum and saline-alkali
fields have become a global issue (Mohawesh et al. 2014;
Ogri 2001; Sakai et al. 2004; Sharma et al. 2012). Many
developing countries face serious problems with soil pol-
lution, but environmental concerns seem to be a luxury
given the economic situation in most countries (Nav-
abakhsh and Tamiz 2013). Common soil cleanup tech-
nologies are often beyond financial possibilities, especially
if large areas or volumes of soil are contaminated. Fur-
thermore, soil structure and biology can be dramatically
disturbed or even destroyed making the land useless for
agricultural purposes (Conesa et al. 2014; Merkl et al.
2006). In contrast, phytoremediation, the use of higher
plants for decontamination of soil, water, and sediments, is
a cost-effective technique that, at the same time, is non-
destructive and even has a rehabilitating effect on soil
structure and ecology (Marinescu et al. 2010). Phytore-
mediation, the process of utilizing plants to absorb, accu-
mulate, and detoxify organic pollutants in soil, is
considered an alternative strategy for the remediation of
soils contaminated with petroleum (Gerhardt et al. 2009;
Ma et al. 2009).
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Plant growth-promoting rhizobacteria (PGPR) are
beneficial soil bacteria, which may facilitate plant growth
and development both directly and indirectly (Lucy et al.
2004), and they can colonize near growing roots, and grow
using root exudates as carbon sources. Direct mechanisms
include N, fixation, soil mineral solubilization, productions
of plant growth-promoting substances (auxins, cytokinins
or gibberellins), and reduction in ethylene levels, among
others. Indirect mechanisms include favoring colonization
by other beneficial soil microorganisms, as mycorrhizal
fungi, and repressing the growth of plant pathogenic mi-
croorganisms (Lugtenberg and Kamilova 2009; Vessey
2003), when bacteria decrease or prevent some of the
deleterious effects of a phytopathogenic organism by one
or more mechanisms. The direct promotion of plant growth
by PGPR generally entails providing the plant with a
compound that is synthesized by the bacterium or fa-
cilitating the uptake of nutrients from the environment (Xie
et al. 1996).

There are several ways in which the different PGPR may
directly facilitate plant growth: synthesize enzymes that
can modulate plant growth and development; synthesize
siderophores which can provide iron to plants; and syn-
thesize various phytohormones, such as auxins and cy-
tokinins (Penrose and Glick 2003). A bacterium may
promote plant growth using any one way. Moreover, a
bacterium may utilize different trains at various times
during the life cycle of the plant, providing a mechanism
for the solubilization of phosphorus. Soil-plant-microbe
interactions are complex, and there are many ways in
which the outcome can influence the plant health and
productivity (Dastager et al. 2010).

To overcome the disadvantage of phytoremediation in
which the growth of plants is inhibited by contaminants,
rhizoremediation employing plants and rhizobacteria si-
multaneously has been recently suggested as a promising
strategy. Using the 1-aminocyclopropane-1-carboxylic acid
(ACC) deaminase activity, many rhizobacteria can divert
ACC. The plant treated with bacteria containing ACC
deaminase may have relatively extensive root growth due
to less ethylene (Babalola 2010) and can better resist var-
ious stresses (Mani and Kumar 2014; Yang et al. 2009). In
a recent study, utilization of PGPR which contain ACC
deaminase activity, which promotes plant growth and de-
velopment under both stress and normal conditions, and
genetic manipulation of cultivars with genes expressing
this enzyme, has attracted much attention among scientists
(Sergeeva et al. 2006). Rhizobium leguminosarum bv. tri-
folii SN10 which could synthesize IAA and ACC deami-
nase promote the growth of four different rice varieties
grown in terms of biomass, root branching, and N content
(Bhattacharjee et al. 2012). Enterobacter cancerogenus
MSA?2 supplemented with 1 % carboxymethylcellulose
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showed overall plant growth promotion effect, resulting in
enhanced Jatropha cucas root length 124.14 %, fresh root
mass 81 %, fresh shoot mass 120.02 %, dry root mass
124 %, dry shoot mass 105.54 %, number of leaf 30.72 %,
chlorophyll content 50.41 %, and biomass 87.20 % over
control under the days of experimental observation (Jha
et al. 2012).

The PGPR can increase plant growth by promoting the
mineralization of nutrients, the mineral phosphate solubi-
lization, and production of growth hormones like auxin and
gibberellins (Hayat et al. 2010; Richardson et al. 2009).
Moreover, PGPR are important biological control agents
because they can eliminate pathogens from the rhizosphere,
the production of beta-1, 3-glucanase, chitinases, antibi-
otics, hydrogen cyanide, and siderophores, which are
composed of low molecular weight iron chelators produced
by most bacteria under limiting conditions of this element
(Ferreira et al. 2011).

Recently, microbe-assisted phytoremediation has ap-
peared as a more successful approach for the remediation
of soil contaminated with petroleum. Therefore, the ex-
ploration of new microbial resources, including PGPR, is
still necessary for the development of in situ remediation
strategies under multifarious conditions. Moreover, a better
understanding of the interaction between PGPR and their
host plants is important for enhancing the efficiency of
microbe-assisted phytoremediation. Therefore, in this
study, PGPR, Pseudomonas aeruginosa SLC-2 and Ser-
ratia marcescens BC-3, were isolated from the rhizosphere
of Echinochloa crusgali growing in petroleum-con-
taminated soils and then characterized. The plant growth-
promoting abilities of the isolates were evaluated, and the
effects of inoculation on the growth of oat plants were
determined under both petroleum contamination and non-
contamination conditions.

Materials and methods

Isolation of rhizobacteria containing ACC
deaminase from petroleum- and salt-contaminated
soils

Rhizobacteria were isolated from the rhizosphere of E.
crusgali growing in salt- and petroleum-affected soil
samples collected form Daqging, China. The method of
isolating PGPR entails screening soil bacteria for the
ability to use ACC as a sole nitrogen source (Penrose and
Glick 2003). The single colony was selected and purified
by microbial scribing.

Bacterial strains were revived from —80 °C storage and
grown on ADF to confirm purity. Single colonies were
subcultured to additional LB plates and grown for another
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2 days, after which a loopful of cells was transferred to
LB broth and incubated overnight on a rotary shaker
(200 rpm at 30 °C). DNA was extracted using the Ge-
nomic DNA Rapid Isolation Kit for Bacterial Cell (Bio-
Dev, Beijing). Strains SLC-2 and BC-3 were identified by
16S rDNA analysis. The 16S rDNA sequences of SLC-2
and BC-3 were compared with those present in the Gen-
Bank database using a BLAST search (http://www.ncbi.
nlm.nih.gov/).

Evaluation of ACC deaminase, IAA production,
and siderophore production of the isolated
rhizobacteria

Enzyme assay was done on DF salts supplemented with
0.5 M ACC according to the modified method (Honma and
Shimomura 1978) that measures the amount of a-ketobu-
tyrate produced when the enzyme cleaves ACC. Total
protein was determined by the method of Bradford, using
bovine serum albumin as a standard (Bradford 1976).

The production of the indole acetic acid (IAA) by tested
bacteria was determined according to the standard methods
(Gordon and Weber 1951). Single bacterial colony was
inoculated into DF salt minimal medium for 2 days, then
1 mL aliquot was transferred to different DF salts minimal
medium containing L-tryptophan (0, 50, 100, 200, and
500 pg/mL). The cultures were incubated for 48 h while
shaking at 200 rpm at 28 °C.

The production of siderophores by the bacteria was
determined according to the standard method (Schwyn and
Neilands 1987) using blue agar plates containing the dye
chrome azurol S (CAS). Orange halos around the colonies
on blue agar were indicative of siderophore excretion.

Bioassay-based plant growth promotion ability
in oat

The plant growth promotion ability of SLC-2 and BC-3
was determined using oat (Avena sativa cv. Baiyan No. 7)
in sterile soil under glasshouse conditions. Oat seeds were
surface sterilized with 0.5 % (V/V) sodium hypochlorite
for 10 min and subsequently washed with sterilized dis-
tilled water. For this experiment, pure cultures were grown
in TSB at 30 °C and diluted to a final concentration of 10°
colony-forming units (CFU)/mL in sterile water. The sur-
face sterile seeds were inoculated by immersion in the
appropriate SLC-2 and BC-3 suspension (10° CFU) for 2 h
on a rotary shaker, air-dried, and sown immediately.
Control seeds were treated with sterile distilled water.
Fifteen seeds were sown per pot containing 2 kg of sterile
soil (with petroleum concentration of 4.5 g/kg dry soil).
Thinning of seedlings was done after sowing, and ten
seedlings per pot were maintained throughout the

experimental period. There were nine pots per treatment,
and 30 plants were harvested each harvest period. Mor-
phological characteristics of each plant were recorded:
height of stem, fresh weight (FW) of stem, length of root,
and FW of root.

Biodegradation of petroleum by isolated
rhizobacteria

The biodegradation assay was carried out in 250 mL flasks
containing 50 mL. mineral medium, containing 1 g
K,HPO,, 0.5 g KH,PO4, 10 g NaCl, 1.5 g (NHy),SOy,
0.1 g CaCl,, 0.01 g FeSO4-7H,0, and 0.2 g anhydrous
MgSO, per litter, and containing 50 mg/L petroleum so-
lution as the sole source of carbon and energy. The
inoculums (10 % V/V) contained cells from enrichment
cultures.

At the same time, sterile fermentation medium without
bacteria was the control. The flasks were shaken (150 rpm)
at 30 °C for 7 days. The collected samples were extracted
with petroleum ether and analyzed to check the total pet-
roleum degradation by UV spectrophotometer under
220 nm. The petroleum was used to make the standard
curve.

Statistical analyses

ACC deaminase activity and synthesis of IAA content
represented with mean + SE. SPSS software was used for
growth-promoting results for single-factor analysis of
variance (one-way ANOVA).

Results and discussion

Isolation and identification of bacterial strains
containing ACC deaminase

Strains SLC-2 and BC-3 were isolated from the rhizosphere
of the E. crusgali in petroleum and salt-contaminated soil
and showed different morphological appearance on ADF
medium. They were gram negative. SLC-2 was with a
predominance of celadon color and rounded. BC-3 was red
colony and rounded.

The bacteria were identified by comparison of the 16S
rDNA sequences in the NCBI database using BLAST
analysis. The closest relatives of strain SLC-2 were found
to be P. aeruginosa MSSRFV268 (HQ455036.1) with
97 % similarity, and strain BC-3 was found to be Serratia
sp. RSPB11 (HE613732.1) with 99 % similarity. Accord-
ing to morphology, physiological, and biochemical char-
acteristics (Table 1) of two strains, SLC-2 was determined
as P. aeruginosa, and BC-3 as S. marcescens.
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Characterization of ACC deaminase, IAA
production, and siderophore production

ACC deaminase that catalyzes degradation of ACC, the
immediate precursor of ethylene, into a-ketobutyrate and
ammonia (Penrose and Glick 2003), which reduces the
inhibitory effect of high level of ethylene and plant may
build up an improved root system. The presence of ACC
deaminase was verified by assaying o-ketobutyric acid.
The ACC deaminase activity of strain BC-3 was
38.52 & 0.37 umol o-KA (mg Prh)~', and it was sig-
nificantly higher than 2.52 £ 0.03 pmol a-KA (mg Pr-h)~!
of strain SLC-2 (P < 0.01) (Fig. 1). These confirmed that
strains SLC-2 and BC-3 produced ACC deaminase. By
comparison, P. putida UW4, a well-characterized plant
growth-promoting bacterium, has an activity level of
2.123 pmol a-KA (mg Pr-h)~' (Ma et al. 2003).

For more than a decade, the stress-induced phytohor-
mone ethylene has been known to inhibit root growth and
be responsible for senescence in crop plants and groundnut
(Ma et al. 2003; Saravanakumar and Samiyappan 2007).
Plant growth-promoting bacteria that contains the enzyme
ACC deaminase, when bound to a plant root or to the seed
coat of a developing seedling, may act as a mechanism for
insuring that the ethylene level within the plant’s tissues
does not become elevated to the point where root (or shoot)
growth is impaired (Saraf et al. 2011). This is in agreement
with the findings of Siddikee et al. (2011) who observed a
decreased levels of root growth after application of ex-
ogenous ethylene or ACC and whom also reported the
promotion of root growth following treatment with ethy-
lene inhibitors or antagonists (Zhao and Hasenstein 2009).
From the previous findings, it has been established that

Table 1 Physiological and biochemical characteristics of rhizobac-
teria SLC-2 and BC-3 isolated from the rhizospheric soil of E. crus-
gali from petroleum-contaminated soil

Test item Strain BC-3 Strain SLC-2
Morphology rod rod
Gram stain - —
Flagellum + +
Catalase + +
M. R test - —
V-P test + —
Hydrolysis of starch - —
Indole production — +
Glucose fermentation + —
Lactose fermentation — -
Sucrose fermentation + -
Citrate test + +

+ means positive; — means negative
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Fig. 1 l-aminocyclopropane-1-carboxylate (ACC) deaminase ac-
tivity of rhizobacteria SLC-2 and BC-3 isolated from the rhizospheric
soil of E. crusgali from petroleum-contaminated soil. Columns
represent mean values, and bars represent standard error values
(n = 3). Double asterisk shows statistic differences (P < 0.01)

bacteria containing ACC deaminase would act to reduce
the level of ethylene and thus confer resistance to various
stresses (Glick et al. 1998). At different salinity levels for
maize, the Pseudomonas fluorescens containing the ACC
deaminase increased the root length and shoot length
compared with control (Kausar and Shahzad 2006). Pseu-
domonas fluorescens strain TDK1 possessing ACC dea-
minase activity enhanced the yield by reducing the level of
stress ethylene when compared with the groundnuts treated
with Pseudomonas strains not having ACC deaminase ac-
tivity (Saravanakumar and Samiyappan 2007).

IAA is the most commonly produced auxin in nature,
synthesized mainly through tryptophan-dependent path-
ways (Tao et al. 2008). The endogenous level of IAA in a
plant is also important for successful rooting. The rhizo-
sphere is defined as the zone of soil in which microbes are
influenced by the root system and many microbes isolated
from the rhizosphere have root growth-stimulating or
growth-inhibiting properties. The two isolated rhizobacteria
were screened for their ability to produce plant growth
regulator [AA, recording with different concentrations of L-
Trp (0, 50, 100, 200, and 500 pg/mL) that influence the
concentration of it (Fig. 2). The IAA production of the
SLC-2 and BC-3 without L-tryptophan was 0.003 and
0.052 pg/mL ODgqg, and there was a little increase in the
production of the auxin in the presence of L-tryptophan.
When the media were supplemented with L-tryptophan, the
IAA-equivalent synthesis of two isolates increased sub-
stantially. Compared with SLC-2, IAA synthesis of BC-3
showed significant differences with different concentrations
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Fig. 2 Indole acetic acid (IAA) synthesis of rhizobacteria SLC-2 and
BC-3 isolated from the rhizospheric soil of E. crusgali from
petroleum-contaminated soil. Columns represent mean values, and
bars represent standard error values (n = 3). Double asterisk shows
statistic differences (P < 0.01)

of L-tryptophan (P < 0.01). The results of comparison re-
lated to different concentrations of L-tryptophan indicate
that with increasing L-tryptophan concentrations, the
amounts of auxin produced by bacterial strains also in-
creased, which was in agreement with the results of Patten
(2002). Similarly, Karnwal (2009) also reported that vary-
ing amounts of TAA were produced by Pseudomonads
fluorescent. IAA production plays an important role in plant
growth and plant-bacteria interactions in metal-con-
taminated soils (Zaidi et al. 2006).

The siderophores are another important metabolites re-
leased by the plant growth-promoting rhizobacteria that
indirectly alleviate petroleum toxicity by increasing the
supply of iron to the plant. The importance of siderophore
production was demonstrated when strains of Pseu-
domonas putida, which produced siderophores, induced
systemic resistance in watermelon against gummy stem rot
while the siderophore negative mutants failed to induce
resistance (Lee et al. 2001). The yellow halo diameter of
SLC-2 was 0.68 cm, and it was longer than BC-3, which
was 0.18 cm (P < 0.01). Therefore, the siderophore syn-
thesis by P. aeruginosa SLC-2 and S. marcescens BC-3,
which were observed in the current study, may have re-
sulted in the measured plant growth (Table 2). According
to this study, siderophores produced by these rhizobacteria
can help in plant root proliferation and enhancement of soil
minerals uptake. Nutrient acquisition has been considered
as the primary factor to determine the ecological success of
a species at the stressed sites, and the shape has physio-
logical significance in determining the ability of bacterial
species to take up the nutrients (Young 2006).

Table 2 Siderophore production by two rhizobacteria SLC-2 and
BC-3 isolated from petroleum-contaminated soils

Rhizobacteria ~ Colony Yellow halo Siderophore
diameter diameter (cm) production
(cm) (yellow halo %)
SLC-2 0.75 + 0.06 0.68 + 0.11** 68
BC-3 0.90 + 0.08*  0.18 £ 0.05 18

Mean values £ standard error values are from three replicates for
siderophore production

* Shows statistic difference between experiments
*#* shows statistic differences (P < 0.01)

(P < 0.05),

Bioassay-based plant growth promotion ability
in oat

The plant of oat was inoculated with SLC-2 and BC-3
under petroleum-contaminated conditions in soil cultures
to determine the plant growth-promoting abilities of
strains. Under contaminated conditions, the inoculation of
SLC-2 and BC-3 increased the height of stem, the fresh
weight of stem, and the length of root significantly
(P <0.05), compared with the non-inoculated control
plants (Table 3). Compared with non-inoculated controls,
the height and fresh weight of stems increased (23.64 and
42.57) and (16.98 and 28.3) %, respectively, whereas the
length and fresh weight of roots also increased (10.34 and
20.84) and (24.13 and 43.11) %, respectively, when
inoculated with SLC-2 and BC-3.

PGPR could promote the stem to branch and increase
the number of the fibrous. The stem height of oat plants
inoculated with BC-3 was significant greater than stem
height of oat plants inoculated with SLC-2; however, the
number of stems of oat plants inoculated with SLC-2 was
greater than that of those inoculated with BC-3, therefore,
the fresh weight of stems was not significantly different
between plants inoculated with SLC-2 and BC-3.

Soil contamination with petroleum is caused by the
extraction, transportation, refining, and consumption of
petroleum. Remediation of petroleum-contaminated soil is
generally a slow and expensive process. Rhizoreme-
diation, employing the interaction of plant roots and rhi-
zobacteria, has been investigated and appears to be cost-
effective technology for the remediation of contaminated
soils (Gerhardt et al. 2009). When PGPR that contain the
ACC deaminase bound to a plant root or to the seed coat
of a developing seedling may act as a mechanism for
insuring that the ethylene level within the plant’s tissues
does not become elevated to the point where root (or
shoot) growth is impaired. Pot trials were carried out on
chickpea under 300 mM NacCl stress, and plant inoculated
with Pseudomonas strains MSC1 or MSC4 isolates
showed an increase in the parameters that evaluate plant
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Table 3 Effect of SLC-2 and BC-3 inoculation on oat growth in petroleum-contaminated soil

Height of stem (cm)

FW of stem (g)/10 plants

Length of root (cm) FW of root (g)/10 plants

Control 16.16 + 0.58¢ 1.06 £+ 0.03c
SLC-2 19.98 + 0.67b 1.24 + 0.03b
BC-3 23.04 + 0.29a 1.36 &+ 0.05a

11.61 & 0.53¢ 0.58 £ 0.03¢
12.81 £ 0.49b 0.72 £ 0.05b
14.03 £ 0.61a 0.83 £ 0.03a

Mean values =+ standard error values are for height of stem, FW of stem, length of root, and FW of root

FW fresh weight

The different letters show statistic differences between experiments and control (P < 0.05)
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Fig. 3 Petroleum degradation of rhizobacteria SLC-2 and BC-3
isolated from the rhizospheric soil of E. crusgali from petroleum-
contaminated soil. Columns represent mean values, and bars represent
standard error values (n = 3). The different letters show statistic
differences between experiments and control (P < 0.01)

growth when compared to uninoculated controls (Patel
et al. 2012). The growth of Zea mays was significantly
promoted by the inoculation of the PGPR Gordonia sp.
S2RP-17 which contain ACC deaminase in the diesel-
contaminated soil (Hong et al. 2011). Plant hormone TAA
could increase roots to elongate or improve the develop-
ment of lateral roots, supplying the plant more nutrition.
Siderophores may help the plant absorb more essential
element iron, enhancement of soil minerals uptake.
Nutrient acquisition is the primary factor to promote the
growth of plant. By facilitating the formation of longer
roots and shoots, these bacteria may enhance the survival
of some seedlings.

Biodegradation of petroleum by isolated
rhizobacteria

The strains SLC-2 and BC-3 not only can promote the
growth of plant, but also has the ability to degrade petro-
leum. The petroleum degradations of SLC-2 and BC-3
were increased 4.78 and 7.36 % compared with control
(P < 0.05), respectively (Fig. 3). Microbial degradation is
the major and ultimate natural mechanism by which one
can clean up the petroleum hydrocarbon pollutants from
the environment. Bacteria are the most active agents in
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petroleum degradation, and they work as primary degraders
of petroleum in environment (Brooijmans et al. 2009;
Rahman et al. 2003). The degradation of these rhizobac-
teria can reduce the content of the petroleum and lower the
organic pollutant stress to the plant, so that the rhizobac-
teria could promote the growth of the plant (Huang et al.
2004).

Except siderophores, the ACC deaminase, IAA pro-
duction, the petroleum degradation, and promotion ability
of BC-3 were higher than those of SLC-2. The promotion
mechanism of strains was not determinate. For further
work, we will investigate the promotion mechanism of
strains SLC-2 and BC-3 in petroleum-contaminated
conditions.

Conclusion

This work isolated two PGPR strains P. aeruginosa SLC-2
and S. marcescens BC-3 from the rhizosphere of Echino-
chloa crusgalli grown in the petroleum-contaminated soil.
The strains SLC-2 and BC-3 were characterized by their
plant growth-promoting traits like ACC deaminase activity,
IAA, and siderophore production that help plants and may
protect them against the contaminant environment. The
two rhizobacteria have all the three traits and are higher
ACC deaminase, IAA, and siderophore producers, and all
of them are petroleum-resistant rhizobacteria related to the
soil samples where they were isolated with petroleum
concentration. The two isolated PGPR had the ability to
degrade the petroleum and could decrease the stress of the
petroleum in environment. The oats inoculated with PGPR
were higher than in control plants in the petroleum-con-
taminated soil. Our study suggests that strains SCL-2 and
BC-3 could be served as promising microbes to improve
the phytoremediation efficiency in petroleum-contaminated
soil by increasing plant growth.
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