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    Phytoremediation is an eco-friendly technique for hydrocarbon bioremoval. 
Phytoremediation efficiency can be enhanced through the cooperation of plants and 
crude oil degrading bacteria. This study was aimed to select crude oil tolerant 
grasses and clarify the bioremoval efficiency of R.ruber KE1-augmented 
phytoremediation. For this purpose, the resistance of Festuca rubra rubra, Festuca

rubra commutate, Lolium perenne, and Poa pratensis to crude oil was evaluated. 
Further, the supportive and augmenting role of R.ruber KE1 treatment on the 
morphological and biochemical properties of these grasses and crude oil 
phytoremediation was assessed. According to those results, Festuca rubra rubra

and L. perenne were selected as more crude oil resistant grasses. R.ruber KE1 was 
able to significantly enhance its growth parameters (radicle, root, and shoot length) 
in the presence of crude oil. Results showed the most applied concentration of 
crude oil (5% w/w) inhibited Festuca rubra rubra growth while R.ruber KE1 
treatment improved Festuca rubra rubra growth (P<0.05). A combination of 
R.ruber KE1 with L. perenne or Festuca rubra rubra resulted in a higher
degradation rate of >70% in all applied concentrations of crude oil after 40 days.
Also, R.ruber KE1 treatment enhanced biodegrading of insoluble (36%→1.82%)
and soluble (53.86%→14.52%) compounds of crude oil. R.ruber KE1-augmented
phytoremediation could be a promising approach to degrade recalcitrant
hydrocarbon pollutants and remediate contaminated soils.
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1. Introduction

The contamination of terrestrial and aquatic 
ecosystems by petroleum hydrocarbons due to 
high toxic, carcinogenic, mutagenic, and 
deleterious effects on the environment, plant, 
animal, and human health is considered a life-
threatening problem (Fatima et al., 2018). It has 
been estimated that high amounts of these 

pollutants (600,000 metric tons/year) accidentally 
(e.g., the disaster in Mexico) or through human 
activities or wars (e.g., the armed conflict between 
Iraq and Kuwait) enter ecosystems (Bashir et al., 
2020). These events have led to the distribution of 
millions of barrels of crude oil into the 
environment and compromised wildlife as a 
persistent pollutant. For example, animals are 
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exposed through the ingestion, absorption, and 
inhalation of this pollutant. The pollutant 
influences plants by reducing the availability of 
water, oxygen, and nutrients, thus creating a high 
level of oxidative stress, degradation of 
chlorophyll, and consequently diminishing seed 
germination (Guvvala et al., 2020; Manisalidis et 
al., 2020) 
Following-up the adverse effects of petroleum 
hydrocarbons, various mechanical (such as 
boomers), physical (like skimmers and adsorbent 
materials to control spreading oil), chemical (such 
as dispersants and solidifiers that limit oil spill 
spread) and thermal (which act through burning of 
the oil) strategies have been applied to control, 
limit, and degrade these dangerous pollutants 
(Dave & Ghaly, 2011; Tewari & Sirvaiya, 2015).  
Because of the high cost and limitations of 
mechanical, physical, and chemical methods, a 
noninvasive, relatively affordable, and eco-
friendly strategy “bioremediation” has raised 
much interest. In this bio-based clean-up strategy, 
various prokaryotes like bacteria (bioremediation) 
and eukaryotes-like plants (phytoremediation) 
have been applied to detoxify, degrade, remove, or 
accumulate pollutants owing to their diverse 
metabolic capabilities (Shirdam et al., 2008). 
Bioremediation can occur through natural 
attenuation, biostimulation, or bioaugmentation 
mechanisms. Natural attenuation acts by applying 
the degradation activity of indigenous 
microorganisms (Okoh et al., 2020).  
In this method, no change or damage is imposed 
on the ecosystem, but its time-consuming feature 
is a limiting factor for this strategy. The 
detoxification rate of biological methods can be 
accelerated through the introduction of specific 
degraders to the contaminated ecosystem; these 
degraders successfully survive by multiply in that 
polluted environment or using a combination of a 
pollutant degrading plant and bacteria (Varjani & 
Upasani, 2019).  
In this regard, potent crude oil degrader bacteria 
that can compete with indigenous microbial 
communities are needed. Actinobacteria are one of 
the most prolific bacteria with suitable properties 
like surviving in extreme conditions, producing 
cell-bound surfactants, and showing high cell 
hydrophobicity. These properties make them 

appropriate candidates for bioremediation 
purposes (Kügler et al., 2015). 
It has been shown that better bioremediation 
efficiency can be achieved using known pollutant 
degrading bacteria instead of indigenous 
microorganisms. Microorganisms that are isolated 
from extreme environments can provide a 
potential benefit for phytoremediation in 
contaminated soils under adverse conditions. 
According to previous studies, oil-degrading 
bacteria belong to Rhodococcus, Nocardia, 
Micrococcus, Bacillus, Pseudomonas, 
Acinetobacter, and Flavobacterium genera (Das & 
Chandran, 2011). 
Rhodococcus is a promising genus of 
Actinobacteria for the biodegradation of 
recalcitrant pollutants such as petroleum 
hydrocarbons. Through its physiological and 
ecological adaptations to harsh environmental 
conditions, successful competition with other 
bacterial populations, extensive catabolic 
versatility, and unique enzymatic capabilities, 
Rhodococcus bacteria could be efficiently used as 
a bioaugmentation agent in bioremediation 
programs (Kuyukina & Ivshina, 2010). Due to 
producing cell-associated biosurfactants, 
Rhodococcus can adhere to liquid hydrocarbons as 
well as hydrophobic solid surfaces. Hence, they 
can efficiently colonize in hydrocarbon 
contaminated soils (Neu, 1996; Whyte et al., 
1999).
Rhodococcus strains, such as R. ruber, are 
frequently isolated from hydrocarbons 
contaminated ecosystems. Rhodococcus strains 
uptake large oil drops via direct bacterial contact 
as carbon and energy sources. In this regard, 
successful and efficient bio-based remediation will 
be achieved by introducing Rhodococcus to a 
contaminated environment (Kuyukina & Ivshina, 
2010). 
Moreover, more promising bioremediation can be 
achieved by simultaneously utilizing the 
degradation abilities of Rhodococcus strains and 
plants. Whenever a strong and sustained plant–
bacteria interaction is established, the synergistic 
effect can significantly enhance the efficiency of 
bioremediation. In this tactic, plants should have a 
high growth rate and significant resistance to the 
pollutant of interest.  
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Therefore, we aimed to assess the synergistic 
effect of a combination of R.ruber KE1, a known 
oil degrading bacterium, and four grasses,  Festuca

rubra rubra, Festuca rubra commutate, Lolium 

perenne, and Poa pratensis, on the enhancement 
of bioremediation of petroleum contaminated soil. 
This is the first study evaluating the synergism of 
R.ruber KE1 and grasses in the bioremediation of
crude oil contaminated soil.

The success of the proposed approach will be 
assessed for biological remediation of some crude 
oil contaminated soil by evaluating the crude oil 
resistance of these grasses, determining their 
potential in phytoremediation of crude oil, and 
finally, assessing their synergism with microbial 
cells in the bioremediation of hydrocarbons.  

2. Materials and methods

2.1. Plant seeds and microbial strain 

Seeds of Festuca rubra rubra, Festuca rubra

commutate, Lolium perenne, and Poa pratensis

were purchased from Diten Tadbir. Rhodococcus

ruber strain KE1, an oil-degrading bacterium 
isolated from drilling oil-based mud in Khuzestan, 
Iran with the accession number of JQ963338.1, 
was received from the petroleum microbiology 
department of the Research Institute of Applied 
Sciences, ACECR, Evin, Tehran, and heavy crude 
oil was kindly obtained from the Ahvaz oil 
refinery. 

2.2. Soil analysis and preparing

Cultivated soil was randomly collected from a 
farm in Amiriyeh village, Damghan, Iran (36°29′
32″N 54°54′56″E). The collected soil samples 
were mixed uniformly and sieved. The mixed soil 
used throughout the experiments was composed 
of cultivable soil (70%), sandy soil (20%), and a 
mixture of peat moss soil (10%). A sample of the 
prepared soil was analyzed to determine its 
physicochemical properties (Sparks et al., 2020). 

2.3. Preparing crude oil contaminated soil for

experiment 

The prepared soil was contaminated by heavy oil 
(0.5% w/w). These soil samples were individually 
transferred to trays.  

2.4. Selection of more heavy oil-resistant plants

Twenty seeds of four grasses, including Festuca

rubra rubra, Festuca rubra commutate, Lolium

perenne, and Poa pratensis, were treated with 
R.ruber (106 cell/ml, test group) or physiological
serum (blank). For this purpose, a suspension of
R.ruber (OD625=0.5) was prepared in saline serum.
Subsequently, seeds sterilized with hypochlorite
sodium (1% v/v) were inoculated by the bacterial
suspension and transferred to crude oil
contaminated (0.5% w/w) and uncontaminated
soil containing trays with five replicates.
Untreated seeds were regarded as the control.
Irrigation was done twice a day for 10 days. At the
end of the experiment, more crude oil-resistant
plants were selected for further studies.

2.5. Seed germination of R.ruber treated seeds

with various concentrations of crude oil 

To determine the range of a tolerable 
concentration of crude oil for selected seeds, the 
effect of various concentrations of crude oil was 
evaluated on seed germination and radicle length 
of R.ruber treated seeds. For this purpose, seeds of 
more crude oil-resistant plants were soaked in 
hypochlorite sodium (1% v/v) for 5 min, rinsed 
with water 5 times, and inoculated by R.ruber. 
Then, ten seeds were placed between two crude 
oil-soaked Wattman papers [5 mL, 2, 4, and 6 % 
(w/v) with three replicates] in 10 cm petri dishes. 
The plates were incubated for 10 days at 27 oC.  
Untreated seeds were considered as the control. At 
the end of the experiment, the percentage of seed 
germination and length of radicles were 
calculated. 

2.6. Phytoremediation potential of R. ruber

treated plants 

Twenty seeds of more crude oil-resistant grasses 
were inoculated by R. ruber (106 cell/ml, test 
group) or physiological serum (blank) and 
transferred to crude oil contaminated (0.5, 1, 3. 5% 
w/w) and uncontaminated soil containing pots 
with three replicates (the experimental groups are 
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explained in Table 1). The experimental design 
was a randomized complete block. Irrigation was 
applied thrice and twice daily for the initial ten 
days (from seeding to germination) and remained 
thirty days, respectively. The temperature range 

was 25± 2 oC to 38± 2 oC from the initiation to the 
end of the experiment. After plant growth, they 
were harvest, washed with tap water to remove soil 
particles, and then preserved for morphologic and 
biochemical analysis.  

Table 1 Experimental groups in the present study. 

Experimental 

groups 

Applied 

grass 

Applied 

bacteria 

Crude 

oil 

Regarded as Aim 

1 Lolium 

perenne 

R.ruber

KE1
0.5-5% Treated group in 

stress condition 
To assess role of R.ruber KE1 in 
amelioration of crude oil stress on 
morphological and biochemical 
properties of Lolium perenne and their 
interaction in crude oil bioremediation. 

2 Lack of 
bacteria 

Untreated group in 
stress condition 

To assess the role of crude oil stress on 
morphological and biochemical 
properties of Lolium perenne. 

3 R.ruber

KE1
Lack of 
crude oil 

Treated group in 
normal condition 

To assess the effect of R.ruber KE1 
inoculation on morphological and 
biochemical properties of Lolium

perenne.

4 Lack of 
bacteria 

Untreated group in 
normal condition 

To ensure that Lolium perenne grow 
properly in normal condition. 

5 Festuca 

rubra rubra

R.ruber

KE1
0.5-5% Treated group in 

stress condition 
To assess role of R.ruber KE1 in 
amelioration of crude oil stress on 
morphological and biochemical 
properties of  Festuca rubra rubra and 
their interaction in crude oil 
bioremediation. 

6 Lack of 
bacteria 

Untreated group in 
stress condition 

To assess the role of crude oil stress on 
morphological and biochemical 
properties of Festuca rubra rubra. 

7 R.ruber
KE1

Lack of 
crude oil

Treated group in 
normal condition 

To assess the effect of R.ruber KE1 
inoculation on morphological and 
biochemical properties of Festuca rubra

rubra. 

8 Lack of 
bacteria 

Untreated group in 
normal condition 

To ensure that Festuca rubra rubra grow 
properly in normal condition. 

9 No grass Lack of 
bacteria 

0.5-5% Untreated groups To measure crude oil in contaminated 
soil. 

10 No grass Lack of 
bacteria 

3% Untreated group To measure quantity of hydrocarbon 
compounds of crude oil in contaminated 
soil. 

2.7. Morphologic analysis of plants The shoot and root length and dry weight of plants 
in various experimental groups were measured and 
compared with each other. To measure the dry 

4



Advanced Research in Microbial Metabolites and Technology 3 (2020) 1-18 

weight of plants, they were washed twice in sterile 
distilled water and dried at 70 oC till they attained 
a constant weight.  

2.8. Biochemical analysis of plants

The quantity of photosynthetic pigment, sugar, and 
protein were measured in experimental groups as 
biochemical properties of plants.  

2.9. Determination of photosynthetic pigment

content 

Photosynthetic pigment content was evaluated 
quantitatively as previously described in De Kok 
and Graham (1989). Briefly, 0.05 g of fresh leaves 
was homogenized in 80 % acetone (1.0 ml). Then, 
its supernatant was obtained by centrifugation at 
1600 g for 5 min. The absorbance value of the 
supernatant was read according to Lichtenthaler
(LICHTENTHALER & Wellburn, 1983) at 663, 
646, and 470 nm. Pigment content (mg g-1) was 
calculated as follows:  

Chlorophyll a= (12.25A663-2.79A646) 

Chlorophyll b= (21.21A646-5.1A663) 

Carotenoid= (1000A470 – 1.8Chla – 
85.02Chlb)/198 

2.10. Sugar content determination

Fresh leaves of the plants (0.05 g) were 
homogenized in phosphate buffer, and its 
supernatant was obtained using centrifugation at 
1600 g for 5 min. Then, phenol solution (5% w/v, 
1mL) and sulfuric acid (98%, 3 mL) was added to 
the supernatant (2 mL). This mixture was shaken 
vigorously, and its absorbance was read at 485 nm 
after 1 hour. The absorbance of the characteristic 
yellow-orange color was measured at 485 nm. 
Glucose was used to make a standard curve (Bi et 
al., 2016; Somogyi, 1952). 

2.11. Protein content determination

The soluble protein content of  plants was 
determined as previously described in Bradford 
(1976). Briefly, the leaves of a plant (0.5 g) were 
homogenized in phosphate buffer in freezing 
conditions. This mixture was centrifuged at 10,000 
g in 4 oC for 25 min.  The samples (50 µl) were 

mixed with Bradford reagent (1.5 ml) and 
incubated at an ambient temperature for 2 min. 
The absorbance was measured at 595 nm 
(Stoscheck, 1990). Bovine serum albumin was 
used to make a standard curve.   

2.12. Bacterial enumeration after the 

experiment 

At the end of the experiment, one gram of the oil-
contaminated soils, in which R.ruber KE1 treated 
seeds of Festuca rubra rubra or Lolium perenne, 
had been cultivated was dissolved in 1mL 
physiological serum. This microbial suspension 
was serially diluted (10-1-10-10), and then 100 L 
was spread on an MS medium containing crude oil 
instead of sucrose to enumerate the viable R .ruber

KE1. Colonies were counted after an incubation 
period (37 oC for 3-4 days). 

2.13. Hydrocarbon (%) measurement in

R.ruber KE1 treated and untreated oil-

contaminated soil samples

Soil samples were taken from each pot before and 
after the experiment. The amount of crude oil in 
the soil samples was determined by the 
gravimetric method, according to Latha and  
Kalaivani et al. (2012). The sample with the most 
weight difference before and after the experiment 
was analyzed by gas chromatography. 

2.14. Statistical analysis

The normality of data was evaluated by the 
Shapiro-Wilk test, and because there was a normal 
distribution of data and more than two groups, the 
mean difference between various groups was 
analyzed by ANOVA test in SPSS 20.0. An 
asterisk (*) denotes a significant difference at a 
95% level of confidence interval.  

3. Results and Discussion

Petroleum hydrocarbons are potential sources of 
ecosystem contamination. Phytoremediation is a 
cost-effective, eco-friendly, and effective 
approach that can easily operate in situ in large 
areas of polluted sites using tolerant plant species. 
Mirabilis Jalapa, Impatiens balsamina, Canna 
indica, Chromolaena odorata, Biden pilosa, 
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Gmelina arborea, Azadirachta indica, Michelia 
champaca, Sebastiania commersoniana, Zea 
mays, Lolium multiflorum, Astragalus 
membranaceus, and Medicago sativa are potential 
terrestrial plants that have been studied for 
phytoremediation of petroleum hydrocarbon (in a 
wide range [400-50000 mg Kg-1] of petroleum 
concentration) and have shown various 
efficiencies (9-80%) in different treatment times 
(21 days-one year) (Yavari et al., 2015). In this 
regard, the soil was artificially polluted with crude 
oil (Table 2). The results of agrology experiments 
revealed the physicochemical properties of the soil 
used in the present study (Table 3). 

Table 2 Characteristics of the used heavy crude 

oil 

Quantity Substance Quantity Substance 

0.53% Organic matter 7% Clay 

0.068% N 42% Silt 

276 ppm K 51% Sand 

5.8 ppm P 38% T.N.V 

0.3 ppm Cu 6.6 Dsm-1 EC 

2.15 ppm Mn 7.6 pH 

1.1 ppm Zn 14.4 ESP 

0.89 ppm Fe 9.6 SAR 

54 Meq-1 Cl- 35.1 Meq-1 Na+ 

9 Meq-1 HCO3- 26.5 Meq-1Ca2+Mg2+ 

Table 3 Physicochemical properties of the 
cultivable soil, sandy soil, and a mixture of peat 
moss soil.  

Property Iranian Heavy Crude Oil

Specific gravity (kg/m3) 0.8814 
API gravity (oAPI) 29.0 

Sulfur (wt%) 1.96 
Nitrogen (wt%) 0.21 

Vanadium (ppm) 88.0 
Nickel (ppm) 24.0 

Pour point (°C) -14
Viscosity 

(cSt) 
At 20 °C 21.52
At 40 °C 10.43

3.1. Selection of more crude oil resistant plants 

The results showed that R.ruber KE1 treated 
Festuca rubra rubra and Lolium perenne are more 
resistant than R.ruber KE1 treated Poa pratensis 
and Festuca rubra commutate to crude oil 
contamination. Therefore, the phytoremediation 
ability of Festuca rubra rubra and Lolium perenne

in association with R.ruber KE1 were further 
evaluated. Lolium perenne is a perennial 
herbaceous plant and one of the most commonly 
employed forage and turf grasses. It is known as 
an oil-tolerant grass (Mâsu, Morariu, & Dragomir, 
2013). It can grow well in high pH soil containing 
NaCl. Lolium perenne has been reported as an 
efficient grass in bioremediation of various 
pollutants, such as petroleum products (with 31% 
efficiency in phytoremediation), polyaromatic 
hydrocarbons, and heavy metal (Cu, Cd, Pb, and 
Zn) (Cao et al., 2016; Gołda & Korzeniowska, 
2016; Yarahmadi et al.,  2017). This may be due to 
its comparatively rapid growth, extensive and 
strong root system, and possessing various 
strategies to cope with high concentrations of 
various pollutants. Although its phytoremediation 
efficiency may be limited due to the adverse effect 
of recalcitrant pollutants, such as crude oil, on 
growth, morphological, and the biochemical 
features of Lolium perenne (Zhang et al., 2012; 
Zhu et al., 2018).  
This limitation can be ameliorated, and the 
phytoremediation approach can be augmented by 
appropriate microorganisms that are tolerant to 
high concentrations of pollutants of interest and 
possess a high survival rate in a wide range of 
environmental conditions. Bacterial augmented 
phytoremediation can give significantly better 
efficiency in comparison to phytoremediation. 
This complex interaction is mutually beneficial to 
both organisms. By degrading pollutants and 
alleviating their corresponding stress, bacteria 
improve plant growth and root systems. In turn, 
through its exudates and aeration activity, the plant 
root enhances the activity of the microorganism, 
which consequently can lead to more efficient 
degradation. 
A few promising results have been reported on the 
efficiency of a combinational approach using 
specific bacterial species with plants, e.g., Xie et 
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al. (2018) showed the enhanced efficiency of a 
combinatorial strategy using strain DXZ9 of 
Stenotrophomonas sp. with ryegrass to 
biologically removal of DDT (81%) and DDE 
(55%) in comparison to phytoremediation of 
untreated ryegrass for DDT (72%) and DDE 
(48%) in a pot experiment. Cao et al. (2016) 
showed that Streptomyces pactum Act12 treated 
Lolium perenne L. had higher biomass with a 
greater height and root tiller number in comparison 
with the uninoculated Lolium perenne L. under Pb 
stress. Tang et al. (2010) reported the amplified 
ability of bacterial treated Lolium perenne in 
phytoremediation of petroleum contaminated soil. 
According to their results, a combination of 
ryegrass with mixed microbial strains including 
Bacillus subtilis, Sphingobacterium multivolume, 
Acinetobacter radioresistens, Rhodococcus

erythropolis, and Pseudomonas fluorescens gave 

the best result with a degradation rate of 58% after 
162 days.  
Therefore, remediation of crude oil polluted soil 
with limited damages to its morphological and 
biochemical properties can be achieved by Lolium

perenne treatment with crude oil degrading 
bacteria.  

3.2.  Seed germination potential of R. ruber 

KE1 treated Festuca rubra rubra and Lolium 

perenne  

The results showed that bacterial treatment 
decreased seed germination (%) of Festuca rubra

rubra and Lolium perenne in contaminated and 
uncontaminated soils (Fig. 1). According to the 
results, seed germination (%) of R.ruber KE1 
treated and untreated Festuca rubra rubra was 
higher than Lolium perenne (Fig.1). 

Fig. 1 The effect of various concentrations of crude oil on germination rate (%) of R.ruber KE1 treated 
(●) and untreated (■) seeds after 10 days of growth at 27 oC. ○ and □ indicate seed germination rate (%)
of R.ruber KE1 treated  and untreated  seeds after growth during  10 days at 27 oC in uncontaminated
soil, respectively.

3.3.  Radicle length of R.ruber KE1 treated 

Festuca rubra rubra and Lolium perenne 

The radicle length of untreated Lolium perenne (37 
mm) was more than that of untreated Festuca

rubra rubra (23 mm) in uncontaminated soil.
R.ruber KE1 inoculation did not lead to a
significant increase in radicle length of Lolium

perenne (38 mm) or Festuca rubra rubra (25 mm)

in uncontaminated soil (P>0.05). Also, the radicle 
length of Lolium perenne was higher than Festuca

rubra rubra in all applied concentrations of crude 
oil. The bacterial treatment prevented a 
dramatically reduction of radicle length of both 
treated grasses, e.g., the radial length of untreated
Lolium perenne and Festuca rubra rubra showed 
a 29 cm and 16 cm reduction when increasing the 
crude oil concentration from 0 to 5% v/v, 
respectively, while R.ruber KE1 treatment 

7



Advanced Research in Microbial Metabolites and Technology 3 (2020) 1-18 

ameliorated this dramatic reduction to 14 cm and 
8 cm (P<0.05), respectively (Fig .2). The R.ruber

strain KE1 was isolated from a unique ecosystem 
(drilling oil-based polluted soil of Khuzestan, 
Iran). According to the results, the R.ruber strain 

KE1 with biodegradation ability assisted grasses in 
coping with the adverse effects of crude oil, 
especially in high concentrations.  

Fig. 2 The effect of various concentrations of crude oil on the radicle length (cm) of R.ruber KE1 treated (●) and untreated 
(■) seeds in crude oil contaminated soil after 10 days of growth at 27 oC. ○ and □ indicate the radicle length (cm) of R.ruber

KE1 treated  and untreated  seeds after 10 days of growth at 27 oC in uncontaminated soil, respectively. The * shows that
there is a significant difference at confidence interval of 95%.

3.4. Festuca rubra r3ubra and Lolium perenne 

root and shoot length changes in the presence 

of crude oil  

Per the previous experiment, crude oil 
concentrations of 0.5, 1, 3, and 5% (w/w) were 
selected for further experiments. The shoot length 
of R.ruber KE1 treated and untreated Festuca

rubra rubra and Lolium perenne was affected by 
crude oil stress. As crude oil concentration 
increased, shoot length decreased in both 
inoculated and uninoculated treatments (Fig. 3). 
Also, shoots of Lolium perenne were higher than 

Festuca rubra rubra in all applied crude oil 
concentrations. The highest applied concentration 
of crude oil (5%) completely inhibited shoot and 
root growth of untreated Festuca rubra rubra, but 
this did not occur in R.ruber KE1 treated Festuca

rubra rubra. The bacterial treatment prevented the 
dramatic reduction of shoot growth in both treated 
grasses (P<0.05). This effect was exacerbated in 
higher concentrations of crude oil. Shoot lengths 
of R .ruber KE1 treated and untreated Lolium

perenne did not reach zero in any concentrations 
of crude oil.  

Fig. 3 The effect of various concentrations of crude oil on the shoot length (cm) of R.ruber KE1 treated (●) and untreated (■) 
seeds after 40 days of growth at 25± 2 oC to 38± 2 oC in crude oil contaminated soil. ○ and □ indicate the shoot length (cm) 
of  R.ruber KE1 treated  and untreated  seeds after 40 days of growth at 25± 2 oC to 38± 2 oC in uncontaminated soil, 
respectively. The * shows that there is a significant difference at a confidence interval of 95%. 
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The root length of both investigated grasses 
showed a completely different response to 
increases in crude oil concentration. In this way, 
the root length of Lolium perenne (R.ruber KE1 
treated and untreated) and Festuca rubra rubra 
(R.ruber KE1 treated and untreated) increased 
with higher crude oil concentrations until it 

reached 1% and 3%, respectively. Applying higher 
concentrations of crude oil (3 and 5% of Lolium

perenne and 5% of Festuca rubra rubra) resulted 
in a root length reduction. The highest 
concentration (5%) led to a lack of root growth in 
untreated Festuca rubra rubra, while the R.ruber

KE1 treatment hampered this effect (P<0.05) (Fig. 
4).  

Fig. 4 The effect of various concentrations of crude oil on the root length (cm) of R.ruber KE1 treated (●) and untreated (■) 
seeds after 40 days of growth at 25± 2 oC to 38± 2 oC in crude oil contaminated soil. ○ and □ indicate the root length (cm) of 
R.ruber KE1 treated  and untreated  seeds after 40 days of growth at 25± 2 oC to 38± 2 oC in uncontaminated soil, respectively.
The * shows that there is a significant difference at a confidence interval of 95%.

3.5. Dry weight of Festuca rubra rubra and 

Lolium perenne shoots and roots in the 

presence of crude oil  

The dry weight of Lolium perenne and Festuca 
rubra rubra shoots and roots (R.ruber KE1 
treated and untreated) severely decreased by 
increasing the crude oil concentration. The 
R.ruber KE1 treatment had an obvious positive
effect  on  the dry weight of  Festuca rubra rubra

and Lolium perenne shoots and roots in the 
presence of the highest applied concentration of 
crude oil (5%). This was due to the smaller 
reduction of the shoot and root dry weight of 
R.ruber KE1 treated Lolium perenne  (~40%
shoot, ~29.5% root ) and Festuca rubra rubra

(~68% shoot, 77.5% root) in comparison with the
dry weight of untreated Lolium perenne  (~65%
shoot, ~44.8% root) and Festuca rubra rubra

(100% shoot, 100% root) shoots (P<0.05) (Figs.
5, 6).

Fig. 5 The effect of various concentrations of crude oil on the shoot dry weight (g) of R.ruber KE1 treated (●)and untreated 
(■) seeds after 40 days of growth at 25± 2 oC to 38± 2 oC in crude oil contaminated soil. ○ and □ indicate the shoot dry weight
(g) of R.ruber KE1 treated  and untreated  seeds after 40 days of growth at  25± 2 oC to 38± 2 oC in uncontaminated soil,
respectively. The * shows that there is a significant difference at a confidence interval of 95%.
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Fig. 6 The effect of various concentrations of crude oil on the root dry weight (g) of R.ruber KE1 treated (●)  and untreated 
(■) seeds after 40 days of growth at 25± 2 oC to 38± 2 oC in crude oil contaminated soil. ○ and □ indicate the root dry weight
(g) of  R.ruber KE1 treated  and untreated  seeds after 40 days of growth at 25± 2 oC to 38± 2 oC in uncontaminated soil,
respectively. The * shows that there is a significant difference at a confidence interval of 95%.

3.6.  Chlorophyll and carotenoid content of 

Festuca rubra rubra and Lolium perenne in the 

presence of crude oil contamination 

The results showed that R.ruber KE1 treatment did 
not increase chlorophyll a and b content of treated 
Festuca rubra rubra and Lolium perenne in 
uncontaminated soil. According to the results, 
R.ruber KE1 treated Festuca rubra rubra could
preserve its chlorophyll a and b in comparison with
untreated contaminated soil. The role of R.ruber

KE1 treatment was further revealed in the highest 
applied concentration of crude oil (5% v/w). In this 
situation, R.ruber KE1 alleviated crude oil stress 
(P<0.05). As seen in Figs. 7 and 8, the chlorophyll 
a and b content of untreated Festuca rubra rubra 
fell to zero, while the Rruber KE1 treatment was 
able to maintain chlorophyll a content at 5.31 and 
2.1 mg g-1, respectively (P<0.05). Rruber KE1 
treatment had no significant effect on the 
chlorophyll a content of treated Lolium perenne

(Fig. 8) (P>0.05). 

Fig. 7 The effect of various concentrations of crude oil on the chlorophyll a content (mg g-1) of R.ruber KE1 treated (●) and 
untreated (■) seeds after 40 days of growth at 25± 2 oC to 38± 2 oC in crude oil contaminated soil. ○ and □ indicate the 
chlorophyll a content (mg g-1) of  R. ruber KE1 treated  and untreated  seeds after 40 days of growth   at 25± 2 oC to 38± 2 oC 
in uncontaminated soil, respectively. The * shows that there is a significant difference at a confidence interval of 95%. 
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Fig. 8 The effect of various concentrations of crude oil on the chlorophyll b content (mg g-1) of R.ruber KE1 treated (●) and 
untreated (■) seeds after 40 days of growth at 25± 2 oC to 38± 2 oC in crude oil contaminated soil. ○ and □ indicate the 
chlorophyll b content (mg g-1) of R.ruber KE1 treated  and untreated  seeds after 40 days of growth  at 25± 2 oC to 38± 2 oC 
in uncontaminated soil, respectively. The * shows that there is a significant difference at a confidence interval of 95%.

Also, the results showed that the carotenoid 
content of R.ruber KE1 treated and untreated 
Lolium perenne and Festuca rubra rubra was 
reduced when the crude oil concentration 
increased, except at the 0.5% concentration, which 
did not lead to a decrease in carotenoid content in
R.ruber KE1 treated Festuca rubra rubra. The
carotenoid content of R.ruber KE1 treated and

untreated Lolium perenne and Festuca rubra rubra 
showed no significant difference in concentrations 
of 0.5 and 1% of crude oil. R.ruber KE1 treatment 
prevented a reduction of carotenoid content in 
grasses in comparison with untreated grasses at 
higher concentrations of crude oil (P<0.05) (Fig. 
9). 

Fig. 9 The effect of various concentrations of crude oil on the carotenoid content (mg g-1) of R.ruber KE1 treated (●) and 
untreated (■) seeds after 40 days of growth at 25± 2 oC to 38± 2 oC in crude oil contaminated soil. ○ and □ indicate the 
carotenoid content (mg g-1) of  R.ruber KE1 treated  and untreated  seeds after 40 days of growth at 25± 2 oC to 38± 2 oC in 
uncontaminated soil, respectively. The * shows that there is a significant difference at a confidence interval of 95%. 

3.6 The sugar content of Lolium perenne and 

Festuca rubra rubra in the presence of crude oil 

contamination 

R.ruber KE1 did not make a significant difference
in the soluble sugar content of R.ruber KE1 treated
and untreated Lolium perenne and Festuca rubra

rubra in uncontaminated soil. The soluble sugar 
content of R.ruber KE1 treated and untreated 
Lolium perenne and Festuca rubra rubra 
increased by increasing the crude oil concentration 
(except at the 0.5% concentration), which lead to 
a dramatic decrease in the soluble sugar content of 
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untreated Festuca rubra rubra, while the R.ruber

KE1 treatment increased the soluble sugar content 
of Festuca rubra rubra in the 5% concentration of 
crude oil (Fig. 10).

Fig. 10 The effect of various concentrations of crude oil on the soluble sugar content (mg g-1) of R.ruber KE1 treated (●) and 
untreated (■) seeds after 40 days of growth at 25± 2 oC to 38± 2 oC in crude oil contaminated soil. ○ and □ indicate the soluble 
sugar content (mg g-1) of R.ruber KE1 treated  and untreated  seeds after 40 days of growth  at 25± 2 oC to 38± 2 oC in 
uncontaminated soil, respectively. The * shows that there is a significant difference at a confidence interval of 95%. 

3.7.  The sugar content of Lolium perenne 

and Festuca rubra rubra in the presence of 

crude oil contamination 

The results showed that minimum protein 
concentrations (0 and 1.06 mg g-1) were observed 
in the wet tissue of untreated Festuca rubra rubra

in the presence of crude oil stress (5% 
concentration) and Lolium perenne in normal 
conditions, respectively. The results revealed that 
maximum protein concentrations (1.69 and 2.04 
mg g-1) were observed in the wet tissue of R.ruber

KE1 treated Festuca rubra rubra and Lolium

perenne in the presence of crude oil stress (1% and 
3% concentration, respectively) (Fig.11). The 
hydrophobic surface of R.ruber KE1 allows its 
adherence to hydrocarbons and results in easier 
biodegradation of hydrocarbonic pollutants. In the 
present study, R.ruber KE1 improved the effect of 
Lolium perenne and Festuca rubra rubra on plant 
growth under crude oil stress, as indicated by 
higher pigment, sugar, and protein content as well 
as shoot and root length and dry weight. 

Fig. 11 The effect of various concentrations of crude oil on the protein content (mg g-1) of R.ruber KE1 treated (●) and 
untreated (■) seeds after 40 days of growth at 25± 2 oC to 38± 2 oC in crude oil contaminated soil. ○ and □ indicate the 
protein  content (mg g-1) of R.ruber KE1 treated  and untreated seeds after 40 days of growth at 25± 2 oC to 38± 2 oC in 
uncontaminated soil, respectively. The * shows that there is a significant difference at a confidence interval of 95%.
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Rhodococcus bacteria have received great 
attention because of their large chromosome, large 
linear plasmids, their capability to catabolize a 
wide range of compounds, their ability to produce 
bioactive compounds like steroids, acrylamide, 
acrylic acid  (Füchtenbuschet al., 1998), and 
biosurfactant (Ivshina et al., 2013; Lee et al., 
2018), their involvement in fossil fuel 
biodesulfurization, and their capability to 
biodegrade persistence compounds like pyridine 
(Yoon et al., 2000), azo dyes, pesticides (e.g., 
dichlorodiphenyltrichloroethanes and 
hexachlorocyclohexanes) (G.-D. Sun et al., 2014; 
G. Sun et al., 2015), as well as polychlorinated
biphenyls  and bioconversion of toluene,
naphthalene, di-(2-ethylehxyl) phthalate (Liet al.,
2006; T. Yang et al., 2018), aniline, phenol
(Rehfuss & Urban, 2005), vinyl chloride
(Malachowskyet al., 1994), dichlorobenzene
(Rehfuss & Urban, 2005), chlorobenzene (Rehfuss
& Urban, 2005), herbicides, and PCBs (Bock et
al., 1996; Goodfellow et al., 2004; Larkin et al.,
1998; van der Geize & Dijkhuizen, 2004; Zheng et
al., 2012). Their outstanding properties such as
having metabolic, enzymatic  (e.g., dioxygenases),
and nutritional versatility, as well as aerobic and
microaerophilic respiration makes them suitable

for bioremediation under a wide range of 
environmental conditions, especially 
phytoremediation of recalcitrant pollutants (van 
der Geize & Dijkhuizen, 2004). 

3.8.  Bacterial multiplication in the presence 

of various concentrations of crude oil 

The results showed that R.ruber KE1 has had a 
higher rate of proliferation in the crude oil 
contaminated soil in comparison with the 
uncontaminated soil. The R.ruber KE1
proliferation rate increased along with higher 
concentrations of crude oil in the presence of 
Festuca rubra rubra, while a constant 
proliferation rate was observed in 1, 3, and 5% 
(w/w) concentrations of crude oil in the presence 
of Lolium pernne (Fig. 12). It has been reported 
that the bacteria belonging to the 
Rhodococcus genus  have a high ability to grow in 
an extended range of recalcitrant contaminants, 
like aliphatic and aromatic hydrocarbons (Kotake 
et al., 2016; H.-Y. Yang et al., 2014), phenols 
(Szőköl et al., 2014), chlorophenols (Hou et al., 
2016), benzotrifluoride (Yano et al., 2015), 
and xenobiotic components (Khairy et al., 2015) 
and can degrade and transform them.  

Fig. 12 Numeration of bacteria in contaminated soils at various concentrations of crude oil (● ) and uncontaminated soils (○) 
at the end of the experiment.  
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3.9.  Enhanced ability of R.ruber KE1 

treated Lolium perenne and Festuca rubra 

rubra in phytoremediation of crude oil 

contamination  

The results showed that both investigated grasses, 
Lolium perenne and Festuca rubra rubra, have 
significant phytoremediation ability.  Because the 
crude oil remaining in soil with Lolium perenne

and Festuca rubra rubra along with R.ruber KE1 
was lower than that of soil with Lolium perenne

and Festuca rubra rubra in the absence of R.ruber

KE1 (Fig.13). We conclude that the 
phytoremediation ability of Lolium perenne and 
Festuca rubra rubra increased in the presence of 
R.ruber KE1. Although Lolium perenne can
significantly remediate crude oil itself (>57%),
employing R.ruber KE1 with Lolium perenne

increased its bioremediation efficiency. This
enhanced phytoremediation may be due to

Rhodococcus ruber KE1’s ability to produce 
biosurfactant, which can decrease surface tension 
through emulsification of crude oil and also 
enhance hydrocarbon bioavailability for 
degradation (Parach et al., 2017). However, more 
research should be done to determine the best 
strategy for R.ruber KE1 enhanced degradation of 
crude oil in the presence of Lolium perenne and 
Festuca rubra rubra. 

Also, previous studies showed the beneficial 
cooperation of microbial cells with plants 
decreased the phytoremediation duration for long-
lasting contaminants and increased its efficiency. 
Microorganism-augmented phytoremediation is 
efficient and environment-friendly compared to 
standard phytoremediation. Nevertheless, an 
extensive investigation must be conducted to 
understand the underlying mechanisms needed to 
boost the yield of the decontamination procedure 
(Yang et al., 2020). 

Fig. 13 The crude oil remaining in soil without Festuca rubra rubra or Lolium perenne,and R.ruber KE1 (black column), in 
soil with Festuca rubra rubra or Lolium perenne and without R.ruber KE1 (white column), and in soil with Festuca rubra

rubra or Lolium perenne and R.ruber KE1 (dotted column), after 40 days of growth at 25± 2 oC to 38± 2 oC. The * shows that 
there is a significant difference at a confidence interval of 95%. 

3.10. Validation by gas chromatography-

mass spectrophotometry of R. ruber KE1’s role 

in enhancing bioremediation activity of treated 

Lolium perenne   

Gas chromatography-mass spectrophotometry 
validated the role of R.ruber KE1 in enhancing the 
biodegradation activity of Lolium perenne. 

R.ruber KE1 treatment enhanced the biodegrading
efficiency. The gas chromatography analysis
showed the used crude oil consisted of soluble
(saturates, resins, and aromatic substances)
[53.86%], insoluble (asphaltenes) [36.05%], and
volatile compounds [10.09%]. According to the
GC results, the amounts of soluble compounds
(53.86%→22.31%) and insoluble substances
(36.05%→6.99%) decreased in the soil treated
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with Lolium perenne. It has been reported that 
plants accelerate complex formation via pollutants 
and reduce their toxicity via their exudates, like 
hydrogen ions, organic acid anions, 
phytochelators, enzymes, and carbon-containing 
primary and secondary metabolites (Y. Yang et al., 
2020). R.ruber KE1 treatment considerably 
augments phytoremediation efficiency in such a 
way that the amounts of soluble 
(22.31%→14.52%) and insoluble 
(6.99%→1.82%) compounds declined compared 
to the soil treated with Lolium perenne. Overall, 
the results showed that biological agents, 
including Lolium perenne and R.ruber KE1, 
efficiently degraded insoluble compounds, like 
asphaltenes, of crude oil. These compounds are 
recalcitrant to degradation in the environment and 
highly toxic to organisms. A small number of 
microorganisms like Neosartorya fischeri and 
Pestalotiopsis sp. are able to degrade asphaltenes 
(the most resistant crude oil fraction) 

(Pourfakhraei et al., 2018). Our results suggest that 
it is likely that R.ruber KE1 plays an improving 
role in the decomposition of crude oil. According 
to Parach et al.’s study on Rhodococcus ruber 
KE1, the biodegradation of crude oil was 
improved at 40 oC, so it can be applied in a high-
temperature ecosystem.  According to this study, 
Rhodococcus ruber KE1 shows maximum 
microbial growth in the presence of 1% (v/v) crude 
oil in comparison with 3, 5, and 10% (v/v) 
concentrations of crude oil.  It is possible that by 
restricting oxygen, these concentrations of crude 
oil impose an inhibitory effect on Rhodococcus

ruber KE1 growth and its corresponding 
biodegradation (Parach et al., 2017). In contrast, 
our results indicated that none of the applied 
concentrations inhibited Rhodococcus ruber KE1 
growth, but this may be due to the supportive role 
of grasses in their aeration activity and root 
exudates.

Fig. 14 Chromatogram and amounts of insoluble (black part), soluble (dashed part), evaporated (dotted part), and biodegraded 
(Wight part) compounds in crude oil contaminated soil (A), crude oil contaminated soil treated by Lolium perenne (B), crude 
oil contaminated soil treated by Lolium perenne and R.ruber KE1 (C).  

4. Conclusions

According to the present study, applying R.ruber

KE1 significantly improved the growth parameters

of Lolium perenne and Festuca rubra rubra, i.e., 
their radicle, shoot and root length, the amount of 
chlorophyll b, and soluble sugar in the presence of 
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crude oil. In addition, R.ruber KE1 considerably 
decreased the remaining crude oil in soil treated 
with Lolium perenne. Also, the amounts of soluble 
and insoluble compounds in R.ruber KE1-assisted 
phytoremediation were more reduced in 
comparison with soil treated with Lolium perenne. 
Therefore, it can be concluded that 
phytoremediation efficiency was increased by 
applying R.ruber KE1. 
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