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Abstract Rhizoremediation is a complex type of green
clean-up technology that involves both plants and the
rhizosphere-associated microorganisms to decompose
hazardous compounds. The success of the strategy
strongly depends on plant tolerance towards the pollut-
ant, as well as plant's interactions with the rhizospheric
microbes. The microorganisms may be stimulated by the
secreted root exudates, which results in an increased
breakdown of contaminants in the rhizosphere. The main
goal of this study was to establish a potential
rhizoremediation combination for a diesel-polluted site.
Inoculation of plant roots or seeds with indigenous
rhizospheric populations is a common approach in the
rhizoremediation. However, we introduced hydrocarbon-
degrading consortia (M10, R3, and K52) that were pre-
viously isolated from crude oil-contaminated soil instead
of indigenous microbes. Bioaugmentation with these
petroleum degraders was applied to screen four high

biomass crop species (Indianmustard, alfalfa, high erucic
acid rapeseed, HEAR, and low erucic acid rapeseed,
LEAR) for their tolerance towards diesel oil. At no
pollution, a promoting effect of M10 bacteria could be
observed on germination and root elongation of all plant
species. Moreover, M10 consortiums increased the ger-
mination index at 6,000 mg diesel oil per kilogram dry
soil in the case of Indian mustard, alfalfa, and HEAR.
The latter species was found to increment its dry weight
upon bioaugmentation with M10 bacteria and all diesel
oil treatments (6,000 and 24,000 mg diesel oil per kilo-
gram dry soil). The initial results indicate HEAR and the
M10 bacterial consortium as a promising plant–microbe
tandem for a long-term rhizoremediation process.
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1 Introduction

Diesel oil is a common product of crude oil distillation
with a very complex composition. It consists mainly of
low molecular weight alkanes and polycyclic aromatic
hydrocarbons (PAHs) (Bona et al. 2011). The fate of the
latter compounds in nature may be of great human-
health importance, since PAHs have been considered
toxic for plants and carcinogenic for people (Alkio
et al. 2005; Reynoso-Cuevas et al. 2008; Bona et al.
2011). In case of an uncontrolled industrial leakage,
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diesel oil and its constituents might act as a persistent
water and soil pollutant. Alkio et al. (2005) reported
many adverse effects of phenanthrene on the model
plant Arabidopsis thaliana, including reduction of stem
and root growth, deformed trichomes and reduced ra-
dicular hairs. According to Nogueira et al. (2011), pe-
troleum compounds can decrease the availability of
water, oxygen, and nutrients in soil which in conse-
quence, may decline the rate of seed germination. Ap-
parently, the hydrocarbon film created on the seed sur-
face prevents the delivery of water and oxygen to the
developing embryo (Adam and Duncan 2002). At the
cellular level, plants exposed to diesel oil show signs of
oxidative stress, as well as degradation of chlorophyll.
Moreover, an increase in the production of stress-related
phytohormones, accumulation of toxic substances in
plant tissues and, in consequence, a decrease in their
total size and biomass production are also observed
(Bona et al. 2011; Ahammed et al. 2012).

Environmental contamination with petroleum hydro-
carbons is an inevitable problem that strikes many geo-
graphical regions to a variable extent depending on the
local environmental law. Due to this fact, alternative bio-
logical clean-up methods, such as bioremediation and
phytoremediation, have raised much interest in the last
two decades. Moreover, a reasonable combination of both
techniques is reflected by an emerging number of studies
that utilize the natural degradation abilities of plants and
plant-associated microorganisms to remove organic pol-
lutants or heavy metals from the polluted environment
(Liste and Felgentreu 2006; Gaskin et al. 2008; Lin et al.
2008; Chauhan and Rai 2009; Tang et al. 2010).
Rhizoremediation is a successful, cost-effective and envi-
ronmentally friendly approach that is based on pollutant
degradation to non- or less-toxic compounds by microor-
ganisms in the rhizosphere. These root-associated mi-
crobes are naturally equipped with pollutant-degrading
enzymes (e.g., peroxidases, dioxygenases, P450
monooxygenases, laccases, phosphatases, dehalogenases,
and nitroreductases) (Kuiper et al. 2004; Böltner et al.
2008; Wenzel 2008). Common cooperation among plants
and the rhizosphere-associated bacteria is known as a
“rhizosphere effect,” where plants provide bacteria with
nutrients (sugars, amino acids, organic acids) in form of
root exudates and stimulate microorganisms to a more
effective decomposition of xenobiotics (Böltner et al.
2008; Gaskin et al. 2008; Gerhardt et al. 2009). However,
a single microbe does not generally possess all requiring
enzymes for entire degradation pathway (Gerhardt et al.

2009). Hence, application of bacterial consortia consisting
of several groups of degraders responsible for degradation
of alkanes, cycloalkanes, or PAHs, seems to have a better
potential in the rhizoremediation process (Kuiper et al.
2004). Interestingly, plant growth-promoting rhizobacteria
(PGPR) that colonize plant roots may become key players
in the remediation techniques. They not only stimulate
plant growth, but also enhance pathogenic protection
which in turn may further improve plant tolerance to
abiotic stresses (Reed and Glick 2005; Lin et al. 2008;
Robert et al. 2008; Wenzel 2008; Tang et al. 2010; Glick
and Stearns 2011). In the recent years, endophytic bacteria
have also gained much interest in the field of
phytoremediation. This group of microorganisms resides
inside plant tissues providing them with benefits in the
similar manner as PGPR. However, endophytes do not
compete with the surrounding microorganisms in soil
which is often a disadvantage in the traditional
bioaugmentation with rhizospheric microflora (Khan and
Doty 2011; Reinhold-Hurek and Hurek 2011). Therefore,
their role in conferring plant tolerance against xenobiotics
seems to be crucial (Becerra-Castro et al. 2012).

The efficiency of rhizoremediation depends mostly on
the establishment of a strong and sustained plant–microbe
interaction (Nie et al. 2011). The first step in plant selec-
tion for remediation is identification of species that are
able to grow and develop in oil-contaminated soil. In order
to successfully remediate the polluted environment, plants
should not only exhibit a significant tolerance towards
certain pollutants, but they should also be characterized
by an extensive root length and high biomass production
(Huang et al. 2005). Many studies have concerned grasses
(Poacae) and legumes (Leguminosae) as effective candi-
dates for rhizoremediation (Mehmannavaz et al. 2002;
Tesar et al. 2002; Gaskin et al. 2008; Muratova et al.
2008; Hong et al. 2011). Grasses are characterized by a
deep root system which penetrates and subsequently aer-
ates soil, thus creating a more extensive habitat for the
colonizing petroleum degraders. On the other hand, le-
gumes and their symbiotic relationship with N-fixing
rhizobia make them independent from limited nitrogen
supply in oil-contaminated soil, which consequently in-
creases the plants' chances for survival upon stress condi-
tions (Muratova et al. 2008).

It is obvious that more plant species, which are able to
produce high biomass in a contaminated soil, need to be
identified for use in the rhizoremediation technology
(Adam and Duncan 2002; Gaskin et al. 2008). For this
reason, we investigated phytotoxicity of diesel oil
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towards four high biomass crop species: high erucic acid
rapeseed (HEAR) and low erucic acid rapeseed (LEAR)
(Brassica napus), Indian mustard (Brassica juncea), cul-
tivar Malopolska, and alfalfa (Medicago sativa). Plant
tolerance was evaluated with and without hydrocarbon-
degrading consortia in the contaminated soil. Using ger-
mination tests, including evaluation of the germination
rate, root length, and biomass production we selected a
plant-bacterial consortium pair which may be promising
during a further rhizoremediation approach.

2 Materials and Methods

2.1 Chemical Reagents

Diesel oil was purchased from PKN Orlen, Poland.
Germination plates (Phytotoxkit) that were used to as-
sess phytotoxicity of diesel oil and to analyze the re-
sponse of seedlings towards bioaugmentation, were pur-
chased from Tigret Sp. z.o.o. (Warszawa, Poland). The
control soil (according to OECD standards, ISO/DIS
11269-1) was also purchased from Tigret Sp. z.o.o.
(Warszawa, Poland).

2.2 Plants

Four plant species were used in this study: HEAR and
LEAR (B. napus), Indian mustard cultivar Malopolska
(B. juncea), and alfalfa (M. sativa). HEAR seeds were a
kind gift from Dr Henryk Woś, Plant Breeding Strzelce,
Group IHAR, Borowo, Poland, division. LEAR seeds
were kindly given by RAPOOL Polska Sp. z o.o.,
Wągrowiec, Poland. Indian mustard seeds were obtained
from “Centrala Nasienna” Sp. z o.o. Przedsiębiorstwo
Hodowlano-Nasienne Stacja Hodowli Roślin, Poland,
whereas alfalfa seeds were obtained from Barenbrug at
Tarnowo Podgórne, Poland. Images of germinated plant-
lets were taken using a stereomicroscope (SteREO
Lumar V12; Carl Zeiss) equipped with a digital camera
(AxioCam MR05; Carl Zeiss).

2.3 Microorganisms Applied for the Bioaugmentation
Procedure

Three microbial consortia (M10, R3, K52) used through-
out this study were isolated previously from crude oil-
polluted sites at the Carpathian Mountains, as described
by Owsianiak et al. (2009). Each consortium exhibited

different biodegradation potential towards diesel oil, as
previously reported by Owsianiak et al. (2009). M10
consortium was a slow petroleum degrader and consists
of Rhodoccocus equi, Betaproteobacterium, Enterobacter
sp., Acinetobacter calcoaceticus, Comamonas sp., and
Pseudomonas alcaligenes. R3 consortium exhibited a
high biodegradation potential and consists of P. alcali-
genes, Ochrobactrum intermedium, Klebsiella oxytoca,
Sphingobacterium multivorum, Pseudomonas putida,
Chryseobacterium sp., Stenotrophomonas maltophilia.
K52 consortium consists of Pseudomonas stutzeri, Alcali-
genes xylosoxidans, Sphingobacterium sp., Comamo-
nadaceae bacterium, Citrobacter freundii, Sphin-
gobacterium kitahiroshimense, and Pseudomonas sp.
Bacteria were cultivated as described by Owsianiak et al.
(2009).

2.4 Germination Tests

Germination tests were conducted in germination
plates filled with 90-ml control soil and 35-ml distilled
water. The oil-contaminated soil was spiked with diesel
oil that was previously mixed with 2 g of sterile quartz.
The diesel-contaminated soil used in the germination
tests upon bioaugmentation was additionally inoculat-
ed with bacteria consortia at an appropriate volume
corresponding to 106 bacteria cells as per milliliter
(Bashan 1986). Germination tests were carried out
according to Banks and Schultz (2005) with some
modifications. Seeds were surface-sterilized with
70 % ethanol and rinsed with double distilled water.
The first germination step was carried out in the dark at
23 °C for 48 h. Afterwards, the germination plates were
incubated in a growth chamber at 22 °C for 96 h, with a
photoperiod of 12/12 h, relative humidity 60 %, and
photosynthetic photon flux density at 100 μmol
m−2 s−1. Germination tests were carried out in the
following sets: (1) control soil (soil mixed with dis-
tilled water), (2) soil supplemented with diesel oil
(1,500, 3,000, 6,000, 12,000, 24,000 mg kg−1 dry soil),
(3) soil spiked with diesel oil at the selected concen-
trations and inoculated with bacteria consortia. Each
test was prepared in triplicates.

In the end, the germination rate, root length, and dry
biomass were assessed. Root length was measured
using a ruler. In order to analyze dry biomass, roots
and shoots were dried for 24 h at 65 °C. Collected data
were used to calculate germination index (GI) and
grade of growth inhibition (GGI) index:
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Germination index GIð Þ ¼ Gs

Gc
� Ls

Lc
� 100% ð1Þ

where Gs and Gc are number of seeds germinated in
the sample and control, respectively, whereas Ls and Lc
are the radicle length in the sample and control, respec-
tively;

Grade of growth inhibition index GGIð Þ

¼ DWc−DWsð Þ � 100%

DWc
ð2Þ

where DWc and DWs are dry mass of the control and
sample, respectively.

2.5 Statistical Analysis

A one-way ANOVAwas used to determine if there were
significant differences in germination, root length, and
dry biomass between replications. A univariate analysis
of variance was also used to assess the statistical differ-
ences in plant development between seedlings growing
on contaminated soil with and without bacteria consor-
tia. Significance level was considered at p<0.05. All
statistical analyses were performed using IBM SPSS
Statistics 21 for Windows. If ANOVA showed signifi-
cant effects, Tukey's test was used to determine differ-
ences among treatments.

3 Results

3.1 Phytotoxicity of Diesel Oil towards Indian
Mustard, Alfalfa, HEAR, and LEAR Seedlings

All plant species demonstrated different germination
patterns in diesel oil-spiked soil which is summarized
in Fig. 1. For alfalfa seeds, the biggest increase of GI
was observed at moderately contamination: 6,000 and
12,000 mg diesel oil per kilogram dry soil (mg d.o.
kg−1 d.s.), where it was 9 and 13 % higher than control,
respectively (Fig. 1). HEAR and LEAR displayed the
highest increase of GI at 3,000 mg d.o. kg−1 d.s., which
was 11 (HEAR) and 4 % (LEAR) greater with refer-
ence to control (Fig. 1). The opposite tendency was
noted for Indian mustard, where its GI declined along
with the growing pollution in soil, apart from the test at
1,500 mg d.o. kg−1 d.s. (Fig. 1).

The overall measurements of root length for all select-
ed plant species demonstrated a decrease in conjugation

with the increasing contamination, besides a few excep-
tions (Fig. 2). Root length of alfalfa was respectively 7 and
3 % greater at 6,000 and 12,000 mg d.o. kg−1 d.s. treat-
ments, when compared to control (Fig. 2). Additionally,
we observed 10 and 7 % increase in root elongation for
HEAR and LEAR, respectively, at 3,000 mg d.o. kg−1

d.s., compared with the untreated seedlings (Fig. 2).
Biomass development is of key importance ref-

lecting the photosynthetic capacity of plants and their
adaptation to various stresses. Our results revealed
varied biomass production responses among diesel oil
treatments. Interestingly, as in the case of GI and root
length measurements, the biggest increase (33 %) of
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dry biomass for alfalfa was found at 6,000 mg d.o. kg−1

d.s (Fig. 3). It is also worth noting that HEAR biomass
was higher in all assays (36, 22, 21, 42, 89 %)
when compared to plants growing in uncontami-
nated soil (Fig. 3). Considering that the success of
rhizoremediation strongly depends on a robust root
system and photosynthetically active shoot, these or-
gans have also been collected and analyzed separately.
Although the shoot and root dry weight of Indian
mustard was severely affected by presence of diesel
oil in soil, other plant species showed positive response
to the contaminant (Fig. 3). Alfalfa demonstrated big-
ger growth of root (85 %) and shoot (3 %) dry weight at
the moderate pollution (6,000 mg d.o. kg−1 d.s), when
compared to seedlings germinating in soil with no fuel

(Fig. 3). Both HEAR and LEAR shoot dry biomass
values reached a higher rate upon all pollutant concen-
trations when compared to control conditions. HEAR
also presented bigger root dry weight (43, 20, 36, 62,
142 %) in all diesel treatments (1,500; 3,000; 6,000;
12,000; 24,000 mg d.o. kg−1 d.s.), attaining the highest
increase at 24,000 mg d.o. kg−1 d.s. (Fig. 3).

The following data on dry weight were subsequent-
ly used to calculate the GGI (Fig. 4). In case where the
dry biomass of treated plants was greater than control,
the GGI has negative values. In both HEAR and LEAR
diesel treatments, GGI values were negative, apart
from the treatment with 12,000 mg d.o. kg−1 d.s. The
GGI for Indian mustard was positive at concentrations
above 1,500 mg d.o. kg−1 d.s., whereas alfalfa's growth
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was only inhibited at higher soil pollution, correspond-
ing to 12,000 and 24,000 mg d.o. kg−1 d.s. (Fig. 4).

Since plant exposition to soil contamination may re-
sult in physiological alterations, we observed diesel oil
phytotoxicity reflected by chlorosis and deformation of
cotyledons. The most visible chlorotic symptoms were
observed for Indian mustard. Although, alfalfa and both
rapeseed varieties suffered from chlorosis at the greatest
soil contamination, HEAR presented solely subtle chlo-
rotic changes and indicated the highest level of tolerance
towards pollutant which correlated with the GGI calcu-
lations. For visual representation of the morphological
changes, the reader is referred to Fig. S1 in the Supple-
mentary data (Online Resource 1).

3.2 Germination and Growth upon Bioaugmentation

The rhizoremediation approach aims at the application
of the most efficient plant–microbe system, preferably
suitable for certain geographical region. In order to
determine the impact of petroleum-degrading consortia
on plant tolerance towards diesel oil, the same life
parameters of seedlings were assessed in the presence
of bacteria that were previously isolated from the con-
taminated sites in the Polish Carpathian Mountains.
The germination tests upon bioaugmentation were
performed only at selected diesel oil concentrations
(6,000 and 24,000 mg d.o. kg−1 d.s.).

As seen in Table 1, all seeds had different germina-
tion patterns depending on the consortium type they
were enriched in. Undoubtedly, plants demonstrated
improvements of GI in diesel oil-contaminated soil,
when inoculated with M10 consortium (Table 1). GI of

alfalfa was found to be 107, 44, and 24 % greater upon
M10 bioaugmentation across the treatments (0; 6,000;
24,000 mg d.o. kg−1 d.s.) when compared to the non-
inoculated seeds (Table 1). A similar enhancing effect
on germination rates was observed for Indian mustard
and HEAR, where the GI was 23 and 20 % bigger at
6,000 mg d.o. kg−1 d.s., respectively, when compared to
control values. No noticeable changes of GI were ob-
served for seeds exposed to diesel fuel and R3 microor-
ganisms, apart from the inoculated Indian mustard
(22 % increase) grown upon 6,000 mg d.o. kg−1 d.s..
In the presence of K52 consortium, all plant species
displayed a reduction of GI upon diesel oil (Table 1).

Seedling development in the diesel oil-contaminated
soil similarly showed that the growth upon
bioaugmentation varied depending on the applied bac-
terial consortium. In general, data from Table 2 reveals
that plants inoculated with M10 consortium had longer
roots upon 0 and 6,000 mg d.o. kg−1 d.s. conditions than
seedlings enriched in R3 or K52 bacteria. Spiking with
diesel oil at 24,000 mg d.o. kg−1 d.s. severely reduced
root extension, particularly when K52 consortium was
applied (Table 2). In detail, a notable increase of root
length upon M10 inoculation was observed for HEAR
at 6,000 and 24,000 mg d.o. kg−1 d.s., in comparison to
the two remaining bioaugmentation types (Table 2).
Furthermore, Indian mustard root elongation measure-
ments also appeared to be greater uponM10 inoculation
(35, 20, and 13%) in all treatments (0; 6,000; 24,000mg
d.o. kg−1 d.s.). In addition, since alfalfa is recognized for
its ability to form symbiotic relationships with soil bac-
teria, we found that seedlings enriched in petroleum
degraders at no diesel treatment presented almost two
times higher root length values than plants growing
without consortia (Table 2). In the case of LEAR seed-
lings, their root length was slightly elongated only in the
presence of M10 bacteria (15 %), but upon diesel pol-
lution, all bioaugmentation types reduced the root length
(Table 2).

Analysis of entire dry weight also showed diverse
trends for biomass accumulation upon different
bioaugmentation treatments (Table 3). Additionally, a
separate analysis of root and shoot dry weight demon-
strated that bioaugmentation changed the development of
particular plant organs, thus influencing the entire plant's
dry biomass (Fig. 5). Likewise, in case of root length a
positive effect of bioaugmentation with M10 consortium
on dry biomass production was noted for Indian mustard
and HEAR at 6,000 mg d.o. kg−1 d.s. (Table 3). The
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comparison was performed with respect to the control
non-inoculated seedlings. For Indian mustard, the most

noticeable increase of root dry weight was obtained upon
M10 inoculation at 0 and 6,000 mg d.o. kg−1 d.s.

Table 1 Germination index
(±SD) of plants growing in diesel
oil-contaminated soil upon
bioaugmentation with
petroleum-degrading consortia
(M10, R3, and K52)

Plant Germination index [%] Consortium

Diesel oil concentration [mg kg−1 dry soil]

0 6,000 24,000

Indian mustard 100±13 91±7 70±25 Control

150±5 123±5 99±0 M10

91±14 122±19 91±18 R3

99±8 53±15 31±7 K52

Alfalfa 100±23 109±18 88±10 Control

207±20 144±7 124±12 M10

205±29 94±56 90±11 R3

211±8 44±19 42±52 K52

HEAR 100±7 74±0 73±8 Control

135±17 120±0 75±42 M10

112±7 85±28 61±21 R3

114±7 45±17 42±0 K52

LEAR 100±10 81±9 53±32 Control

122±8 65±0 86±13 M10

78±10 70±10 40±0 R3

82±23 14±14 18±21 K52

Table 2 Root length (±SD) of seedlings growing in diesel oil-contaminated soil upon bioaugmentation with petroleum-degrading
consortia (M10, R3, and K52)

Plant Root length [mm]

Indian mustard Control M10 R3 K52

0 mg ON kg−1 dry soil 45±11a 60±4a 42±4a 45±11a

6,000 mg ON kg−1 dry soil 41±2a 49±5b 57±5b 23±0,4a

24,000 mg ON kg−1 dry soil 37±2b 41±8b 41±8b 13±7a

Alfalfa Control M10 R3 K52

0 mg ON kg−1 dry soil 36±4a 60±2b 62±16b 68±7b

6,000 mg ON kg−1 dry soil 39±10a 41±20a 35±0.6a 15±2a

24,000 mg ON kg−1 dry soil 33±6a 33±3a 33±4a 17±8a

HEAR Control M10 R3 K52

0 mg ON kg−1 dry soil 53±8a 75±6a 59±13a 60±4a

6,000 mg ON kg−1 dry soil 46±7b 60±2b 50±4b 25±4a

24,000 mg ON kg−1 dry soil 43±2bc 47±0,5c 39±1b 21±1a

LEAR Control M10 R3 K52

0 mg ON kg−1 dry soil 74±15a 85±18a 62±2a 66±4a

6,000 mg ON kg−1 dry soil 71±9b 64±4b 56±3b 12±0.05a

24,000 mg ON kg−1 dry soil 63±11b 63±15b 40±11ab 16±3a

Means that do not share letters differ at p<0.05 in the Tukey's test
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treatments, where it was four and two times higher,
respectively, in relation to the non-bioaugmented plants
(Fig. 5). HEAR shoot dry weight was increased upon
bioaugmentation withM10 bacteria (40, 41, and 32%) in
all treatments (0; 6,000; 24,000 mg d.o. kg−1

d.s. bioaugmented) (Fig. 5). However, exposition to R3
consortium also promoted growth of HEAR particular
organs: shoot (29, 62, and 29 %) in all tested conditions,
as well as root (150 and 55 %) at 0 and 6,000 mg d.o.
kg−1 d.s. bioaugmented (Fig. 5). Similar positive effect of
R3 bioaugmentation was recorded for LEAR, where
we observed a rising tendency of root dry biomass
production (58, 2, and 46 %) across all tested diesel
concentrations (0; 6,000; and 24,000 mg d.o. kg−1

d.s.) (Table 3). Surprisingly, when LEAR was inocu-
lated with K52 consortium, an extremely high in-
crease of root dry weight (167 and 217 %) at
6,000 and 24,000 mg d.o. kg−1 d.s. was observed,
probably due to the development of many hairy roots
(Fig. 5).

In the case of alfalfa, none of the applied consortia
enhanced its dry biomass accumulation upon the pres-
ence of diesel oil (Table 3). On the other hand, the
addition of microorganisms to alfalfa's rhizosphere

caused a slight decline of its root and shoot dry biomass
in comparison with the non-inoculated seedlings (Fig. 5).

Based on the seedling's dry weight, we calculated the
grade of growth inhibition to summarize the influence of
both diesel fuel and petroleum degraders on germination
and development of tested crop species. It indicated that,
in comparison to control, the growth of alfalfa was
inhibited in the presence of all petroleum-degrading
microorganisms and diesel oil in soil (Table 4). Similar
observations were noticed for Indian mustard when ex-
posed to R3 and K52 bacteria. However, inoculation
with M10 consortium at 0 and 6,000 mg d.o. kg−1 d.s.
had an advantageous influence on its dry biomass pro-
duction (Table 4). The most promoting impact of
bioaugmentation on seedling growth was obtained in
case of rapeseed. When HEAR was inoculated with
M10 bacteria its GGI was constantly negative upon all
diesel oil treatments (Table 4), which reflects growth
stimulation by M10 bacteria. The enrichment of HEAR
in R3 microorganisms caused a severe decrease of GGI
only at 0 and 6,000 mg d.o. kg−1 d.s. (Table 4). On the
other hand, K52 microorganisms had the most promot-
ing effect on LEAR growth in the polluted soil (6,000
and 24,000mg d.o. kg−1 d.s. ), where its GGI was 50 and

Table 3 Dry biomass of seedlings growing on diesel oil-contaminated soil upon bioaugmentation with petroleum degrading consortia
(M10, R3, K52)

Plant Dry biomass [mg]

Indian mustard Control M10 R3 K52

0 mg ON kg−1 dry soil 3.5±8e-04a 9.0±2e-03b 2.8±6e-04a 2.2±3e-04a

6,000 mg ON kg−1 dry soil 3.3±6e-04a 4.2±2e-03a 2.1±3e-04a 2.7±6e-04a

24,000 mg ON kg−1 dry soil 2.0±3e-04a 2.1±3e-04a 1.7±4e-04a 2.0±7e-05a

Alfalfa Control M10 R3 K52

0 mg ON kg−1 dry soil 2.8±2e-04a 2.1±7e-04a 2.3±3e-04a 2.8±7e-05a

6,000 mg ON kg−1 dry soil 3.7±1e-03a 2.2±3e-04a 2.5±6e-04a 2.6±2e-04a

24,000 mg ON kg−1 dry soil 2.3±5e-04a 1.1±7e-04a 1.7±1e-04a 1.8±2e-04a

HEAR Control M10 R3 K52

0 mg ON kg−1 dry soil 7.0±0.0a 9.6±1e-03a 13.4±7e-03a 6.6±5e-04a

6,000 mg ON kg−1 dry soil 8.4±1e-03a 9.0±2e-04a 12.5±1e-03a 8.0±1e-03a

24,000 mg ON kg−1 dry soil 13.2±4e-03a 9.1±2e-03a 8.1±2e-03a 8.2±3e-03a

LEAR Control M10 R3 K52

0 mg ON kg−1 dry soil 10.6±2e-05ab 10.5±1e-04ab 15.2±1e-03b 7.8±2e-03a

6,000 mg ON kg−1 dry soil 11.4±2e-03a 14.1±2e-03a 11.5±5e-05a 16.6±9e-04a

24,000 mg ON kg−1 dry soil 12.8±3e-03b 8.7±2e-04a 13.8±7e-04bc 17.1±2e-04c

Means that do not share letters differ at p<0.05 in the Tukey's test
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40 % lower, respectively, when compared to control
conditions (Table 4).

In order to determine the statistical significance
between measurements of the presented growth param-
eters, the ANOVA test was used. Relevant differences
of dry biomass production in diesel oil-contaminated
soil and upon bioaugmentation are depicted in Figs. 3
and 5, as well as in Tables 2 and 3.

4 Discussion

The first and foremost issue in the rhizoremediation is a
selection of plants that are able to grow and develop in

oil-contaminated soil. A rising number of studies have
demonstrated the application of Indian mustard and rape-
seed in the phytoextraction of heavy metals, due to their
capacity to accumulate high levels of Zn, Cu, Cd, and Se
(Kuiper et al. 2004; Ariyakanon and Winaipanich 2006;
Grispen et al. 2006; Chauhan and Rai 2009). Similarly,
Chekol and Vough (2001), Kaimi et al. (2007), Fan et al.
(2008), and Marti et al. (2009) depicted alfalfa as a
potential phytoremediator of organic contaminants, as well
as its ability to germinate in petroleum-contaminated soil.
Plants' tolerance towards a particular soil contamination is
crucial in the further screening of suitable bacteria for
rhizoremediation process (Muratova et al. 2008; Bona
et al. 2011). Once a successful plant candidate is well
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Fig. 5 Changes in the dry shoot (above x-axis) and root (below x-
axis) weight of Indian mustard, alfalfa, HEAR, and LEAR grow-
ing in diesel oil-contaminated soil upon bioaugmentation with

M10, R3, and K52 consortia. Means of three replicates (±SD),
bars that are marked with * are statistically significant at p<0.05 or
** at p<0.01
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established in a polluted environment, it results in an
enhancement of the contaminant breakdown by microor-
ganisms that are supplied by plants with essential nutrients
in the form of root exudates (Adam and Duncan 2002;
Hong et al. 2011). Our experiment was aimed at screening
plant tolerance towards diesel oil upon bioaugmentation
and showed different response patterns, depending on
plant species, concentration of diesel fuel, as well as the
applied bacterial consortium.

4.1 Diesel Concentration-Dependent Tolerance
of Crop Plants

Germination is an extremely important stage in the
plant's development, being very sensitive to any kind
of contamination. Exposition of seeds to hydrocarbon-
contaminated soil may result in poor germination,
which can be followed by a retarded seedling growth
(Reynoso-Cuevas et al. 2008). We observed that the
germination rate was associated with the root length of
every selected plant species. For Indian mustard, both
GI and root length was decreasing along with the
growing diesel oil concentration in soil. Peng et al.
(2009) assumed that soil polluted by petroleum hydro-
carbons may have an adverse effect for plant

development reflected in the reduction of germination,
inhibition of photosynthesis, and nutrient assimilation,
in consequence causing the shortening of plant organs.
Furthermore, Kamath et al. (2004) reported on a cor-
relation between soil pollution degree and its subse-
quent harmful effect on plant germination and growth.
Apart from that, it is commonly known that the rate of
diesel oil phytotoxicity increases along with the grow-
ing content of volatile hydrocarbons, which are partic-
ularly harmful due to their ability to penetrate cell
membranes (Adam and Duncan 2002). One of the
mechanisms suggested by Sharifi et al. (2007), explai-
ning the reduction of germination rate, is the fact that
oily compounds can create a sort of biofilm and cover
the entire seed surface, thus altering physiological pro-
cesses inside the seed. In contrast, at moderate soil
contamination alfalfa (6,000 mg d.o. kg−1 d.s.), as well
as HEAR and LEAR (3,000 mg d.o. kg−1 d.s.)
exhibited an increase of both GI and root length, with
reference to control. Similar observations were
obtained by Sharifi et al. (2007) who demonstrated an
84 and 43 % increment of germination rate for Triticum
sativa andMedicago truncatula, even at 25-g spent oil
per kilogram soil. Moreover, Muratova et al. (2008)
reported also an increase of germination for crop plants

Table 4 Grade of growth inhi-
bition of seedlings growing on
diesel oil-contaminated soil upon
bioaugmentation with petroleum
degrading consortia (M10, R3,
and K52)

Plant GGI [%] Consortium

Diesel oil concentration [mg kg−1 dry soil]

0 6,000 24,000

Indian mustard 0 8 45 Control

−151 −18 41 M10

20 41 52 R3

38 24 43 K52

Alfalfa 0 −33 18 Control

23 19 63 M10

16 9 38 R3

0,6 5 36 K52

HEAR 0 −21 −89 Control

−38 −29 −30 M10

−93 −79 −17 R3

6 −11 −18 K52

LEAR 0 −6 −21 Control

1 −32 18 M10

−43 −8 −30 R3

26 −56 −61 K52
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by 10–27 %, growing in an oil sludge-contaminated
soil. The most likely explanation of these findings
would be the fact that at low concentrations, petroleum
hydrocarbons act as phytohormones and play a similar
role to auxins (Reed and Glick 2005). However, at a
greater concentration, hydrocarbons can obviously re-
duce plant growth and decrease carbon fixation (Reed
and Glick 2005).

In order to further understand the effect of diesel
fuel phytotoxicity on seedlings, we studied growth and
biomass production of the tested plants. Our results
revealed a loss of biomass for Indian mustard across
the rising diesel fuel concentration in soil. This obser-
vation was correlating with the measurements of GI
and root length. Taken together, these results would
further confirm the hypothesis of Reynoso-Cuevas
et al. (2008) regarding interconnection among the de-
creased germination rate and subsequent poor growth
in the hydrocarbon-polluted soil. Apparently, in conju-
gation with an increasing soil contamination, a high
abiotic stress during germination stage altered the
physiology and early metabolism of Indian mustard,
resulting in a biomass reduction which might reflect its
poor tolerance towards diesel pollution. Although the
greatest biomass production among all tested species
was observed for LEAR, its fresh biomass, as in the
case of Indian mustard, was declining along with the
increasing contamination level. Interestingly, the op-
posite tendency was recorded for HEAR. One of the
major differences between LEAR and HEAR is the
content of erucic acid and glucosinolates. In HEAR,
the erucic acid ranges about 40–50 % and in LEAR, it
does not exceed 2 % (Nath et al. 2009; Iniguez-Luy
and Federico 2011). Perhaps the metabolism of fatty
acids in different rapeseed varieties could have a sub-
stantial impact on its response to petroleum hydrocar-
bons and lead to an enhanced or reduced adaptation to
a contaminated environment. However, Ogbo (2009)
suggested that phytotoxic impact of diesel oil might
not only be due to its concentration, but also due to the
hydrocarbon content, as well as soil type and proper-
ties. Furthermore, the disruptive effect of xenobiotics
varies greatly among plants and some species may
develop a specific resistance towards certain pollutants
(Ogbo 2009). It is in agreement with our findings that
alfalfa exhibited higher fresh biomass (data not shown),
as well as total dry biomass at moderate diesel concen-
tration (3,000 and 6,000 mg d.o. kg−1 d.s.), in compar-
ison to control. More importantly, these results could be

further associated with the hypothesis of stimulating
effect of diesel oil and indicate the plant's tolerance
towards lower soil contaminations (Reed and Glick
2005; Muratova et al. 2008). With this outcome the
presented study would imply potential application of
alfalfa in the remediation of moderately polluted sites.
Additionally, considering a robust root development at
6,000 mg d.o. kg−1 d.s. alfalfa's rhizosphere could pro-
vide ideal dwelling conditions for the petroleum-
degrading microbes and subsequently result in an en-
hanced hydrocarbon decomposition in soil (Fan et al.
2008). Nevertheless, the analysis of biomass accumula-
tion clearly indicated that in comparison with Indian
mustard and alfalfa, HEAR and LEAR presented a higher
level of tolerance towards diesel fuel. Moreover, HEAR
also displayed an increase of root biomass, reaching the
greatest weight in the most contaminated soil, which
may indicate its potential for remediation of petroleum-
contaminated soils. This observation is particularly es-
sential, since the main criterion for establishing a veg-
etation cover in clean-up technologies is an adequately
high root biomass production, which can sufficiently
supply plants with water and nutrients (Kamath et al.
2004; Reynoso-Cuevas et al. 2008; Gerhardt et al.
2009).

4.2 The Role of Bioaugmentation in Response
to Diesel Oil

A positive effect of microorganisms on plants exposed
to soil contaminated with petroleum derivatives has
been described recently (Cameotra and Makkar 2010;
Hong et al. 2011), however, application of petroleum
degraders in the rhizoremediation process is not trivial.
We would like to emphasize that in our experiments,
we used consortia previously isolated from crude oil-
contaminated sites in the Polish Carpathian Mountains
(Owsianiak et al. 2009), instead of indigenous popula-
tions inhabiting the rhizosphere of certain plants. This
makes the presented study a novel approach, since the
number of investigations sharing a similar idea is lim-
ited (Lin et al. 2008; Juhanson et al. 2009). We showed
that all plant species demonstrated the greatest germi-
nation rate upon bioaugmentation with M10 consor-
tium. However, when exposed to diesel oil and K52
bacteria, the GI was undoubtedly diminished. Regard-
ing R3 microorganisms, a notable influence on the
germination was observed only in a few cases: Indian
mustard (6,000 mg d.o. kg−1 d.s.), alfalfa (0 mg d.o.
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kg−1 d.s.), and HEAR (0 and 6,000 mg d.o. kg−1 d.s.).
Furthermore, GI of most plants upon M10 inoculation
and exposition to contaminated soil was significantly
higher, when compared to the non-inoculated treat-
ment with diesel. Perhaps among all tested consortia
M10 bacteria are the most efficient seed protectors
against toxic impact of diesel oil. This idea is supported
by Nelson (2004), who reported that during seed ger-
mination bacterial community proliferation may be
stimulated by seed exudates in the spermosphere (an-
alog to rhizosphere), with their exudation rate strongly
depending on the type of microorganisms. An increase
of GI for all plant species exposed to M10 consortium
and pollution was associated with their enhanced root
growth. This correlates with the suggested connection
between germination rate and subsequent plant growth
(Reynoso-Cuevas et al. 2008). Again, the most positive
effect on biomass production was credited to the M10
bacteria. Such an advantageous influence on plant devel-
opment under contamination might be additionally
explained by composition of M10 consortium. It
consisted of Enterobacter, Pseudomonas, Rhodococcus,
and Acinetobacter strains that are known for their plant
growth-promoting features (Saharan and Nehra 2011), as
well as an excellent ability to degrade hydrocarbons
(Sorkhoh et al. 1990; Espeche et al. 1994; Kuiper et al.
2004; Chang et al. 2011; Liu et al. 2011; Tyagi et al.
2011). Asmentioned above, the root length of HEAR and
Indian mustard inoculated with M10 consortium upon
diesel oil treatments was also higher than in the case of
the non-inoculated plants and significantly greater than
those enriched in K52 bacteria. It seemed to us that along
with the application of inoculum, a decline of GI and root
length of plants exposed to the contaminated soil was
compensated by positive plant–bacteria interactions
(Huang et al. 2004). Such a phenomenon would be the
first step for establishment of a successful
rhizoremediation microbial consortium, which could pro-
mote maintenance of a stable vegetation cover in a diesel
oil-contaminated soil. The impact of bioaugmentation on
germination and root growth are of great importance and
these bacteria, which present destructive influence,
should not be further applied in rhizoremediation
(Gerhardt et al. 2009). Another issue undoubtedly having
an impact on the success of rhizoremediation strategy is
the microbial ability to colonize growing roots. This can
be achieved by using a suitable microbe–plant pair, as in
the case of e.g., naphthalene degraders in association with
grasses. In this case, bacteria protect seeds from the

harmful effect of contaminant, whereas grass roots pro-
vide bacteria with an extensive colonization surface
(Gerhardt et al. 2009). A great number of publications
recognized leguminous plants, particularly alfalfa, as a
suitable candidate for rhizoremediation process. Due to
its high resistance towards aromatic compounds, as well
as a widely branched root system, it can create an ideal
condition for microbial proliferation (Kirk et al. 2005;
Fan et al. 2008; Marti et al. 2009; Muratova et al. 2009).
Surprisingly, this was not in agreement with our findings
which showed a significant increase of alfalfa root length
solely in the uncontaminated soil. It appeared to us that
probably during diesel oil degradation in soil, some of the
residual or incompletely metabolized compounds con-
tributed to the acute effects in alfalfa and affected its
growth (Lambert et al. 1995; Salanitro et al. 1997; Van
Hamme et al. 2003). However, this phenomenon raises a
number of questions and an additional study of this topic
is therefore recommended. Future work might include
qualitative and quantitative analysis of microbial metab-
olites during diesel oil decomposition and their impact on
alfalfa's development. A plausible explanation for this
issue could be the fact that some products of bacterial
origin, e.g., biosurfactants are known to increase the
hydrocarbon availability through their solubilization.
Similar conclusions are reported by Millioli et al.
(2009), who demonstrated total germination inhibition
of Lactuca sativa in the soil that was contaminated
with crude oil (50 mg g−1) and supplemented with
rhamnolipids (8 mg g−1). Comparable results were de-
scribed by Marecik et al. (2012). These authors also
observed a significant drop of dry biomass among inoc-
ulated plants exposed to soil spiked with diesel oil and
supplemented with rhamnolipids, in comparison with
seedlings growing in soil solely supplemented by
rhamnolipids. Hence, we assumed that some of the ap-
plied consortia may possess the ability to produce
biosurfactants which can increase the bioavailability of
diesel oil derivatives, resulting in a higher phytotoxicity
towards plants.

Despite the fact that ANOVA test yielded few statis-
tically significant differences throughout this experi-
ment (Figs. 3 and 5, Tables 2 and 3), we are convinced
that diesel oil-contamination had an unquestionable ef-
fect on plant growth. Probably the effect of pollution on
germination and root elongation was too small to be
detected by the applied statistical test. In order to over-
come this problem, future analysis should involve more
replicates than our current experiment. Hence, we
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believe that by increasing either the number of seeds in
the test or the precision of measurements, we would
obtain a higher statistical power and less bias among
results. Moreover, it has to be emphasized that the
decision to use a p value of 0.05 to determine signifi-
cance was arbitrary but widely accepted. Ideally, we
should judge the findings of our study on that level,
but since we observed e.g., repeatedly declining tenden-
cy of Indian mustard growth, we would like to stress its
low tolerance towards diesel pollution. On the other
hand, since repetitive increase of alfalfa growth at
6,000 mg d.o. kg−1 d.s. has not been found anywhere
else, it clearly indicates its stimulation by diesel oil at
medium contamination. Moreover, we determined
HEAR as the most tolerant species towards diesel oil.
This assessment was not only based on the collected
growth parameters, but also on visual changes in mor-
phology and their comparison to other plants (Online
Resources 1). In addition, we noted the most positive
impact of M10 consortium on HEAR root length and
biomass accumulation, thus we do consider HEAR and
M10 bacteria as a suitable plant–microbe pair and their
possible application in rhizoremediation. Taken all to-
gether, statistical significance is important, however, to
guide us in the interpretation of the study's results. In
further steps, we will investigate a long-term effect of
bioaugmentation with M10 consortium.

5 Conclusions

All screened plants presented different germination
and growth patterns, depending on the diesel oil con-
centration in soil which indicates that tolerance to-
wards petroleum hydrocarbons is species specific. This
investigation showed that the rate of diesel fuel-
tolerance was increasing in the following order: Indian
mustard < alfalfa < HEAR < LEAR. Bioaugmentation
with three different diesel-degrading consortia de-
picted M10 bacteria in combination with HEAR as
the most promising plant–microbe interaction for the
rhizoremediation. Nevertheless, it is evident that
selection of a tolerant plant and its growth-promoting
bacteria is not enough to ensure an optimal
rhizoremediation.We therefore point out that described
experiment was the first step for establishing an effi-
cient rhizoremediation approach and more research is
desirable in order to test the feasibility of the presented
strategy. Plants' biochemical response to diesel

contamination and microbial inoculation, as well as
transcriptional level of several genes involved in the
plant antioxidative and detoxification system will be in
focus. Obviously, microbial activities in soil and diesel
oil removal are key issues that will be also estimated, to
verify our hypothesis on the potential rhizoremediation
system that should efficiently clean up the polluted
soil. On the basis of the promising findings presented
in this paper, further work on the remaining issues will
be continued and presented in more details in the
future.
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