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Landfarmed oil sludge could be used as a fertilizer for jack-beans (Canavalia 

ensiformis). Implications on phytoremediation. 

Abstract 

The petroleum exploitation in the oilfields, especially petroleum drilling, generates an 

oily sludge mixed with hydrocarbons and mineral solids. This is an important waste that 

could generate an environmental problem. In general, these oil sludges are treated 

chemically or stored in deposits. In either case, it is sometimes treated by 

bioremediation and phytoremediation. Some waste sludges have been used as a fertilizer 

or soil additions. The objective of this study was to assess the influence of landfarmed 

oil sludge as a fertilizer of the legume C. ensiformis in a phytoremediation assay of the 

TPHs remnants in this oil sludge. Also different parameters were evaluated in order to 

identify morphological differences of the legumes between the soil added with the oil 

sludge and control soil amended with humus. Since there were no differences in the 

plant height and leaf area between treatments during the study, it can be considered that 

the oil sludge does not affect the plants as a soil addition. There was a decrement of 

TPH levels in the soil and an accumulation of TPHs in the roots. The TPHs were not 

found in the aerial parts of the plants, however there were some PAHs. Endophytes of 

the Enterobacteriaceae family were found in the plants of the oil sludge treatment, but 

it could not be proved that these endophytes are involved in the remediation of these 

organic compounds. In future studies, it could be possible to identify the bioremediation 

capacity in the isolated endophytes. It is important to continue with the 

phytoremediation with successive crop rotation. Key words: landfarmed oil sludge, 

phytoremediation, Canavalia ensiformis, total petroleum hydrocarbons (TPHs), 

polycyclic aromatic hydrocarbons (PAHs), endophytes. 
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1. Introduction 

Petroleum drilling generates sludge mixed with hydrocarbons and mineral solids. It is 

extracted to the surface of the oil field and considerable volumes of this sludge are 

generated. In fact the sludge has no further use and become an important disposal in the 

oil industry (Dibble and Bartha, 1979). This waste can be incinerated and buried in 

secure landfills but this is expensive (Vasudevan and Rajaram, 2001). Sometimes it is 

poured to the environment causing pollution of the soil and groundwater. A cost-

effective and environmentally acceptable alternative is landfarming. The technique is 

successful because it uses indigenous microorganisms that are present in the oil field 

(Mishra et al., 2001). The microorganisms have been previously in a selection pressure 

that allows them to survive with this chemical stress. When total petroleum 

hydrocarbons levels (TPHs) are reduced by landfarming, plants can be used to continue 

with phytoremediation (Kuyukina et al., 2003, Muratova et al., 2008). It is likely that 

the levels of TPH are tolerated by the phytoremediators and these can be non toxic for 

the plants because of their high resistance to phytotoxicity. Phytoremediation sometimes 

is considered as a final stage of a long decontamination process (Muratova et al, 2008). 

Polycyclic aromatic hydrocarbons (PAHs) could be produced by the degradation of 

TPHs. And it was reported that some bacteria could degrade PAHs (Allard and Neilson, 

1997). 

Phytoremediation is a low-cost process that consists of the removal of contaminants 

from a site with the use of plants (Singh et al., 2007; Sinha et al., 2007). There are 

different types of phytoremediation such as phytoextraction, phytodegradation, 

phytostabilization, and phytovolatilization (Meagher, 2000; Pulford and Watson, 2003; 

Singh et al., 2007). When the soil has been remediated, the revegetation can be 
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established. This process consists of the reconstruction of the soil by re-seeding of 

plants (Ghose, 2005). Grasses are common plants used in phytoremediation because of 

their extensive and fibrous root systems that can penetrate deeper the soil (Aprill and 

Sims, 1990). Legumes are also used because they do not compete with rhizosphere 

microorganisms for nitrogen due to their ability to fix nitrogen (Gudin and Syratt, 

1975). Also they release nutrients to stimulate the rhizospheric microorganisms 

(Muratova et al., 2008). The Jack-beans Canavalia ensiformis (Fabaceae) have been 

reported as useful in phytoremediation processes in cadmium-contaminated sites 

(Andrade et al., 2005). The use of sewage sludge as an organic fertilizer has been 

proposed. In the study of Salcedo-Perez et al. (2007), this sludge improved corn 

production, and the levels of toxic compounds from the sludge were lower in the plants. 

Another study on phytoremediation showed enhanced biodegradation of the oil sludge 

using sewage sludge as a co-composter (Choon-Ling and Hasnain-Isa, 2006). Therefore, 

we proposed in this study that the nutrients present in the landfarmed oil sludge can be 

used as plant fertilizers at the time of phytoremediation. 

In general the rhizosphere shows the highest rate of degradation of the contaminant 

because plant roots recruit a vast number of microorganisms (Thoma et al., 2003). Also 

some microorganisms could enter into the plant and become endophytes. The 

endophytes are microorganisms such as fungi and bacteria that inhabit plants tissues 

without causing damage (Hardoim et al., 2008; Newman and Reynolds, 2005). Because 

of this close relationship, it has been proposed that these microorganisms have some 

positive roles in plant growth and development (Hardoim et al., 2008). In fact plants can 

be considered as ―microecosystems with different habitats‖ for the endophytes 

(McInroy and Kloepper, 1994). Endophytes have the potential to enhance 

phytoremediation and help remove contaminants from soil (Ryan et al., 2008; Newman 
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and Reynolds, 2005). The phytotoxic effect of contaminant can be diminished by the 

endophytes (Barac et al., 2004). Probably, the success of endophytes in the interior 

plant environment is caused by the reduced competition when compared with other 

habitats such as the soil. This could potentiate the contaminant degradation due to larger 

population sizes. Indeed, endophytes are capable of enhancing the rate of degradation of 

a wide range of contaminants in the phytoremediation process (Ryan et al., 2008). 

Therefore, the in planta unique environment is considered a hot spot for horizontal gene 

transfer (HGT) of catabolic plasmids between the endophytes as it demonstrated by 

Taghavi et al. (2005). This could enable most of the endophytic community to degrade 

the contaminant. 

The objectives of this study were to evaluate the influence of landfarmed oil sludge as a 

fertilizer of the legume C. ensiformis in the field, to assess phytoremediation of the 

remnant TPHs in this sludge, and to determine the presence of culturable aerobic 

mesophile living endophytically species in the plants during phytoremediation, 

compared with control plants. 
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2. Materials and Methods 

2.1. Plants and oil sludge 

The seeds of jack-beans (Canavalia ensiformis) were sown in a greenhouse. The mean 

temperature and the mean relative humidity in the greenhouse were 30°C and 40% 

respectively. The mixture of soil for germination contained one kilogram of the 

Canadian Sphagnum peat moss per ten kilograms of selected soil rich in microelements 

and organic matter. Plants were transplanted fifteen days after germination to the site of 

study. The plants were watered in the early morning every day. 

The oil sludge is a waste that comes from the perforation in a western Colombian 

oilfield. This sludge is extracted with hydrocarbons. The oil sludge used in this study 

was landfarmed for two months in order to diminish the levels of TPH. 

 

2.2. Preparation of treatments in the site of study 

The study on field was carried in Anapoima, Cundinamarca, Colombia (GPS 

coordinates: 4° 33‘ 01‘‘ N and 74° 32‘ 09‘‘ W). This place has a warm-dry climate with 

a temperature between 24 and 28°C. Its altitude is 710 meters above sea level. Two 

plots in this site were prepared. One plot, oil sludge treatment (OST) was mixed with 

the oil sludge and the other plot, humus treatment (HT) was mixed with humus as a 

control. 
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2.3. Diversity of culturable microorganisms and initial physicochemical analysis of 

treatment soils 

Random sampling of the soil was performed. First, several subsamples were taken 

following a zigzag pattern in each plot. The subsamples were mixed in order to have a 

representative sample of the soil. Samples were plated on Standard Plate Count Agar 

(SPC) and Cetrimide Agar. Culturable total microbial plate counts from SPC were 

determined in order to assess two diversity indexes, Simpson‘s and Shannon-Webber‘s 

Index. The sample were carried on four times in each month. 

The physicochemical analysis of the soil before the transplantation included: pH 

determination and boron determined by colorimetry. Also, contents of calcium, copper, 

total iron, magnesium, manganese, molybdenum, potassium and zinc were determined 

by atomic absorption spectroscopy. Phosphorus and total nitrogen were determined by 

spectrophotometry and Kjeldahl method respectively. The soil samples were stored in 

aluminum bags at 4°C until the analysis. 

 

2.4. Morphological analysis of plants 

Twenty plants were chosen in situ for height measurement in the study. The height was 

measured until it was possible because the plants grew very high due to the tendrils. 

Five leaves corresponding of each measureable level of branch were collected and 

pressed according to the method described by Barbosa (1984). There were three 

measures in the time of the study with intervals of fifteen days between them. The leaf 

area was calculated with the software ImageJ (Rasband, 2009).  Leaves were scanned 

using a printer-scanner (EPSON© Stylus CX4700) at 400 dpi resolution. The brightness 
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and contrast were 66 and -19 respectively. The equivalent pixels measure of one 

centimeter was standardized among 70 repetitions. The most frequent measure was 

154.76 pixels per centimeter. This measure was used to calculate the leaf area in cm
2
. 

Statistical analysis of the treatments effects were evaluated using Statistix 8.0 

(Analytical Software, 1998-2003). Student‘s t-test was used in order to compare the 

means of the treatments. 

 

2.5. Surface sterilization of plant tissue 

To isolate endophytes it is necessary to remove epiphytes from the surface through 

sterilization (Hallman et al., 2006). The leaves, stems and roots were selected randomly 

in both plots. There were 20 plants randomly selected and 10 roots among them, stems 

and leaves were taken for the endophytes isolation in each plant part. Plant tissue was 

stored in aluminum bags at 4°C prior to the analysis. 

The process for plant surface sterilization applied in this study was: 1) Washing the 

plant tissue under tap water to remove particles and some epiphytes. 2) Use of the 

sterilizing agent to remove the remaining epiphytes. 3) Washing the plant surfaces with 

sterile distilled water several times. 4) Sterility check to confirm the efficiency of the 

process by dipping the plant tissues into nutrient broth (Gagné et al., 1987). In order to 

avoid the dilution of the sterilizing agents, the tissue was blotted on sterile absorbent 

paper (Hallman et al., 2006). Sterility check tubes were incubated 48 hours at 30°C/180 

rpm in a shaker (Forchetti et al., 2007). 

Sterilization was applied to leaves, stems and roots separately. After sterilization, the 

region of interest (see next section below, Isolation of culturable mesophilic aerobic 
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endophytes) was excised with a sterile scalpel. The sterilizing agent used for leaves and 

stems was sodium hypochlorite (Na
+
ClO

-
). Na

+
ClO

-
 and ethanol were used for roots. 

According to the standardization, the most suitable concentration of the agent for leaves 

and stems was 0.5% of Na
+
ClO

-
. In this concentration the tissues did not be affected and 

degraded. For roots, it was used 70% Ethanol and 3% Na
+
ClO

-
 as described by Boyle et 

al. (2001) for roots of Phaseolus vulgarum. 

 

2.6. Isolation of culturable mesophilic aerobic endophytes 

The isolation of the culturable mesophilic aerobic endophytes was performed in order to 

determine differences between OST and HT plants at the end of this study, and to 

identify previously reported potential bioremediator endophytes in the OST treatment. 

Different regions of each part (leaves, stems and roots) were analyzed in both 

treatments. For leaves, there were four regions analyzed per leaf as follows: LAV, 

LANV, LBV, and LBNV (L = leaf; A = apical section of leaf; V = central vein; NV = 

no central vein or secondary veins, intervein section; and B = basal section of leaf, after 

the petiole). There were two regions analyzed per stem, SI and SII (S = stem; I = section 

close to the sixth branch from the basal part of it; and II = exact point of the sixth 

branch). In roots, two regions were analyzed as well, PRI and PRII (PR = principal root; 

I = basal part of principal root; and II = middle of the root approximately). There were 

ten replicates per each region analyzed. The process of isolation was adapted from 

Musson et al. (1995). Each region was macerated with a flame sterilized metal stick in a 

sterile eppendorf tube with 0.5 ml of nutrient broth. 0.25 ml of the macerated with the 

released endophytes were transferred to a new test tube with 0.75 ml of nutrient broth 

(Musson et al., 1995). The tubes with the potential endophytes were incubated 48 hours 
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at 30°C/180 rpm in a shaker. Finally, the mesophilic aerobic endophytes were plated on 

SPC agar and incubated for 48 hours at 30°C (Forchetti et al., 2007). The most common 

morphotypes were identified and isolated for a further molecular analysis. 

 

2.7. 16S rRNA PCR identification of the endophytic morphotypes isolated in OST and 

HT treatments 

The PCR mixture (25 μl) contained 2.5 μl buffer 10X without magnesium (Bioline©), 

50 mM MgCl2 (1.25 μl), 10mM dNTPs (0.5 μl), 10 μM primers (0.5 μl) forward 27f (5'-

AGAGTTTGATCCTGGCTCAG-3') and reverse 1492r (5'-GGTTACCTTGTTACGAC 

TT-3'), DNA extracted by one colony PCR protocol (5 μl), 5 units/μl (0.3 μl) Taq 

polymerase (Fermentas©). The amplicons were sequenced and then were analyzed by 

Blast. The most related organism that displayed very high similarity (>95%) were 

identified for each isolate. 

 

2.8. Determination of hydrocarbons in soil and plants from the OST plot 

Total petroleum hydrocarbons (TPHs) in the soil were determined in the beginning and 

in the end of the study. Random sampling of the soil was performed. First, several 

subsamples were taken following a zigzag pattern in each plot. The subsamples were 

mixed in order to have a representative sample of the soil. The sample weights for the 

chromatographic analysis were 1.1 g and 0.93 g for the initial and final soils sampling, 

respectively. The chromatographic analysis was made in a specialized laboratory. The 

initial soil sample was diluted 1:10. The final soil sample was diluted 1:5 because a 

lower TPH levels were expected. The method used was Gas Chromatography-Flame 
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Ionization Detector (GC-FID). The plants were stored in aluminum bags at 4°C prior to 

the analysis. 

One hundred grams of roots, stems, leaves, and fruits were selected randomly at the end 

of the experiment. The plants were stored in aluminum bags at 4°C prior to the analysis. 

Plant samples were sectioned and processed prior to analysis. The respective weights 

used for the chromatographies of roots, stems, leaves, and fruits were 10.57 g, 10.34 g, 

10.23 g, and 13.72 g respectively.  These final weights were randomly selected between 

the fragmented parts. Both the seeds and the pod of beans were crushed and mixed 

together. TPHs and polycyclic aromatic hydrocarbons (PAHs) were identified 

separately using Gas chromatography-Mass spectrometry (GS-MS) as described by 

Cofield et al. (2007). Plant samples were previously washed gently with distilled water 

in order to clean the plant surfaces and to avoid as much compounds as possible that 

could interfere with the analysis. The plant samples were macerated. A pre-cleaning 

process was necessary in order to separate the TPHs and PAHs from the plant 

compounds. For this, a silica column with 100 ml of hexane and 100 ml of 

dichloromethane was used. Chlorophyll and other plant compounds remained in the 

superior part of the column. The PAHs were located in the middle of the column with 

the dichloromethane phase, and the TPHs were eluted with the hexane. The peaks of the 

chromatograms were integrated with specialized software in order to identify areas and 

intensities (μV). In order to identify the peaks properly, a Diesel Range Organics and 

PAHs Range Standard were obtained for both TPHs and PAHs chromatographies 

respectively. 

To assess the reduction percentage in each range of number of carbons in the 

hydrocarbon compound from the oil sludge, this calculation was applied: 
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1) [(OSTinitial – OSTfinal) X 100] / OSTinitial] 

where OSTinitial is the initial concentration of TPHs in ppm and OSTfinal corresponds to 

the final concentration of TPHs in ppm. 

Kovats retention indexes were identified in each unknown plant compound peak for 

comparison between chromatograms. The equation applied was the temperature 

programmed chromatography one, as follows: 

2) IR = (100 X n) + (100 X z) [(RTpeak – RTn) / (RTN – RTn)] 

Where IR is Kovats retention index, z corresponds to the difference of the number of 

carbons in the smaller and larger alkane, n is the number of carbon atoms in the smaller 

alkane, N is the number of carbon atoms in the larger alkane, and peak is the retention 

time of the compound of the peak in analysis. 
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3. Results 

3.1. Crop monitoring 

The first seeds germinated one day after sowing. When the plants were transplanted, 

they only had the characteristic heart-shaped cotyledons. For 20 randomly selected 

plants in each treatment, the mean height of plants transplanted in the HT soil was 29.65 

cm and 30.90 cm for the jack-beans in the OST soil. If the daily temperature was too 

high, the plants were watered in the night again. In the beginning of the study, the place 

had three months of drought. After three days of transplantation, the rainy days started. 

The jack-beans were not affected by the rain. In the course of the experiment, the plants 

grew very fast. After the third ramification, the plants presented tendrils. There were no 

evidenced of phytotoxicity or nutritional deficiencies or excesses in both treatments 

(data not shown). Some leaves presented herbivory in the crop. In the end of the study, 

most of the tendrils reached unmeasurable great heights in the OST and HT treatments. 

When the roots where taken of out from the soil for chromatographic and endophytes 

analysis, some nodules were found in both treatments. 

 

3.2. Diversity indexes in the treatments soils 

The Simpson and Shannon-Webber diversity indexes of culturable morphotypes are 

shown in Table 1. Simpson‘s index shows the probability that two randomly selected 

colonies belong to the same morphotypes. The two-sample T test showed that there is 

no significant difference in the Simpson‘s index between OST and HT treatments over 

time (α = 0.05, P = 0.4290). The low probability that both individuals belong to the 
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same culturable morphotype indicates that the diversity of each treatment is high (Table 

1).  

Shannon‘s index shows the abundance and evenness of the species present in the site of 

analysis. The two-sample T test showed that there is no significant difference in the 

Shannon‘s Index between OST and HT treatments over time (α = 0.05, P = 0.1762). 

According to the data obtained in both treatments, there is a low number of culturable 

morphotypes and a low relative number of colonies in each morphotype.  

 

3.3. OST and HT plant height and leaf area comparison 

The initial plant height after transplantation and the height after two months were 

measured. There were no measures at the end of the study because the plants grew too 

high due to the tendrils. In the first measurement, there was only one level of branching. 

The average height of the OST plants height was different from the mean of the HT 

plants (α = 0.05, P < 0.05). There were no significant differences between the plant 

height average of both treatments after two months (α = 0.05, P = 0.4940). 

The leaf area was measured three times during the experiment. In the first time, there 

were no differences between the mean of leaf area of the first branch of both treatments 

(α = 0.05, P = 0.4499). Also in the second time, the mean of the first and the third level 

of branch were not significant different (α = 0.05; P = 0.3626, P = 0.1534, respectively). 

But there were significantly differences in the second branch (α = 0.05, P = 0.0098) in 

where the mean of leaf area of the OST treatment (84.03 cm
2
) were greater than the 

mean leaf area of the HT treatment (92.98 cm
2
). There were no significant differences in 
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the leaf area of the first three branches (α = 0.05; P = 0.2765, P = 0.4595, P = 0.2304) in 

the third measurement. 

3.4. Culturable mesophilic aerobic endophytes comparison between treatments 

The culturable mesophilic aerobic endophytes isolated are shown in Table 2. All of 

these endophytes isolated passed the sterility check. One endophyte was isolated from 

leaves and five from stems in plants under the OST treatment. Four and two endophytes 

were isolated from HT plant leaves and stems respectively (Table 2). The isolated 

endophytes were sequenced and identified to genus or species. The bacteria detected 

belong to the orders: Enterobacteriales (Enterobacteriaceae, three bacteria from OST 

leaves and stems), Pseudomonadales (Pseudomonaceae, three from OST stems and HT 

leaves and stems), Bacillales (Bacillaceae, four bacteria from OST stems and HT leaves 

and stems), and Actinomycetales (Microbacteriaceae, one from OST stems and 

Micrococcaceae, one from HT leaves). The most common species isolated was 

Pseudomonas oryzihabitans (OST stems and HT leaves and stems). The most common 

genus isolated was Bacillus (from OST stems and HT leaves and stems). Most of the 

endophytes from leaves isolated came from the central vein in the apical section (LAV) 

in both treatments. Between the two regions analyzed per stem, there were found more 

endophytes in the exact point of the sixth branch (SII) than in section close to the sixth 

branch (SI). There were no endophytes isolated from the roots because these did not 

pass the sterility check. Although there was no plate count, there was an evidence of 

increased growth of bacteria in culture media of endophytes isolated from stems with 

respect to the endophytes isolated from leaves. In summary, the OST soil was 

characterized notably by the presence of Enterobacteriaceae isolates (Enterobacter sp. 

and Pantoea), also Curtobacterium sp. was only isolated from this soil that contains the 
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oil sludge. In the HT soil was isolated Bacillus cereus, B. pumilus, and the actinomycete 

Arthrobacter sp. P. oryzihabitans, and B. megaterium were isolated from both 

treatments. 

3.5. OST and HT soils initial physicochemical analysis 

The initial physicochemical analysis for both treatment soils, OST and HT, is indicated 

in Table 3. Macroelements such as nitrogen, potassium, phosphorus, calcium, and 

magnesium were in a higher proportion in the HT soil. This was expected because of 

the addition of the organic fertilizer in this treatment. Table 3 shows that none of the 

microelements are in a toxic level for plants in both treatments. This could be evidenced 

at the time of the study in where none of the plants present nutritional deficiency 

symptoms or phytotoxicity (see above ―Crop monitoring‖). The soil pH in both 

treatments is close to neutral (6.3 in HT soil and 6.9 in OST), so most of the nutrients 

are not influenced by this pH level. In fact, the greatest availability for most nutrients 

ranges between pH 6 and 7 (USDA-NRCS, 1999). However, most minerals are more 

soluble in soils with low pH than in soils with neutral or high pH (USDA-NRCS, 1999). 

Despite the higher proportions of elements in the HT soil, the OST soil showed 

acceptable levels and could be use as a potential fertilizer. 

 

3.6. TPHs chromatogram analysis in OST plants and soils 

The peaks of the chromatograms were identified with the corresponding Diesel Range 

Organics DRO (Fig. 11 and 12). The initial TPHs value in the OST soil was 27647 

mg/kg, and the final TPHs level was 11781.9 mg/kg. The chromatograms of initial and 

final OST soil TPHs are indicated in Figures 1 and 2 respectively. Peaks from C-10 to 
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C-28 are presented in the chromatogram of Figure 1. The chromatogram presents an 

important peak with high intensity of saturated hydrocarbons with 17 carbons. Also 

there are several unsaturated hydrocarbons indicated in the chromatogram. These 

unsaturated hydrocarbons have the highest intensities and area under the curve in the 

chromatogram. There are few representative saturated linear hydrocarbons (Fig. 1). 

Several peaks between C-19 and C-20 are noticed, and these presented high areas under 

the curve too. The total area under the curve of this chromatogram of the initial OST 

soils TPHs was 9142259.4. 

The intensity of the peaks in the final TPHs chromatogram of the OST soil decreased 

notoriously compared with the initial one (See the y-axis scales in Fig. 2 respect to Fig. 

1). Also, the area under the curve of this chromatogram (6829111.50) diminished with 

respect to the initial one (Fig. 2). And the first peaks from C-10 appear in a shorter 

retention time than the chromatogram in Figure 1. All the high unsaturated peaks 

mentioned in the initial soil chromatogram (Fig. 1) were reduced in intensity in the final 

soil chromatogram (Fig. 2). These suggested that the unsaturated hydrocarbons were 

partially degraded and presumably converted in saturated hydrocarbons as it shows in 

Figure 2. The peak of the highest intensity between the C-17 saturated hydrocarbons in 

Figure 1 is still noticed but the intensity decreased from 32500 μV (Fig. 1) to 4500 μV 

(Fig. 2) approximately. Table 4 shows the percentage of reduction in the concentration 

of each saturated hydrocarbon included its respective less unsaturated hydrocarbons 

from the initial to final measurement in the OST soil. Also is indicated the reduction of 

the concentration of the unsaturated hydrocarbons higher than C-28. There was not a 

common clear tendency in the reduction of each concentration. Despite the different 

initial concentrations, the greater reductions presented in the ≤ C-10, ≤ C-14, and ≤ C-

15 hydrocarbons with 94.56%, 90.22%, and 86.44% respectively (Table 4). The higher 
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initial concentrations corresponded to hydrocarbons that range from ≤ C-15 to ≤ C-25, 

and its percentage of concentration reduction tended to be more than 50%. A 

considerable increase in the percentage of ≤ C-26, ≤ C-27, and ≤ C-28 was noticed with 

a concentration increment of 482.40%, 425.98%, and 149.49% respectively. 

The plant roots TPHs value was 64.59 mg/kg. The chromatogram of TPHs of this part 

of the plant is showing in Figure 3. The peak with the highest intensity corresponded to 

the saturated C-17 found in Figure 1 and Figure 2.  The intensity is 11500 μV 

approximately (Fig. 3). There were saturated and unsaturated peaks with important 

intensities. In fact, the unsaturated peaks were more intense than the saturated ones, 

except of the C-17 peak. The area under the curve of this chromatogram (285476.9) was 

considerably lower than the presented in Figure 2. Many of the unsaturated peaks with 

considerable higher intensities and the saturated C-17 peak found in the initial soil 

situation (Fig. 1) were found in the plant roots. This result possibly indicates that this 

part of the plants had an accumulation of these hydrocarbons from the oil-sludge 

through the study. 

The patterns of chromatograms found in the plant stems (Fig. 4), leaves (Fig. 5), and 

fruits (Fig. 6) were rather different from the chromatograms of Figures 1, 2 and 3. These 

patterns are presumably characteristic of the plant compounds as compared with other 

studies (Canini et al., 2007; Guillén and Manzanos, 1998; Oh et al., 1995; Ruther, 

2000). In fact there were no TPHs found in these aerial parts of the plants. The Kovats 

retention indices for the plant compounds are shown in the most intense peaks. Some 

peaks in the higher retention times could not be detected because the DRO ranged to 

retention times close to 47 minutes. These peaks are indicated (Figs. 4 – 6). 
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3.7. PAHs levels in OST plant roots, stems, leaves, and fruits 

The PAHs evaluated were the same as in Cofield et al. (2007). The detectable PAHs in 

the plants were: anthracene, pyrene, and benzo(a)anthracene found in roots and leaves. 

Also PAHs compounds acenaphthylene (roots), benzo(k)fluoranthene (stems and fruits), 

and benzo(a)pyrene (stems) were found in the jack-beans. The chromatograms of PAHs 

found in roots, stems, leaves and fruits are shown in Figures 7, 8, 9, and 10 respectively. 

The PAHs peaks of the chromatograms were identified with the corresponding PAH 

range standard chromatogram (Fig. 13). The PAHs chromatogram of the plant roots has 

indicated the PAHs compounds mentioned before (Figure 7). The area under of the 

curve of this chromatogram was 281662. The intensities of the peaks of the four PAHs 

compounds detected range from 100 μV from the Acenaphthylene peak to the 

Benzo(a)anthracene with 1800 μV approximately. There were to representative peaks of 

pyrene. The highest peaks corresponded to unidentified peaks ranging from 8000 to 

11500 μV (Figure 7). The chromatogram of the plant stems (Figure 8) had an area under 

of the curve of 1811331.9. The higher area in the stems than the observed in Figure 7 is 

due largely to an unidentified peak of 100000 μV of intensity approximately. There 

were three representative of Benzo(a)pyrene and one peak of Benzo(k)fluoranthene 

(Fig. 8). These PAHs compounds have a higher molecular complexity than those found 

in roots.  

The situation was similar for the leaves PAHs chromatogram in the way that there were 

unidentified peaks with higher intensities (Fig. 9). The peaks with the highest intensity 

had 225000 μV approximately. Therefore, the area under of the curve is higher than the 

observed in their respective roots and stems PAHs chromatograms (Fig. 7 and 8). The 

value was 3094971.6. Pyrene was represented by four higher intense peaks than those of 
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the anthracene and its derivative benzo(a)anthracene compound. The chromatogram of 

the jack-beans fruits had a total area under the curve of 1036241.3. This was higher 

from the areas found in roots (Fig. 7) and was lower than stems and leaves (Fig. 8 and 9 

respectively). This higher area was due to an unidentified peak with 72500 μV 

approximately. The only PAH compound identified was benzo(k)fluoranthene with a 

notable peak close to 10000 μV approximately. 

It seems that anthracene, pyrene, and benzo(a)anthracene could not be degraded because 

these hydrocarbons are founded in a detectable equal quantity in the roots and in the 

leaves. In fact, it was expected to found these compounds in the stems too. As the 

acenaphtylene was not found in stems, leaves, and fruits, it can be possible that this 

PAH compound was degraded in the roots or that the aromatic remained undegraded in 

the roots and didn´t reach the aerial parts. The high complexity PAHs compounds like 

benzo(k)fluoranthene and benzo(a)pyrene found were detected in stems and in fruits. 

Actually, the only compound that diminished in the path from root to fruits was the 

Benzo(k)fluoranthene. Its percentage of reduction was 18.86%. However, it is necessary 

to evaluate the initial and final PAH situation in the OST soil in order to assert these 

situations. 
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4. Discussion 

The initial physicochemical analysis of OST and HT soils (Table 3) shows that the pH 

values were close to neutral. The recommended pH for legumes varies between 6.0 and 

6.5 (Hodges, s.f.). Boron, copper, magnesium, potassium, and nitrates are available in a 

neutral pH. Calcium and molybdenum are mostly available at basic pH. In acid pHs, 

iron, manganese and zinc are available (USDA-NRCS, 1999). These elements are 

considered to be microelements needed in small quantities by plants, so in high levels 

could be toxic (McBride, 1994). Because of the jack-beans condition as a nitrogen fixer, 

they need higher levels of boron and molybdenum (Hodges, s.f.). In this neutral pH, 

most of the nutrients are available for plants. 

Since there were no differences in height and leaf area between the plants of both 

treatments, it seems that the oil sludge does not affect the plants. In fact, this statement 

could be supported in the way that it was no evidence of phytotoxicity in the OST 

plants. According with the Simpson‘s and Shannon‘s diversity indices (Table 1), there 

were no differences in the diversity. 

The distribution of soil organisms in soil is usually not random due to spatial hierarchy 

of environmental factors and nutrients. This leads to a spatial heterogeneity in 

microorganisms. For this reason it is important to take several soil subsamples in a 

zigzag pattern (Paul, 2007). The spatial hierarchy concept explains the differential level 

of physicochemical variables between the two soils. In general OST soil had fewer 

nutrients than the HT soil in the beginning of the study. When it is added to the soil, this 

sludge can alter the spatial hierarchy of nutrients and heterogeneity of microorganisms. 

In fact it is recommended the addition of fertilizers, mineral and organic nutrients to the 

oil contaminated soil as some authors said (Koronelli et al., 1997; Borzenkov et al., 
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1998; Kuyukina et al., 2003). We postulate here that the landfarmed oil sludge can be 

use as a fertilizer of C. ensiformis, a potential phytoremediator, as the same time that the 

remnant TPHs are reduced by phytoremediation. The results in Table 3 show that this 

sludge had acceptable levels of nutrients. 

It is probably that the not pronounced differences between OST and HT treatments are 

due to the ability of C. ensiformis to metabolize the contaminants. This ability presented 

in phytoremediators allows them to grow in oil contaminated soils successfully 

(Muratova et al., 2008; Huang et al., 2004). The exudates presented in the plant roots 

can stimulate the growth of soil microorganisms enhancing the degradation in the 

rhizosphere (Muratova et al., 2008). This concept is known as phytoremediation ex 

planta. It is reviewed by Alkorta and Garbisu (2001). Also it can be possible that the 

exudates have enzymes that are related with pollutant degradation pathways (Muratova 

et al., 2008). However, it is necessary to do more studies to conclude the statements 

above. It has been reviewed that there are some plant enzymes related to the 

degradation. For example the poplar has a dehalogenase that hydrolyzes chlorine and 

fluorine from aliphatic and aromatic hydrocarbons. Laccases, dioxygenases, nitrilases, 

phosphatases, peroxidases, nitroreductases had been reported in alfalfa, willow and 

poplar. These enzymes degrade aliphatic and aromatic compounds. There is an enzyme, 

the cytochrome P450 monooxygenase that is found in all plants. It cleaves phosphates 

groups and hydroxylates aromatic and aliphatic groups (Gerhardt, et al., 2009).  

The initial soil situation (Fig. 1) showed that there was an important presence of 

unsaturated hydrocarbons represented by peaks of higher intensities than the saturated 

hydrocarbons. In the degradation of saturated compounds is necessary the oxygen in 

order to begin with the microbial degradation. The saturated hydrocarbons sometimes 
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can be converted into unsaturated compounds. In the other side, the unsaturated 

aliphatic hydrocarbons can be degraded aerobically and anaerobically and the aromatics 

too (Ercoli et al., 2001; Widdel and Rabus, 2001). The low-carbons molecules are easier 

to degrade than the compounds with more numbers of this atom due to the molecular 

simplicity. Also the bacteria could be a biogenic source of hydrocarbons (Widdel and 

Rabus, 2001). It seems that the unsaturated peaks in the OST initial soil sample were 

degraded into less complex hydrocarbons. The dramatic increase in percentage of TPHs 

in ≤ 26 – 28 ranges could be explained in the degradation of molecules with more than 

28 carbons; so in the time study these molecules can be only degraded microbial or 

chemical way to these ranges of carbon numbers. However it is strongly recommended 

to assess this situation in future studies. It could be expected that a degradation of the 

unsaturated hydrocarbons is hard due to the presence of double and triple bonds. It is 

important to note that there could be an overestimation of TPHs levels due to the co-

extraction of plants organic compounds (Gerhardt et al., 2009). It has to be considered 

that some reduction in the TPH levels could be attributed to physicochemical 

degradation processes like volatilization and photo-oxidation of oil sludge hydrocarbons 

by solar radiation (Kuyukina et al., 2003; Lee, 2003). But in this study it could not be 

demonstrated because there was no a treatment without plants. Although it does not 

necessary, due to the objective of this study, to compare the influence of the oil sludge 

in the plants. 

Since the oil sludge hydrocarbons occurred in roots and not in stems, leaves, and fruits, 

this suggested the importance of the plant roots. Therefore it‘s suggested that a 

rhizoremediation is taking place in this study. This implies phytoextraction, then inside 

the roots three processes can occurred: Phytostabilization, phytodegradation, 

phytoaccumulation or in the worst case phytovolatilization (Singh et al., 2007). Cofield 
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et al. (2007) showed a tendency that most of the remediation process happened in the 

roots in their study with fescue, switchgrass, and zucchini. These authors found that the 

highest levels of the PAHs evaluated were found in the roots. Indeed, the higher level of 

hydrocarbons found in the plants roots shows the importance of it in the 

phytoremediation. Some mathematical models that predict phytoremediation of oil-

contaminated soils postulated that the plant roots and the rhizosphere are key factors for 

the contaminant degradation. These mathematical models used previous field data. 

According to the differential equations used in the models, there is an active 

phytoremediation in this key zone. In general it is observed a higher degradation rate of 

the contaminant close to the plant roots because of the higher recruitment of soil 

microorganisms by the roots exudates (Thoma et al., 2003a). These models are based on 

the reaction kinetics of the system in where the number and rate of activity of 

microorganisms and also the residence time of the contaminant in the rhizosphere are 

involved (Thoma et al., 2003b). It could take time to the plant to degrade these 

contaminants; therefore some phytoremediation studies showed that this is a long-term 

process. The enzymes and the endophytes could help the plant in this type of 

remediation (Gerhardt et al., 2009). The fact that the plants accumulate TPHs in the 

roots are important because this avoids two important problems in phytoremediation, 

the biomagnification and bioaccumulation of the contaminants in the food chain 

(evidence of herbivory in this study) and the transpiration (volatilization) of these 

organic compounds through the leaves. The accumulation of TPHs in some organs of 

living organisms is a toxicological problem. There are reports of toxicity and 

bioaccumulation in the liver of mammals. Also the health problems could be diverse in 

the respiratory and digestive tract (HHS, 1999; Dean and Ma, 2007; Gerhardt et al., 

2009). In order to avoid herbivory by insects of the OST plants, it is recommended to 
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apply insecticides (Carman et al., 1998). Bioaccumulation had been demonstrated in 

some studies with cotton rats. This concept was implied with immunotoxicity risks too 

(Rafferty et al., 2001; Schroder et al 2003). It was also reported the phytovolatilization 

in some phytoremediation studies, and the petroleum hydrocarbons could be converted 

into air pollutants (Singh et al., 2007). Phytoremediation regulation doesn´t accept the 

problems mentioned above, and there are laws implied (Gerhardt et al., 2009).  In order 

to continue the reduction of the TPH levels in the soil, it is recommended to make crop 

rotation with other jack-beans or other phytoremediators such as grasses and other 

legumes. Previous crop plants could be used as fertilizers for the new plants and at the 

same time the low TPHs in these plants could be degraded too. Also these new plants 

could continue remediate the soil. In each crop rotation is could be expected that the 

TPHs levels are lesser than the previous one. And it is not recommended to burn the 

plants because the environmental problem enters to the air. 

The Kovats indices calculated in the aerial parts of the plants (Fig. 4-6) are higher in 

fruits and leaves due to the presence of more complex plant compounds in those parts. 

For example, in the case of the leaves, there are several plant organic compounds related 

with photosynthesis. 

Despite of the lower levels of PAHs found in the aerial parts of the plants (Fig. 8-10), 

the finding of PAHs in these parts can be related to the bioaccumulation and 

volatilization problems. In fact the majority of these compounds are mutagenic 

(Haritash and Kaushik, 2009). However it is necessary to continue with the 

phytoremediation process as mentioned above. The concentrations of anthracene, 

pyrene and benzo(a)anthracene were the same in roots and leaves. This could suggest a 

phytoaccumulation in roots and leaves of these organic contaminants. There was a 
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decrement of the most complex compound like the four aromatic rings, 

benzo(k)fluoranthene, from the stems to the fruits. In fact, it could happen because only 

a low level of this PAH entered to the fruits. The PAHs could join to the bacteria due to 

their liposolubility. These aromatics compounds could undergo adsorption, 

volatilization, photolysis and chemical and biological degradation as in the case of the 

TPHs (Haritash and Kaushik, 2009). The benz(a)pyrene is considered to be the most 

carcinogenic and toxic PAH compound, and it was found in the stem with one of the 

highest concentration between the rest of the PAHs in the analyzed plants. Grasses such 

as Cyanodon dactylon, Elymus canadensis and Festuca rubra and legumes such as 

alfalfa are reported to be degraders of PAHs as is mentioned by Haritash and Kaushik 

(2009). Microbial enzymes are implied in the remediation. Also the plants have 

enzymes to fulfill this purpose (Schnoor et al., 1995). Some partition limited models 

could be applied in future phytoremediation processes as an assessment of presence of 

PAHs in the plant (Gao and Ling, 2006; Collins and Finnegan, 2010). 

The culturable endophytes isolated (Table 2) could be considered in two ways: as 

synergistic bacteria in the phytoremediation process (Weyens et al., 2009; Newman and 

Reynolds, 2005; Lodewyckx et al., 2002) or as plant-growth promoting bacteria 

(PGPB) (Lodewyckx et al., 2002; Zhuang et al., 2007). However in this study, it was 

not possible to determine this. Therefore it could be determined in a future study. 

Weyens et al. (2009) reviewed that the most common cultivable endophytes isolated 

come from the families Pseudomonaceae, Burkholderiaceae, and Enterobacteriaceae. 

Most of the bacterial endophytes are members of common soil genera such as Bacillus, 

Pseudomonas, Enterobacter, Azospirillum, and Burkholderia (Lodewyckx et al., 2002). 

Most of the genera isolated in this study come from the soil. The isolated culturable 
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endophytes could be rhizosphere or seed-transmitted. In the roots, these endophytes 

could have entered through root hairs or wounds by chemotaxis or by accidental 

encounters. It could be possible that these wounds could be a source of root exudates 

that enhance the recruitment of endophytes in the rhizosphere (Lodewyckx et al., 2002). 

Also they can enter the plant by leaf stomata (Roos and Hattingh, 1983). Bacteria such 

as Pseudomonas fluorescens produced several pectinolytic and cellulytic enzymes that 

allow the penetration into the host plants by the action of these as reviewed by 

Lodewyckx et al. (2002) (Duijff et al., 1997; Benhamou et al., 1996; Quadt-Hallmann 

et al., 1997).  

Three culturable endophytes from the Enterobacteriaceae family were found in the 

OST plants and the pseudomonad P. oryzihabitans was found in both treatment soils. 

Sturz et al. (1998) isolated from the legume red clover (Trifolium pretense L.) Serratia, 

Agrobacterium rhizogenes A, Rhizobium loti B, Acidovorax sp., Arthrobacter, Bacillus, 

Curtobacterium, Enterobacter, Pseudomonas sp., Klebsiella, Methylobacterium, 

Micrococcus, Pantoea, Variovorax, and Xanthomonas. Some of these bacteria were 

found in the legume jack-bean. 

Enterobacter sp. is a gram-negative genus that is commonly known as pathogenic in 

animals. But as mentioned above, these bacteria were found as endophytes in several 

plant species. Enterobacter sp. 638 is commonly isolated from the poplar Populus 

trichocarpa x deltoides (Taghavi et al., 2009). This bacterium is closely related to the 

PGPB Pantoea sp. Benhizia et al. (2004) were the first to report that the 

Enterobacteriales can affect the nodule formation in legumes. It was found that these 

bacteria can fix nitrogen and produce plant hormones. In the study of Veselova et al. 

(2003), it was show that some enterobacteria have pathway using N-acylhomoserine 
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lactone signal molecules as a control of the quorum sensing through the insides of the 

plant. Also the strain Enterobacter sp. 12J1 is known as an endophytic pyrene-

degradating bacterium (Sheng et al., 2008). It had been reported in some studies that 

Pseudomonas and Enterobacter can produced plant growth regulators such as ethylene, 

auxins or cytokinins (Lodewyckx et al., 2002). 

Pseudomonas oryzihabitans is a gram negative species that can cause some clinical 

complications and it has been reported infecting the rice (Kodama et al., 1985). These 

bacteria were isolated from the legume soy beans Glycine max growing in a soil with 

glyphosate (Kuklinsky-Sobral et al., 2005). Also P. oryzihabitans was isolated from 

soybean seeds, as well as Bacillus, Curtobacterium, Enterobacter, and Pantoea (Oehrle 

et al., 2000; De Castro Assumpção et al., 2009). This bacterium has been found in soil 

and water too (Dussart et al., 2003). P. oryzihabitans is considered as a PGPB because 

it can produces plant hormones such as auxin. It has been reported these bacteria in soils 

contaminated with BTEX compounds, as well as Arthrobacter, Enterobacter, and 

Bacillus megaterium (Porteous Moore et al., 2006). 

In general, endophytes species from the Bacillus spp. are used in biological control for 

example in the control of black pod rot of cacao (Melnick et al., 2008). Bacillus 

megaterium is a gram-positive and endospore forming soil bacterium. Also it is known 

as a nitrogen fixer (Liu et al., 2006; Ding et al., 2005). It has been isolated from pea 

cultivars (Elvira-Recuenco and van Vuurde, 2000). This bacillus carries multiple 

plasmids that contain several metabolic genes useful for bioremediation (Vary et al, 

2007). Bacillus pumilus is found in soil and in dead plant tissue. It had been isolated 

from citrics (Araujo et al., 2002) and from pines (Enebak et al. 1997). This bacterium 

has been used in biological control against the cucumber beetle and it is considered as a 
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PGPR (Jing et al., 2007). Bacillus cereus is found in the soil too. It was isolated from 

citrics (Araujo et al., 2002). The bacillus was isolated from water hyacinth and it was 

associated with increased chromium uptake (Abou-Shanab et al., 2007). Also, B. cereus 

and Arthrobacter spp. have been reported as phenol remover in a lake with high levels 

of salinity and alkalinity (Kanekar et al., 1999). Bacilli are catalogued as PGPB and 

they had been isolated from Phaseolus vulgaris L. nodules (Lee et al., 2005). 

Pantoea sp. is a gram negative enterobacteriaceae. The two species isolated were P. 

agglomerans and P. dispersa. P. agglomerans has been isolated from the legume pea 

and from some plant surfaces, seeds and fruits (Elvira-Recuenco and van Vuurde, 

2000), especially in citrics (Araujo et al., 2002).  This species has been isolated from 

crude oil contaminated soil and produce biosurfactants that can be involved in the 

biodegradation of the crude oil (Franco C. J. et al., 2009). P. dipersa was isolated from 

water deep rice and it was probed that it is a PGPB (Verma et al., 2001).  

Curtobacterium sp. is a genus of gram-positive soil organisms. Curtobacterium 

flaccumfaciens pv. flaccumfaciens is known as the causal agent of the bacterial wilt of 

common bean, Phaseoulus vulgaris. Also, P. agglomerans is used as a biological 

controller of this wilt (Hsieh et al., 2005). Curtobacterium plantarum is ubiquitous in 

plant leaves (Dunleavy, 1989). In the Ni hyperaccumulator plant Thlaspi goesingense 

was observed the Curtobacterium species as an endophyte (Idris et al., 2004). The 

species C. flaccumfaciens and C. luteum were isolated from poplars Populus cv. 

hoogvorst growing in a BTEX contaminated site (Porteous Moore et al., 2006). 

Another common gram positive soil bacteria found as an endophyte in this study was 

Arthrobacter sp. Camargo et al. (2003) found that Arthrobacter crystallopoietes 

reduced the hexavalent chromium levels in a contaminated site. Another species, 
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Arthrobacter chlorophenolicus sp. is known as a 4-chlorophenol degrader (Westerberg 

et al., 2000). Arthrobacter has been isolated from the legume red clover as mentioned 

before (Sturz et al., 1998). These bacteria were isolated from the roots of poplars in a 

BTEX contaminated site (Porteous Moore et al., 2006). Arthrobacter was determined as 

plant growth promoting bacteria by Brown (1972). 

Pseudomonas sp. is one of the most common and predominant endophytes encountered 

in every part of the plant. This was evidenced by Porteous Moore et al. in 2006.  

Because only one dilution plate count from the isolated endophytes nutrient broth was 

made, it could possible that some culturable endophytes were underestimated. Some 

studies reviewed in Lodewyckx et al. (2002) show that common population sizes of 

endophytes isolated for the most investigated plant species ranges from 1 X 10
3
 to 1 X 

10
5
 CFU per gram plant tissue. Therefore, it is recommended to make serial dilutions in 

order to identify all the culturable endophytes. Some studies have found that the highest 

bacterial densities are located in the roots. In the stems there are lower bacterial 

densities than the roots, and generally the endophytes density is the lowest in the leaves 

(Quadt-Hallman and Kloepper, 1996; Lamb et al., 1996). Therefore, it was evidenced a 

higher growth in the agar plate for stem endophytes than those isolated from leaves. 

Because one of the objectives of this study was to evaluate the differences in 

endophytes species between both treatments, it cannot be possible to relate the 

endophytes bacteria with the phytoremediation process. In order to verify the 

biodegradation capacity of the endophytes, it is suggested to grow the bacteria in a 

minimal medium with the hydrocarbons compounds as the sole carbon source. The 

replica plating method could be useful here. In fact, a study from Al-Awadhi et al. 

(2009) showed the growth of some oil-degrading rhizospheric and phyllospheric 
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bacteria on individual aliphatic hydrocarbons as sole sources of carbon and energy. 

They found a strain of Bacillus sp. that can grow with a great quality using saturated 

hydrocarbons between C-10 to C-24, but between C-25 to C-40 they grew poorly using 

these hydrocarbons as the sole source of carbon and energy. Also they evaluated the 

growth of a Pantoea sp. strain that grew with poorer qualities than the Bacillus sp. strain 

between the C-10 to C-19. And this representative of Enterobacteriaceae grew weakly 

in higher saturated hydrocarbons between C-20 to C-40. An Enterobacter sp. had higher 

levels of growth between C-10 to C-27 than the two strains mentioned before. A strain 

of Arthrobacter sp. showed a similar pattern of growth like the Pantoea and Bacillus. 

This study showed just a few strains growing with higher proportions using saturated 

hydrocarbons greater than C-20. Most strains grew optimally at lower degrees of 

hydrocarbon saturation. Interestingly, they found that most of the strains characterized 

as diazotrophic nitrogen-fixers bacteria such Bacillus sp., Arthrobacter sp. grew poorly 

in most of the range of saturated hydrocarbons from C-8 to C-40. In order to assess the 

growth intensities in this study, it was compared with the growth in a nutrient agar (Al-

Awadhi et al., 2009). These results and methodology could be used in a future study in 

order to assess the bioremediation capacity of the endophytes isolated in this study. 

Since there was a bioremediation before in the oil sludge, the plants could recruit the 

microbial consortium involved in the process as endophytes. The microorganisms can 

help the plant degrading the organic compounds and also they can promote the growth 

of the plant as mentioned before. By this way the oil-sludge can be consider as a 

potential fertilizer because it could be possible that in this consortium exist nitrogen-

fixers, phosphate solubilizers, and other PGPB. This could be proved in another study in 

the future. 
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There were some researches that show that the organic compounds enter the xylem 

faster than the rhizospheric bacteria, so the soil microbiota cannot degrade all of these 

compounds. Actually, some compounds can be degraded by the plant or endophytes and 

others can be accumulated (Lodewyckx et al., 2002). Therefore, the endophytes could 

degrade some of these organic compounds and the plants could degrade others 

compounds. Siciliano et al. (2001) found that the recruitment of rhizospheric bacteria 

by the plants involves a selective enrichment for endophytes that carry the proper 

catabolic genes. They concluded that this enrichment depends on the plant and the 

chemistry of the contaminant. Hydrophobicity is an important concept that relates the 

organic contaminant compound and the potential bacteria degrader. This chemical 

characteristic allows the bacteria to contact with the contaminant, and then the 

microorganism could degrade the contaminant (Sheng et al., 2008). Therefore, it is 

important to test the remediation capacity of the isolated endophytes in future studies. 

The nodulation of the jack-beans is not only an advantage for nitrogen supply to the 

plant but also could be an important source of hydrocarbon-degrading bacteria as it is 

evidenced by Radwan et al. (2007). Also it has been reported that the supply of nitrogen 

by nitrogen-fixing bacteria enhances the hydrocarbon mineralization (Al-Awadhi et al., 

2009). 

In conclusion, the findings of this study suggested that the landfarmed oil sludge could 

be used as a fertilizer because there weren‘t differences between the height and leaf 

area. At the same time, the plants can participate in phytoremediation of the 

hydrocarbons compounds using the roots. This implies that the bioaccumulation, 

biomagnification, and volatilization by plant transpiration could be avoided. In the 

future it would be interesting to analyze the role of endophytes in the degradation of 
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these compounds. We suggested that a successive rotation of the crops between C. 

ensiformis and other phytoremediators like grasses and other legumes is necessary in 

order to continue with the reduction of TPHs. 
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Tables 

Table 1 Comparison of species diversity indices between OST and HT soils. 

 Simpson's Index Shannon's Index 

Sampling time HT OST HT OST 

First 0.115 0.094 0.854 1.018 

Second 0.108 0.112 0.804 0.864 

Third 0.103 0.102 0.934 1.000 

Fourth 0.083 0.083 1.090 0.956 
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Table 2 16S rRNA molecular identification of culturable mesophilic aerobic endophytes isolated from different regions of plant leaves and 

stems. 

      16S rRNA gene sequence comparison 

Isolate
a
 No. of times isolated Region of isolation Most related organism Accession No. Similarity

b
 (%) 

OSTL3 2 OST Leaves Enterobacter sp. DQ855282.1 98% 

OSTS1 3 OST Stems Pseudomonas oryzihabitans  GQ250598.1 99% 

OSTS2 2 OST Stems Bacillus megaterium GQ284474.1 99% 

OSTS3 3 OST Stems Pantoea dispersa AB273743.1 99% 

OSTS4 4 OST Stems Pantoea agglomerans GQ374472.1 99% 

OSTS5 2 OST Stems Curtobacterium sp. EF411134.1 98% 

HTL2 2 HT Leaves Bacillus megaterium GQ383911 99% 

HTL4 4 HT Leaves Bacillus cereus GU568207.1 97% 

HTL5 5 HT Leaves Arthrobacter sp. EF550164.1 99% 

HTL6 1 HT Leaves Pseudomonas oryzihabitans  GQ250598.1 99% 

HTS1 4 HT Stems Pseudomonas oryzihabitans  GQ250598.1 99% 

HTS2 5 HT Stems Bacillus pumilus GQ169785.1 97% 
a 
OST = Oil sludge treatment; HT = Humus treatment; L = Leaves; S = Stems. 

b 
The genera and species listed are those that displayed the highest similarity (>95%) in the corresponding BLAST of each isolate. 
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Table 3 Soil characterization of OST and HT. Units are in mg/kg, except for the 

phosphorus and total nitrogen (mg/l). 

Physicochemical 

variable
a
 

HT soil OST soil Plant nutrient 

deficiency
e 

Phytotoxicity of 

micronutrients
f
 

pH 6.3 6.9 n.a.
**

 n.a. 

Boron 0.38 0.19 < 20* 50-200 (M) 

Calcium 3959 1317 n.a. – 

Copper 0.6 0.5 < 4 20-100 (MH) 

Total Iron 86.9 6.1 < 10 – 80 > 1000 (L) 

Magnesium 247.8 93.2 < 20 – 

Manganese 10.0 6 < 20* 250-500 (LM) 

Molybdenum
b 

< 4.9 < 4.9 < 0.5 10-50 (M) 

Potassium 415.0 155.3 n.a. – 

Zinc 70.0 29.7 < 20 100-400 (LM) 

Phosphorus
c
 1.42 0.87 < 0.2 – 

Total Nitrogen
d 

691.7 412.83 n.a. – 
a 

Units are in mg/kg (ppm). Except for the molybdenum
b
 phosphorus

c
 and total 

nitrogen
d
 values that are presented in mg/l (ppm). 

e 
The information was taken from Hodges (s.f.). The units are in ppm. 

f 
The letters in parenthesis are the level of phytotoxicity of microelements, H (high), M 

(moderate), and L (low). The units are in μg/g leaves dry weight (ppm). Data from 

Kabata-Pendias and Pendias (1992). Adapted from Huheey (1972) and Hodges (s.f.). 

g 
(–) no value shown because correspond to a macronutrient. 

* 
Value for soybeans (Fabaceae). Value for boron from Kelling (1999). 

** 
no applied. 
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Table 4 Percentage of reduction in the concentration of each range of main saturated to 

its respective less unsaturated hydrocarbons from the OST soil initial concentrations to 

the final concentrations. 

 Concentration (ppm)  

Number of carbons
a
 Initial Final Reduction (%) 

≤ 10 140.55 7.65 94.56 

≤ 11 14.44 7.64 47.11 

≤ 12 27.80 20.17 27.46 

≤ 13 35.29 11.71 66.81 

≤ 14 212.68 20.80 90.22 

≤ 15 800.66 108.55 86.44 

≤ 16 1301.42 791.51 39.18 

≤ 17 2085.14 581.38 72.12 

≤ 18 3360.039 1038.22 69.10 

≤ 19 3619.33 1254.60 65.34 

≤ 20 3482.097 1247.63 64.17 

≤ 21 3157.89 1124.27 64.40 

≤ 22 2886.44 1048.19 63.69 

≤ 23 2330.22 1002.62 56.97 

≤ 24 1971.19 891.64 54.77 

≤ 25 918.41 758.28 17.44 

≤ 26 128.79 750.086 -482.40 

≤ 27 114.32 601.30 -425.98 

≤ 28 180.74 450.94 -149.49 

> 28 1041.74 691.56 33.61 
a
 Each item includes the values for the number of carbon mentioned and the values of 

the unsaturated hydrocarbons before the saturated hydrocarbons indicated. 
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Figures 

 

Figure 1 Chromatogram of initial TPHs from OST soil. The intensity is measure in microvolts (y-axis) and the retention time is in minutes (x-

axis). The peaks of saturated hydrocarbons are indicated. The peaks of unsaturated hydrocarbons (< C-n, where n is the number of carbons) are 

indicated. 
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Figure 2 Chromatogram of final TPHs from OST soil. The intensity is measure in microvolts (y-axis) and the retention time is in minutes (x-

axis). The peaks of saturated hydrocarbons are indicated. The peaks of unsaturated hydrocarbons (< C-n, where n is the number of carbons) are 

indicated. 



 

 

- 53 - 

 

 

Figure 3 Chromatogram of TPHs extracted from jack-bean plant roots in the end of the experiment. The intensity is measure in microvolts (y-

axis) and the retention time is in minutes (x-axis). The peaks of saturated hydrocarbons are indicated. The peaks of unsaturated hydrocarbons (< 

C-n, where n is the number of carbons) are indicated. 
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Figure 4 Chromatogram of hydrocarbons extracted from jack-bean plant stems in the end of the experiment. The intensity is measure in 

microvolts (y-axis) and the retention time is in minutes (x-axis). Kovats Retention Indices are indicated in each peak. Higher intensity peaks with 

(*) were not identified because these were out of the DRO range. 
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Figure 5 Chromatogram of hydrocarbons extracted from jack-bean plant leaves in the end of the experiment. The intensity is measure in 

microvolts (y-axis) and the retention time is in minutes (x-axis). Kovats Retention Indices are indicated in each peak. Higher intensity peaks with 

(*) were not identified because these were out of the DRO range. 
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Figure 6 Chromatogram of hydrocarbons extracted from jack-bean plant fruits in the end of the experiment. The intensity is measure in 

microvolts (y-axis) and the retention time is in minutes (x-axis). Kovats Retention Indices are indicated in each peak. The peak with (*) were not 

identified because it was out of the DRO range. 
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Figure 7 Chromatogram of PAHs extracted from jack-bean plant roots in the end of the experiment. The intensity is measure in microvolts (y-

axis) and the retention time is in minutes (x-axis). The peaks of the PAHs compounds detected are indicated with the name and the retention time 

in minutes.  
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Figure 8 Chromatogram of PAHs extracted from jack-bean plant stems in the end of the experiment. The intensity is measure in microvolts (y-

axis) and the retention time is in minutes (x-axis). The peaks of the PAHs compounds detected are indicated with the name and the retention time 

in minutes.  
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Figure 9 Chromatogram of PAHs extracted from jack-bean plant leaves in the end of the experiment. The intensity is measure in microvolts (y-

axis) and the retention time is in minutes (x-axis). The peaks of the PAHs compounds detected are indicated with the name and the retention time 

in minutes. 
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Figure 10 Chromatogram of PAHs extracted from jack-bean plant fruits in the end of the experiment. The intensity is measure in microvolts (y-

axis) and the retention time is in minutes (x-axis). The peaks of the PAHs compounds detected are indicated with the name and the retention time 

in minutes. 



 

 

- 61 - 

 

 

Figure 11 Chromatogram of Diesel Range Organics (DRO) for the proper identification of the peaks of the chromatogram from Figure 1. The 

intensity is measure in microvolts (y-axis) and the retention time is in minutes (x-axis). The peaks of saturated hydrocarbons are indicated. 
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Figure 12 Chromatogram of Diesel Range Organics (DRO) for the proper identification of the peaks of the chromatogram from Figures 2 and 3. 

The intensity is measure in microvolts (y-axis) and the retention time is in minutes (x-axis). The peaks of saturated hydrocarbons are indicated. 
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Figure 13 Chromatogram of PAHs Range Standard for the proper identification of the peaks of the chromatogram from Figures 7 to 10. The 

intensity is measure in microvolts (y-axis) and the retention time is in minutes (x-axis). The peaks of each PAH compound are indicated with the 

name and retention time. The chemical compound schemes were taken from http://www.commonchemistry.org/ 


