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Elucidating the significant roles 
of root exudates in organic 
pollutant biotransformation 
within the rhizosphere
Michael O. Eze 1,2* & Chinedu F. Amuji 3

Biotransformation of organic pollutants is crucial for the dissipation of environmental pollutants. 
While the roles of microorganisms have been extensively studied, the significant contribution of 
various root exudates are still not very well understood. Through plant growth experiment, coupled 
with gas and liquid chromatography-mass spectrometry methods, this study examined the effect 
of the presence of M. sativa on microbial-associated biochemical transformation of petroleum 
hydrocarbons. The results of this study revealed that the concentration of exudates within the soil 
matrix is a function of proximity to root surfaces. Similarly, biodegradation was found to correlate 
with distance from roots, ranging from ≥ 90% within the rhizosphere to < 50% in bulk soil and 
unplanted control soil. Most importantly, for the first time in a study of an entire petroleum distillate, 
this study revealed a statistically significant negative correlation between root exudate concentration 
and residual total petroleum hydrocarbons. While not all the compounds that may influence 
biodegradation are derived from roots, the results of this study show that the presence of plant 
can significantly influence biodegradation of hydrocarbon pollutants through such root exudation 
as organic acids, amino acids, soluble sugars and terpenoids. Therefore, root exudates, including 
secondary metabolites, offer great prospects for biotechnological applications in the remediation of 
organic pollutants, including recalcitrant ones.

Anthropogenic pollution of the environment continues to be on the increase, especially with population growth 
and industrialization. Even beneficial activities such as pest control in agriculture and fossil fuel exploitation 
always leave behind unwanted and oftentimes toxic effects. Phytoremediation, the use of plants and associated 
microorganisms to remove contaminants, is regarded as a low-cost and eco-friendly alternative to traditional 
site clean-up methods and has thus gained increased attention in recent decades. In phytoremediation of organic 
and inorganic pollutants, plants can contribute to remediation through processes such as phytovolatilization 
(transformation of contaminants into volatile compounds and their release to the atmosphere through evapotran-
spiration), phytoextraction (accumulation of contaminants in harvestable parts), phytostabilization (sequestra-
tion or immobilization of contaminants in root cells), and rhizodegradation (breakdown of contaminants into 
simpler and often non-toxic compounds)1. While plants are able to produce contaminant-degrading enzymes, 
this process is generally a minor contributor to organic pollutant dissipation in the environment2. Rhizoreme-
diation relies heavily on biodegradation of contaminants through the activities of rhizosphere microbes. These 
activities mainly take place within the rhizosphere.

As described by Lorenz Hiltner in 1904, the rhizosphere refers to the area surrounding plant roots, where 
processes mediated by microorganisms, and central to plant health, take place3. It represents a highly dynamic 
environment involving complex plant–microbe interactions. The rhizosphere effect describes the phenomenon 
where, in comparison to bulk soil, the biomass and activity of microorganisms is enhanced by an order of 
magnitude through the exudation of compounds by plant roots4. The biological and physico-chemical inter-
actions between roots and rhizosphere microbes are among the most complex mechanisms affecting plants. 
These processes exert tremendous impact on plant and microbial health. In recent decades, the rhizosphere and 
associated biochemical process has been a subject of intense investigation owing to the effect of the rhizosphere 
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on such processes as nutrient availability, microbial community dynamics, carbon sequestration, contaminant 
biodegradation and bioremediation5–8. Under a variety of conditions, it has been demonstrated that vegetation 
enhances microbial degradation of environmental pollutants9,10.

A review of literature reveals that root exudates orchestrate the complex interactions taking place in the 
rhizosphere and are thus regarded as the driving force for rhizoremediation. This is because rhizosphere micro-
organisms in polluted sites generally live under conditions of nutrient starvation and are constantly looking 
for nutrients1. Therefore, root exudates such as organic acids, amino acids, and sugars provide microbes with 
nutrients needed for biodegradation. On the other hand, some rhizosphere microbes can contribute to the 
growth of host plants through processes such as nitrogen fixation, phosphate and potassium solubilization, and 
phytohormone synthesis11,12. This synergistic interaction not only multiplies the rhizosphere effect by several 
orders of magnitude but also enhances biodegradation of environmental pollutants. For example, in a recent study 
involving the plant growth promoting bacteria Paraburkholderia tropica WTPI1, it was found that bacteria-plant 
synergistic interactions resulted in a 96% rhizodegradation of petroleum hydrocarbons as opposed to 49% under 
natural attenuation11. Corgié, et al.13 observed that phenanthrene biodegradation was a function of proximity to 
roots, and that the gradient of degradation correlated with that of microbial density.

While there is a growing interest in unraveling the rhizosphere microbiome, understanding the complexity 
and drivers of rhizospheric biochemical interactions remains a challenge14. In view of the important role of the 
rhizosphere on plant health and its potential to enhance biodegradation of environmental organic pollutants, 
this study was aimed at examining the effect of the rhizosphere and root exudate concentration on the dissipa-
tion of diesel fuel hydrocarbons along a soil matrix from Medicago sativa L. roots to the bulk soil. Although a 
few studies have examined the degradation of individual compounds such as phenanthrene in relation to root 
proximity2,13, to the best of our knowledge, this is the first study of the relationship between root exudates and 
residual total petroleum hydrocarbons of an entire petroleum distillate (diesel fuel). The results of this study 
revealed that the degradation of diesel fuel hydrocarbons decreased with increased distance from the root, with 
greater than 90% biodegradation observed in soils directly attached to the roots. Most importantly, for the first 
time, this study revealed a statistically significant negative correlation between root exudate concentration and 
residual total petroleum hydrocarbons, indicating that biodegradation correlates positively with the concentra-
tion of exudates, including organic acids, amino acids, soluble sugars and terpenoids.

Materials and methods
Soil preparation
The soil used for this experiment was “Primaster turf ”10 obtained from REWE Group, Goettingen, Germany. 
Primaster turf is a mixture of screened sand, soil, and composted organics. It is blended with a nitrogen-phos-
phorus-potassium fertilizer to promote root growth throughout the year. The soil texture was sand (88.6% sand, 
6.1% silt and 5.3% clay), with 12.5% organic matter content measured by loss on ignition. The soil had a total 
nitrogen content of 0.15% and a pH of 7.1. The soil was sieved using a 2-mm sieve to remove large particles. Diesel 
fuel (C10–C25), specifically petrodiesel, obtained from Shell service station, Goettingen, Germany was added to 
the soil and homogenized following the methods of Eze, et al.15 with minor modifications. The modifications 
involved changing the duration of the different stages involved in the homogenization process. In brief, the soil 
was manually homogenized for one hour. This was followed by automatic homogenization using a portable soil 
mixing machine (Güde Model GRW 1400) for 30 min. The soil was allowed to age for one week. Gas chroma-
tography–mass spectrometry analysis revealed that the resulting total petroleum hydrocarbons concentration 
in the diesel fuel-contaminated soil was 5.30 g/kg.

Assessment of seed viability
The triphenyltetrazolium chloride (TTC) test has been developed to provide a rapid estimate of seed viability16–18. 
TTC is a clear, water-soluble compound (a salt) which is reduced by respiring tissues to yield triphenylformazan 
(TPF), a water-insoluble red pigment. Thirty seeds of M. sativa L. were subjected to the TTC test as follows. Each 
batch of seeds was placed in a beaker containing 50 mL of 1% TTC, prepared by dissolving 1 g of TTC in 100 mL 
distilled water. The beakers were covered and placed in an incubator at 30 °C for 1 h. Following incubation, the 
liquid was decanted, and the seeds were rinsed with distilled water until the water was clear. The seeds were blot-
ted with dry towel and the colour was observed. The seeds were classified into two categories according to their 
colour development as described in Eze, et al.15, namely: “red/pink” and “no colour”, corresponding to “viable” 
and “not viable”, respectively. The batch with almost 100% viability was used for the plant growth experiment. The 
current study, including the collection of plant materials (seeds of M. sativa L.) followed Macquarie University 
and Georg-August University of Goettingen guidelines and legislation.

Plant growth experiment
Based on the results of TTC test, rhizosphere study was conducted using a series of pot experiments in a green-
house following the methods of Eze et al.10. Pots containing 300 g of diesel fuel contaminated soils were planted 
with two M. sativa seeds (Supplementary Fig. 1). Following germination, one seedling was removed from each 
pot, thereby leaving a seedling per contaminated pot. This was done to make it easier for rhizosphere soil sam-
pling later in the experiment. An unplanted contaminated pot served as the control (no rhizosphere effect). The 
whole experiment was performed in triplicates. Since the goal of the study was to assess the effect of rhizosphere 
effect on the dissipation of hydrocarbons through biodegradation, the soil used for the entire experiment was the 
diesel fuel-contaminated soil (5.30 g/kg) as described above. Pots were watered with 120 mL sterile water every 
three days for the first two weeks. After that, the planted pots were watered with 120 mL sterile water every two 
days to compensate for the water needs of M. sativa plants, without allowing leaching out of hydrocarbons. To 



3

Vol.:(0123456789)

Scientific Reports |         (2024) 14:2359  | https://doi.org/10.1038/s41598-024-53027-x

www.nature.com/scientificreports/

assess growth rate of M. sativa in contaminated soils, shoot heights, from shoot tips to the base of stem15,19, were 
measured every two weeks. Prior to rhizosphere soil sampling, pots were left without watering for three days, 
allowing soils to adhere strongly to the roots. At harvest, the pots were ripped gently to prevent below-ground 
soil from disintegrating. Soils were taken from various parts of the pot as follows: (1) soil attached to the roots; 
(2) soil at 1 cm from the roots; (3) soil at 3 cm from the roots, also known as the bulk soil. To enable accurate 
measurement of soil distances from the roots, one side of the adhering soil was gently scrapped thereby exposing 
the roots and associated rhizosphere and bulk soils. Soil distances from M. sativa roots were then determined 
using a line gauge (ruler). Bulk soils at 3 cm from the roots were collected first. Thereafter, rhizosphere soil at 
1 cm from the roots were collected by gentle scrapping. Finally, soil attached directly to the roots was shaken 
off and collected. Each plant was then washed under tap water, oven-dried at 70 °C until constant weight was 
achieved. The dry biomass was recorded.

Analysis of root exudates
Amino acids, organic acids and soluble sugars are important exudates that can impact the growth and meta-
bolic activities of rhizosphere microbes. In view of the destructive nature of sample collection for root exudate 
analysis, the analysis of root exudates was performed at one timepoint (day 90). In addition, since rhizosphere 
sample collection often impacts the rhizosphere environment and potentially root exudation, choosing one 
timepoint helped eliminate such external impact and associated bias. To extract these exudates, soil samples (5 g) 
were added to a 250 mL flask containing 100 mL of distilled water containing the bactericide oxytetracycline 
hydrochloride (15 μg/mL) to prevent microbial degradation of exudates. The flasks were covered and shaken on 
a mechanical shaker at 110 rpm for 8 h at 30 °C (INFORS HT shaker, model CH-4103, Infors AG, Bottmingen, 
Switzerland). The extract was centrifuged at 4000×g for 20 min and filtered through a Nalgene 0.45-µm nylon 
membrane filter. The extract was then stored at −20 °C until later analysis. This approach is a modification of 
the methods of Xu, et al.20 and Gao, et al.2.

The root exudates were analyzed using an Agilent 1290 series HPLC coupled with an Agilent 6530 quadrupole 
time-of-flight (Q-TOF) mass spectrometer (Agilent Technologies, Santa Clara, CA, USA). An Agilent InfinityLab 
Poroshell 120 hydrophilic interaction chromatography (HILIC-Z) column (2.1 mm × 100 mm, ID: 2.7 µm) held 
at 25 °C was used to separate compounds. Mobile phases consisted of water (A) and 90% acetonitrile in water 
(B). Each mobile phase contained 10 mM ammonium acetate in water at pH 9 and a 5 µm deactivator additive 
(Agilent P/N 5191-4506). Compound separation occurred under a solvent gradient (0–2 min 95%B; 2–12 min 
95%–50%B; 12–13 min 50%–95%B; 13–21 min 95%B) at a flow rate of 0.25 mL/min during a total run of 21 min 
per injection. Autosampler temperature was maintained at 10 °C with injection volume of 1 µL. An Agilent Jet 
Stream nebulizer was used as electrospray ionization (ESI) source. Samples were run in negative mode with 
mass range of 50–1000 m/z at gas temperature of 250 °C with capillary (ionization) and fragmentor voltages of 
3000 V and 100 V respectively. Nebulizer gas pressure, temperature and drying gas flow rate were set at 40 psi, 
300 °C and 12 L/min. Acquired data were treated with Agilent Mass Hunter B.06.00 software, and compounds 
were quantified using standard calibration curves.

Organic geochemical analysis of biodegradation
At the end of the experiment, geochemical analysis followed the methods described in Eze, et al.10. Soils were 
freeze-dried and 1 g of the dried soil was further homogenized with a small amount of sodium sulfate (Na2SO4) 
and transferred into a Teflon microwave digestion vessel for hydrocarbon analysis. The samples were solvent 
extracted twice with 2.5 mL portions of freshly distilled n-hexane in a microwave device (Mars Xpress, CEM; 
1600W, 100 °C, 20 min). For reference, 2.5 µL diesel fuel (density = 0.82 g/mL) was dissolved in 5 mL n-hexane 
instead of 1 g soil sample. The extracts for each sample were combined into a 7 mL vial and topped to 5 mL with 
n-hexane. A 1 mL aliquot (20%) of each extract was pipetted into a 2 mL autosampler vial, and 20 µL n-icosane 
D42 (200 mg/L) was added as an internal quantification standard.

Gas chromatography-mass spectrometry (GC–MS) analyses of the samples were performed using a Thermo 
Scientific Trace 1300 Series GC coupled to a Thermo Scientific Quantum XLS Ultra MS. The GC capillary column 
used was a Phenomenex Zebron ZB-5MS (30 m, 0.1 µm film thickness, inner diameter 0.25 mm). Compounds 
were transferred splitless to the GC column at an injector temperature of 300 °C. Helium was used as the car-
rier gas at a flow rate of 1.5 mL/min. The GC temperature program was as follows: 80 °C (hold 1 min), 80 °C to 
310 °C at 5 °C/min (hold 20 min). Electron ionization mass spectra were recorded at 70 eV electron energy in 
full scan mode (mass range m/z 50–600, scan time 0.42 s). Peak areas were integrated using Thermo Xcalibur 
software version 2.2 (Thermo Fisher Scientific Inc., USA).

Biodegradation parameters
To assess the nature and extent of biodegradation in the different treatments, the ratios of more refractory 
isoprenoid hydrocarbons pristane (2,6,10,14-tetramethylpentadecane, Pr) and phytane (2,6,10,14-tetramethyl-
hexadecane, Ph) versus n-heptadecane (nC17) and n-octadecane (nC18) respectively were obtained. As an addi-
tional parameter, the ratio of the unresolved complex mixture (UCM, also known as the “hump”, an indicator of 
biodegradation21) versus total petroleum hydrocarbons (TPH) was determined.

Statistical analysis
All statistical analysis were performed using R22. Relative growth rate of M. sativa plants were determined using 
the methods of Eze, et al.15. This method involved the measurement of growth rate in terms of shoot height 
attained with time. This approach eliminates the biases associated with the destructive harvesting method23. 
One-way analysis of variance (ANOVA) was used to compare the mean residual total petroleum hydrocarbons 
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at different sampling distances from root surfaces with that of the control soil, followed by Tukey’s all-pairwise 
comparisons. In all cases, the normality of variances was tested by the Shapiro–Wilk’s method24, while homo-
geneity of variances was tested using Levene’s test25. Differences were considered significant at p < 0.05. The p 
values were adjusted using the Holm method to control family-wise error rate26,27.

Results
Seed viability and plant growth
The result of triphenyltetrazolium chloride (TTC) test revealed that more than 80% of the seeds were viable, 
evidenced by their red/pink colour at the end of the TTC test. The assessment of the growth of M. sativa in 
diesel fuel-contaminated soil showed that during the 90-day experimental period, M. sativa grew to a height of 
91 ± 3 cm and a biomass of 5.80 ± 1.52 g (Supplementary Fig. 2).

Concentration gradient of root exudates in the rhizosphere
LC–MS analysis of root exudates revealed that the concentrations of amino acids (lysine, threonine and trypto-
phan), organic acids (acetic, oxalic and malic acids) and soluble sugars (fructose, glucose and sucrose) decreased 
with increased distance from root surfaces (Table 1). For example, the concentration of fructose and glucose, 
which serve as nutrients for most rhizosphere microbes, were 4.20 ± 0.13 mg/kg and 2.93 ± 0.12 mg/kg respec-
tively in soils attached to M. sativa roots (0 cm from root). In planted soils, these values steadily declined along 
a gradient of distance away from root surfaces (Fig. 1) reaching the values of 1.99 ± 0.13 mg/kg for fructose and 
1.65 ± 0.05 mg/kg for glucose at 3 cm from root surfaces. The lowest concentrations of all root exudate compounds 
at the end of the experiment were observed in the unplanted control soil (control at T90). The negative correla-
tion observed between the concentration of root exudates and distance from root surfaces is an indication of 
rhizosphere effect in M. sativa planted soils (Supplementary Fig. 3).

It was also found that, with the exception of malic acids, the ability of amino acids and organic acids to migrate 
from root surfaces through soil matrix decreased (high slope values) with decreasing solubility of compounds 
belonging the same class (Supplementary Table 1). For example, the slopes of the plots of concentration versus 
distance for lysine, threonine and tryptophan were 0.76, 0.88 and 0.98 respectively. This corresponded to the 
decreasing solubilities of these compounds in water at 25 °C, namely 1000 g/L for lysine28, 97 g/L for threonine29 
and 11.4 g/L for tryptophan30.

Residual total petroleum hydrocarbons
Organic geochemical analysis of residual total petroleum hydrocarbons (TPH) revealed that phytoremediation 
with M. sativa significantly enhanced the dissipation of diesel fuel hydrocarbons in contaminated soils (Fig. 2). 
The mean residual TPH were 3.71 ± 0.07 g/kg for control soil and 1.86 ± 0.09 g/kg for planted soil (Fig. 2b). Sta-
tistical analysis of variance revealed significant differences between treatments (Fig. 2b).

Phytoremediation as a function of contaminant proximity to root surfaces
The analysis of residual hydrocarbons at different distances from root surfaces revealed that biodegradation 
decreases with increasing distance from M. sativa roots (Fig. 3a), signifying that phytoremediation was a function 
of contaminant proximity to plant roots. The lowest mean level of residual TPH (0.45 ± 0.05 g/kg) was observed 
in soils directly attached to the roots (0 cm from the root), while the highest mean level (2.69 ± 0.12 g/kg) in 
planted soils occurred in the bulk soil (represented by soil at 3 cm from the root). Soils at 1 cm from M. sativa 
root surfaces gave mean residual TPH level (0.51 ± 0.09 g/kg) similar to that of soils directly attached to the roots 
(Fig. 3b). These concentrations represented 91%, 90%, and 49% biodegradation of diesel fuel hydrocarbons in 
contaminated soils at 0 cm, 1 cm, and 3 cm from root surfaces respectively.

One-way analysis of variance showed that the mean residual TPH in the planted soils at different distances (0, 
1 and 3 cm) were significantly different (p = 4.74e-09, 5.50e-09 and 3.60e-05 respectively) from the residual TPH 
of the control soil (control at T90) at the end of the experiment, indicating that rhizosphere effect was responsible 
for the varied degree of biodegradation in the planted soils (Supplementary Table 2).

Table 1.   Concentration gradient of selected root exudates (mg/kg) at different distances from M. sativa root 
surfaces.

Root exudate

Distance from root surfaces

Control at T900 cm 1 cm 3 cm

Lysine 152.47 ± 5.15 136.66 ± 5.24 80.33 ± 4.26 72.46 ± 4.49

Threonine 202.62 ± 4.09 190.00 ± 4.62 130.67 ± 4.33 103.17 ± 4.38

Tryptophan 161.17 ± 5.23 152.57 ± 4.19 100.20 ± 4.02 96.64 ± 5.00

Acetic acid 140.67 ± 4.06 122.90 ± 5.31 79.07 ± 4.35 45.23 ± 4.05

Malic acid 181.73 ± 3.14 176.40 ± 4.16 90.67 ± 5.04 66.90 ± 4.27

Oxalic acid 207.13 ± 3.89 179.00 ± 4.58 104.78 ± 3.90 95.03 ± 3.60

Fructose 4.20 ± 0.13 4.12 ± 0.25 1.99 ± 0.13 1.41 ± 0.09

Glucose 2.93 ± 0.12 2.59 ± 0.15 1.65 ± 0.05 0.95 ± 0.06

Sucrose 1.71 ± 0.02 1.63 ± 0.05 0.85 ± 0.03 0.20 ± 0.02
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Figure 1.   Extracted LC–MS ion mass chromatogram showing concentration gradient of (a) fructose and 
glucose, and (b) sucrose with increasing distance from plant root surfaces.

Figure 2.   Phytoremediation of diesel fuel-contaminated soils as shown by (a) GC–MS total ion chromatograms 
showing the total hydrocarbons in the contaminated soil at the beginning of the experiment (T0) and the 
residual hydrocarbons after 90 days (T90) for control (unplanted) and planted soils. The chromatograms are 
normalized to sample weight and can be directly compared with reference to the internal standard. (b) Bar 
chart showing the mean values (± SE) of the initial and residual total petroleum hydrocarbons under different 
treatments (TPH, g/kg). Different letters indicate significant differences (p < 0.05).
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Biodegradation of polycyclic aromatic hydrocarbons
Gas chromatography–mass spectrometry analysis of residual polycyclic aromatic hydrocarbons showed near 
complete degradation of alkylnaphthalenes and alkylphenanthrenes such as dimethyl and trimethylnaphtha-
lene, phenanthrene and methylphenanthrene (Fig. 4). It was observed that while mono-, di-, and tri-substituted 
alkylnaphthalenes were almost completely removed in soils at close proximity to the roots (0 cm and 1 cm from 
the root surfaces), it remained in bulk soil (3 cm from the root) (Fig. 4a, b). On the other hand, the dissipation 
of phenanthrene and monosubstituted alkylphenanthrenes were almost complete in planted soils even at 3 cm 
from the roots (Fig. 4c, d).

Biodegradation parameters
The greatest rate of biodegradation occurred in soils at close proximity to M. sativa roots as shown by the huge 
unresolved complex mixture (UCM) seen in soils at 0 cm and 1 cm from root surfaces (Fig. 5). This is fur-
ther confirmed by the values of biodegradation ratios (Pr/nC17, Ph/nC18 and UCM/TPH). The values of these 
parameters at the end of the experiment for soils directly attached to M. sativa roots were 2.40, 2.55 and 2.83 for 
Pr/nC17, Ph/nC18 and UCM/TPH respectively (Supplementary Table 3). On the other hand, the lowest values 
of these ratios were seen in the unplanted control soil (control at T90) and the bulk soil (3 cm from root) (Sup-
plementary Table 3).

Relationship between root exudate concentration and hydrocarbon dissipation
The plot of root exudate concentration versus residual total petroleum hydrocarbon concentration reveals a 
significant negative correlation between root exudates and residual TPH, indicating that greater biodegradation 
(low residual TPH value) occurred at high concentration of root exudates (Fig. 6). The lowest rate of hydrocar-
bon dissipation was recorded at lowest concentration of root exudates, representing the unplanted control soil 
(control at T90).

Root exudation of terpenoids in the rhizosphere
Geochemical analysis revealed that with increasing distance from plant roots, there was a decreasing amount 
of terpenoids present in soil samples (Fig. 2a), indicating the contribution of M. sativa roots to soil terpenoids. 
Molecular analysis indicates the presence of, among others, the following terpenoids, otherwise known as isopre-
noids: Olean-18-ene, D-Friedoolean-14-en-3-one, Olean-12-en-3-ol (also called ɑ-Amyrin), Lup-20(29)-en-3-ol 
(also called Lupeol), Friedelan-3-one, and Lup-20(29)-en-3-one (Fig. 7).

Discussion
The remediation of environmental organic pollutants using plant-based techniques is an ecofriendly approach as 
it impacts minimally on soil matrix and associated microbiome. While plant can absorb and sequester organic 
contaminants through various mechanisms, the majority of hydrocarbon dissipation occur in the rhizosphere 

Figure 3.   (a) Partial m/z 57 mass chromatograms showing differential degradation of petroleum hydrocarbons 
along a gradient from M. sativa root surface. The chromatograms are normalized to sample weight and can be 
directly compared with reference to intensity values. (b) Boxplot showing mean values (± SE) of residual total 
petroleum hydrocarbons at varying distances from plant roots in comparison with that of the unplanted soil 
(control at T90) at the end of the experiment.
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Figure 4.   Biodegradation of polycyclic aromatic hydrocarbons as a function of distance from root 
surface. (a) Partial m/z 142 + 156 mass chromatograms of residual soils showing differential degradation 
of methylnaphthalenes (MN) and dimethylnaphthalene (DMN) respectively. (b) Partial m/z 170 mass 
chromatograms of residual soils showing differential degradation of trimethylnaphthalenes (TMN). (c) Partial 
m/z 178 mass chromatograms of residual soils showing differential degradation of phenanthrene (P). (d) Partial 
m/z 192 mass chromatograms of residual soils showing differential degradation of methylphenanthrene (MP). 
In (a–d), the chromatograms are normalized to sample weight and can be directly compared with reference to 
intensity values. Numbers denote positions of alkylation.
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as a result of metabolic activities of soil-borne microbes. The results of this study revealed the role root exudates 
play in this process. In this study, Medicago sativa L. did not exhibit any visual sign of diesel fuel toxicity. This 
agrees with our previous study that revealed that although diesel fuel may lead to a lag in germination, it does 
not significantly affect M. sativa seed viability and growth rate18. On the contrary, low concentrations of hydro-
carbons tend to exert a stimulatory influence on M. sativa, a concept known as hormesis15,31,32. The hormetic 
effect of hydrocarbons at low doses may also impact positively on root exudation.

Liquid chromatography-mass spectrometry analysis of the distribution of root exudates in the planted soils 
showed that the concentration of essential nutrients in soils correlated negatively with distance from M. sativa 
root surfaces (Fig. 1 and Supplementary Fig. 3). For example, while the concentrations of organic and amino acids 
were greatest in soils directly attached to the roots, their levels steadily declined with distance from root surfaces, 
reaching lowest concentrations in bulk soils (Table 1). In all cases, these values were significantly greater than 
those observed in the unplanted control soils. These findings agree with a previous study of ryegrass that showed 
that the concentration of oxalic acid and total soluble sugars decreased as the distance increased from plant roots2.

It can be inferred from the result of this work that the concentration gradient of root exudates in soil matrix 
is a function of three processes, namely exudation, diffusion (solubility) and biochemical transformation. It 
has been found that exudation, which refers to the quantity and quality of specific compound exuded by plant 
roots, is dependent on cultivar, plant species, growth stage and environmental factors, as well as the presence 
of microorganisms33–35. The results of this study revealed that the diffusion of exudates away from root surfaces 
is dependent mainly on compound solubility. For example, among compounds belonging to the same group 
(amino acids or organic acids), it was found that, except for malic acid, the slope of concentration gradient 
increased (equivalent to decreased diffusibility) with decreased solubility in water (Supplementary Table 1). The 
exceptionally low diffusibility of malic acid beyond 1 cm from root surfaces in comparison to other organic acids 
in this study may be attributed to its higher molecular mass and other unknown environmental factors. It was 
found in one previous study that the concentrations of root exudates in sterilized soil were higher than those 
of unsterilized soil, indicating that microbial consumption is an important determinant of exudate concentra-
tions in soils2. Since rhizosphere microorganisms depend on root exudation for nutrition, the concentration of 
exudates at a given point within the soil matrix and away from root surfaces is generally the net from exudation, 
diffusion, and microbial consumption.

The analysis of residual total petroleum hydrocarbons revealed the positive effect of the presence of plant on 
the removal of petroleum hydrocarbons (Fig. 2). Previous studies have also alluded to the effectiveness of plants 
to remove organic and inorganic contaminants11,36–38. Plants orchestrate bioremediation through processes such 

Figure 5.   Partial total ion chromatograms showing preferential biodegradation of nC17 and nC18 relative to 
pristane (Pr) and phytane (Ph) with increasing biodegradation closer to root surfaces, a claim supported by huge 
unresolved complex mixture (UCM) seen in rhizosphere soils.



9

Vol.:(0123456789)

Scientific Reports |         (2024) 14:2359  | https://doi.org/10.1038/s41598-024-53027-x

www.nature.com/scientificreports/

as phytovolatilization, phytoextraction, phytostabilization and rhizodegradation1,39,40. The gradient of TPH away 
from root surfaces clearly showed that phytodegradation of pollutants is a function of contaminant proximity 
to root surfaces (Fig. 3). While very few researchers have examined the degradation of individual compounds 
such as phenanthrene in relation to root proximity2,13,41, to the best of our knowledge, this is the first study of the 
relationship between biodegradation of an entire petroleum distillate (diesel fuel) and proximity to root surfaces. 
It is also the first study that revealed the statistically significant correlation between exudate concentration and 
biodegradation level.

Molecular analysis of polycyclic aromatic hydrocarbons (alkylnaphthalenes, phenanthrene and alkylphenan-
threnes) revealed concentration gradient away from root surfaces similar to that of total petroleum hydrocarbons. 
While these compounds were almost completely biodegraded in rhizosphere soils, their degradation declined 
with distance away from the rhizosphere and into the bulk soil, with least degradation observed in unplanted 
soil (Fig. 4). Similarly, Corgié, et al.13 observed that the degradation of phenanthrene decreased with distance 
away from Lolium perenne roots from 86% biodegradation at 0–3 mm from root surfaces to 36% biodegradation 
at 6–9 mm from roots. The enhanced rhizodegradation of these otherwise recalcitrant hydrocarbons at close 
proximity to root surfaces is a clear indication of the role of rhizosphere effect in contaminant dissipation. Rhizo-
sphere effect can potentially be exploited for the clean-up of soils contaminated with highly resistant organic 
pollutants such as organochlorines and polychlorinated biphenyls.

The determined biodegradation ratios confirmed that the dissipation of hydrocarbons in this study resulted 
from biodegradation (Supplementary Table 3). The parameters Pr/nC17, Ph/nC18 and UCM/TPH followed 
the expected trend, namely, their values increased with increased degree of biodegradation. This is because of 
the preferential degradability of n-alkanes over the more refractory isoprenoid hydrocarbons42. The UCM is a 

Figure 6.   3-parameter logistic model showing the correlation between (a) amino/organic acids (mg/kg) and 
residual total petroleum hydrocarbons (mg/kg), and (b) soluble sugars (mg/kg) and residual total petroleum 
hydrocarbons (mg/kg). Plots show changes in residual TPH level in response to root exudate concentration. 
(Error bar stands for SE; n = 3).
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recalcitrant product of biodegradation unresolvable by GC–MS. These ratios thus indicate that the greatest degree 
of biodegradation occurred in soils directly attached to M. sativa roots, while the least degree of biodegradation 
was in the unplanted control soil. This is further supported by the huge unresolved complex mixture (UCM) 
observed in rhizosphere soils in contrast to the bulk (3 cm from root) and the unplanted control soils (control 
at T90) (Fig. 5). As biodegradation proceeds, the abundances of major resolved compounds diminish, resulting 
in the more prominent chromatographic baseline hump termed unresolved complex mixture.

An important output of this study is the elucidation of the relationship between root exudate concentration 
and hydrocarbon dissipation. The results revealed negative correlations between the concentrations of root exu-
dates and residual TPH levels (Fig. 6). Three mechanisms identified by previous researchers that may explain the 
reasons for the observed statistically significant relationship are the ability of root exudates to desorb hydrocar-
bons from soil making them bioavailable for microbial attack43–45; the ability of some root exudates to catalyse 
the oxidation of hydrocarbons into intermediate products2; and the ability of root exudates to serve as nutrients 
to soil microbes and consequently attract hydrocarbon-degrading microorganisms to the rhizosphere46,47. Root 
exudates have been found to alter microbial community composition and diversity in contaminated soils leading 
to a shift in metabolic activities48,49. Organic acids, amino acids and soluble sugars are some of the most important 
nutrient sources for hydrocarbon-degrading microbes5,33, and microorganisms have developed sensory systems 
that guide them to these compounds in order to satisfy their nutritional needs50,51. While not all the compounds 
that may influence biodegradation are derived from roots, the results of this study show that the presence of plant 
can significantly influence biodegradation of hydrocarbon pollutants through such root exudation as organic 
acids, amino acids, soluble sugars and terpenoids. Interestingly, in a recent study of the effects of root exudates 
on enzymatic activities of two oil degraders, Micrococcus luteus WN01 and Bacillus cereus W2301, Yang, et al.52 
found that root exudates led to an increase in microbial population and dehydrogenase activity, and resulted in 
maximized removal of TPHs and PAHs. The relationship between root exudates and biodegradation observed 
in this study confirms the hypothesis that root exudates are ecological drivers of rhizodegradation.

The examination of terpenoids putatively exuded from M. sativa roots revealed structural similarity to poly-
cyclic aromatic hydrocarbons (Fig. 7). Structural analogy improves hydrocarbon degradation by stimulating co-
metabolism, which is the degradation of non-beneficial compounds along with beneficial ones53–55. For example, 
in a study of biomineralization of benzo[a]pyrene, Kanaly and Bartha56 found that co-metabolism was responsible 
for the initial steps of benzo[a]pyrene biodegradation. Similarly, phenols and phenylpropanoids were reported 
to support the degradation of polychlorinated biphenyls54,57. It seems that secondary metabolites especially 
terpenoids and flavonoids are significant drivers of biodegradation of recalcitrant organic compounds through 
co-metabolic processes58,59. Therefore, root exudates, including secondary metabolites, offer great prospects for 
biotechnological applications in the remediation of environmental organic pollutants, including recalcitrant 
polycyclic aromatic hydrocarbons.

In conclusion, as demonstrated in this experiment, the presence of plants can significantly influence biodeg-
radation of diesel fuel hydrocarbons in contaminated soils. The concentration of root exudates within the soil 

Figure 7.   (a) Partial m/z 204 + 218 mass chromatograms and (b) mass spectra of selected terpenoids present in 
the rhizosphere of M. sativa.
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matrix was shown to be a function of proximity to root surfaces. Similarly, biodegradation was found to cor-
relate with distance from roots, ranging from ≥ 90% within the rhizosphere to < 50% in bulk soil and unplanted 
control soil. We believe that the results of this study will prove vital for future biotechnological exploitation of 
root exudates for increased biodegradation of organic pollutants, including recalcitrant ones.

Data availability
The raw datasets generated and analyzed during the current study have been deposited to figshare (https://​doi.​
org/https://​doi.​org/​10.​6084/​m9.​figsh​are.​20400​984.​v1)60.

Received: 29 June 2023; Accepted: 26 January 2024

References
	 1.	 Rohrbacher, F. & St-Arnaud, M. Root exudation: The ecological driver of hydrocarbon rhizoremediation. Agronomy 6, 19. https://​

doi.​org/​10.​3390/​agron​omy60​10019 (2016).
	 2.	 Gao, Y., Yang, Y., Ling, W., Kong, H. & Zhu, X. Gradient distribution of root exudates and polycyclic promatic hydrocarbons in 

rhizosphere soil. Soil Sci. Soc. Am. J. 75, 1694–1703. https://​doi.​org/​10.​2136/​sssaj​2010.​0244 (2011).
	 3.	 Berg, G. et al. The rhizosphere effect on bacteria antagonistic towards the pathogenic fungus Verticillium differs depending on 

plant species and site. FEMS Microbiol. Ecol. 56, 250–261. https://​doi.​org/​10.​1111/j.​1574-​6941.​2005.​00025.x (2006).
	 4.	 Anderson, T. A., Guthrie, E. A. & Walton, B. T. Bioremediation in the rhizosphere. Environ. Sci. Technol. 27, 2630–2636. https://​

doi.​org/​10.​1021/​es000​49a001 (1993).
	 5.	 Bertin, C., Yang, X. & Weston, L. A. The role of root exudates and allelochemicals in the rhizosphere. Plant Soil 256, 67–83. https://​

doi.​org/​10.​1023/A:​10262​90508​166 (2003).
	 6.	 Butler, J. L., Williams, M. A., Bottomley, P. J. & Myrold, D. D. Microbial community dynamics associated with rhizosphere carbon 

flow. Appl. Environ. Microbiol. 69, 6793. https://​doi.​org/​10.​1128/​AEM.​69.​11.​6793-​6800.​2003 (2003).
	 7.	 Broeckling, C. D., Broz, A. K., Bergelson, J., Manter, D. K. & Vivanco, J. M. Root exudates regulate soil fungal community composi-

tion and diversity. Appl. Environ. Microbiol. 74, 738. https://​doi.​org/​10.​1128/​AEM.​02188-​07 (2008).
	 8.	 Cheng, L., Zhou, Q. & Yu, B. Responses and roles of roots, microbes, and degrading genes in rhizosphere during phytoremediation 

of petroleum hydrocarbons contaminated soil. Int. J. Phytoremediat. 21, 1161–1169. https://​doi.​org/​10.​1080/​15226​514.​2019.​16128​
41 (2019).

	 9.	 Allamin, I. A. et al. Rhizodegradation of petroleum oily sludge-contaminated soil using Cajanus cajan increases the diversity of 
soil microbial community. Sci. Rep. 10, 4094. https://​doi.​org/​10.​1038/​s41598-​020-​60668-1 (2020).

	10.	 Eze, M. O., Thiel, V., Hose, G. C., George, S. C. & Daniel, R. Enhancing rhizoremediation of petroleum hydrocarbons through 
bioaugmentation with a plant growth-promoting bacterial consortium. Chemosphere 289, 133143. https://​doi.​org/​10.​1016/j.​chemo​
sphere.​2021.​133143 (2022).

	11.	 Eze, M. O., Thiel, V., Hose, G. C., George, S. C. & Daniel, R. Bacteria-plant interactions synergistically enhance biodegradation of 
diesel fuel hydrocarbons. Commun. Earth Environ. 3, 192. https://​doi.​org/​10.​1038/​s43247-​022-​00526-2 (2022).

	12.	 Lazcano, C. et al. The rhizosphere microbiome plays a role in the resistance to soil-borne pathogens and nutrient uptake of straw-
berry cultivars under field conditions. Sci. Rep. 11, 3188. https://​doi.​org/​10.​1038/​s41598-​021-​82768-2 (2021).

	13.	 Corgié, S. C., Joner, E. J. & Leyval, C. Rhizospheric degradation of phenanthrene is a function of proximity to roots. Plant Soil 257, 
143–150. https://​doi.​org/​10.​1023/a:​10262​78424​871 (2003).

	14.	 Sergaki, C., Lagunas, B., Lidbury, I., Gifford, M. L. & Schäfer, P. Challenges and approaches in microbiome research: From funda-
mental to applied. Front. Plant Sci. 9, 1205. https://​doi.​org/​10.​3389/​fpls.​2018.​01205 (2018).

	15.	 Eze, M. O., George, S. C. & Hose, G. C. Dose-response analysis of diesel fuel phytotoxicity on selected plant species. Chemosphere 
263, 128382. https://​doi.​org/​10.​1016/j.​chemo​sphere.​2020.​128382 (2021).

	16.	 Van Waes, J. M. & Debergh, P. C. Adaptation of the tetrazolium method for testing the seed viability, and scanning electron 
microscopy study of some Western European orchids. Physiol. Plant. 66, 435–442. https://​doi.​org/​10.​1111/j.​1399-​3054.​1986.​tb059​
47.x (1986).

	17.	 Adam, G. & Duncan, H. Influence of diesel fuel on seed germination. Environ. Pollut. 120, 363–370. https://​doi.​org/​10.​1016/​
S0269-​7491(02)​00119-7 (2002).

	18.	 Eze, M. O., Hose, G. C. & George, S. C. Assessing the effect of diesel fuel on the seed viability and germination of Medicago sativa 
using the event-time model. Plants 9, 1062 (2020).

	19.	 Chen, S., Li, J., Fritz, E., Wang, S. & Hüttermann, A. Sodium and chloride distribution in roots and transport in three poplar 
genotypes under increasing NaCl stress. For. Ecol. Manag. 168, 217–230. https://​doi.​org/​10.​1016/​S0378-​1127(01)​00743-5 (2002).

	20.	 Xu, W.-H., Liu, H., Ma, Q.-F. & Xiong, Z.-T. Root exudates, rhizosphere Zn fractions, and Zn accumulation of ryegrass at different 
soil Zn levels. Pedosphere 17, 389–396. https://​doi.​org/​10.​1016/​S1002-​0160(07)​60047-2 (2007).

	21.	 Peters, K. E., Walters, C. C. & Moldowan, J. M. The Biomarker Guide: Volume 2: Biomarkers and Isotopes in Petroleum Systems and 
Earth History (Cambridge University Press, 2004).

	22.	 R Core Team. R: A Language and Environment for Statistical Computing. (R Foundation for Statistical Computing, 2018).
	23.	 Hoffmann, W. A. & Poorter, H. Avoiding bias in calculations of relative growth rate. Ann. Bot. 90, 37–42. https://​doi.​org/​10.​1093/​

aob/​mcf140 (2002).
	24.	 Ghasemi, A. & Zahediasl, S. Normality tests for statistical analysis: A guide for non-statisticians. Int. J. Endocrinol. Metab. 10, 

486–489. https://​doi.​org/​10.​5812/​ijem.​3505 (2012).
	25.	 Levene, H. Robust tests for equality of variances. In Contributions to Probability and Statistics: Essays in Honor of Harold Hotelling 

(eds. Ingram, O. & Harold, H.). 278–292 (Stanford University Press, 1960).
	26.	 Lee, S. & Lee, D. K. What is the proper way to apply the multiple comparison test?. Korean J. Anesthesiol. 71, 353–360. https://​doi.​

org/​10.​4097/​kja.d.​18.​00242 (2018).
	27.	 Holm, S. A simple sequentially rejective multiple test procedure. Scand. J. Stat. 6, 65–70 (1979).
	28.	 Gerhartz, W. Ullmann’s Encyclopedia of Industrial Chemistry. Vol. A1. 5th Ed. 63. (VCH Publishers, 1985).
	29.	 Yalkowsky, S. H., He, Y. & Jain, P. Handbook of Aqueous Solubility Data 2nd edn. (CRC Press, 2010).
	30.	 O’Neil, M. J. The Merck Index: An Encyclopedia of Chemicals, Drugs, and Biologicals (Merck and Co., 2006).
	31.	 Agathokleous, E., Barceló, D., Tsatsakis, A. & Calabrese, E. J. Hydrocarbon-induced hormesis: 101 years of evidence at the margin?. 

Environ. Pollut. 265, 114846. https://​doi.​org/​10.​1016/j.​envpol.​2020.​114846 (2020).
	32.	 Agathokleous, E. Environmental hormesis, a fundamental non-monotonic biological phenomenon with implications in ecotoxi-

cology and environmental safety. Ecotoxicol. Environ. Saf. 148, 1042–1053. https://​doi.​org/​10.​1016/j.​ecoenv.​2017.​12.​003 (2018).
	33.	 Badri, D. V. & Vivanco, J. M. Regulation and function of root exudates. Plant Cell Environ. 32, 666–681. https://​doi.​org/​10.​1111/j.​

1365-​3040.​2009.​01926.x (2009).

https://doi.org/
https://doi.org/
https://doi.org/10.6084/m9.figshare.20400984.v1
https://doi.org/10.3390/agronomy6010019
https://doi.org/10.3390/agronomy6010019
https://doi.org/10.2136/sssaj2010.0244
https://doi.org/10.1111/j.1574-6941.2005.00025.x
https://doi.org/10.1021/es00049a001
https://doi.org/10.1021/es00049a001
https://doi.org/10.1023/A:1026290508166
https://doi.org/10.1023/A:1026290508166
https://doi.org/10.1128/AEM.69.11.6793-6800.2003
https://doi.org/10.1128/AEM.02188-07
https://doi.org/10.1080/15226514.2019.1612841
https://doi.org/10.1080/15226514.2019.1612841
https://doi.org/10.1038/s41598-020-60668-1
https://doi.org/10.1016/j.chemosphere.2021.133143
https://doi.org/10.1016/j.chemosphere.2021.133143
https://doi.org/10.1038/s43247-022-00526-2
https://doi.org/10.1038/s41598-021-82768-2
https://doi.org/10.1023/a:1026278424871
https://doi.org/10.3389/fpls.2018.01205
https://doi.org/10.1016/j.chemosphere.2020.128382
https://doi.org/10.1111/j.1399-3054.1986.tb05947.x
https://doi.org/10.1111/j.1399-3054.1986.tb05947.x
https://doi.org/10.1016/S0269-7491(02)00119-7
https://doi.org/10.1016/S0269-7491(02)00119-7
https://doi.org/10.1016/S0378-1127(01)00743-5
https://doi.org/10.1016/S1002-0160(07)60047-2
https://doi.org/10.1093/aob/mcf140
https://doi.org/10.1093/aob/mcf140
https://doi.org/10.5812/ijem.3505
https://doi.org/10.4097/kja.d.18.00242
https://doi.org/10.4097/kja.d.18.00242
https://doi.org/10.1016/j.envpol.2020.114846
https://doi.org/10.1016/j.ecoenv.2017.12.003
https://doi.org/10.1111/j.1365-3040.2009.01926.x
https://doi.org/10.1111/j.1365-3040.2009.01926.x


12

Vol:.(1234567890)

Scientific Reports |         (2024) 14:2359  | https://doi.org/10.1038/s41598-024-53027-x

www.nature.com/scientificreports/

	34.	 Gransee, A. & Wittenmayer, L. Qualitative and quantitative analysis of water-soluble root exudates in relation to plant species and 
development. J. Plant Nutr. Soil Sci. 163, 381–385. https://​doi.​org/​10.​1002/​1522-​2624(200008)​163:4%​3c381::​AID-​JPLN3​81%​3e3.0.​
CO;2-7 (2000).

	35.	 Neumann, G. Root exudates and nutrient cyscling, In Nutrient Cycling in Terrestrial Ecosystems (eds. Marschner, P. & Rengel, Z). 
123–157 (Springer, 2007).

	36.	 Ali, H., Khan, E. & Sajad, M. A. Phytoremediation of heavy metals—Concepts and applications. Chemosphere 91, 869–881. https://​
doi.​org/​10.​1016/j.​chemo​sphere.​2013.​01.​075 (2013).

	37.	 Ferrarini, A. et al. Bioaugmented phytoremediation of metal-contaminated soils and sediments by hemp and giant reed. Front. 
Microbiol. 12, 645893. https://​doi.​org/​10.​3389/​fmicb.​2021.​645893 (2021).

	38.	 Marchand, C. et al. Pilot scale aided-phytoremediation of a co-contaminated soil. Sci. Total Environ. 618, 753–764. https://​doi.​
org/​10.​1016/j.​scito​tenv.​2017.​08.​143 (2018).

	39.	 Mendez, M. O. & Maier, R. M. Phytoremediation of mine tailings in temperate and arid environments. Rev. Environ. Sci. Biotechnol. 
7, 47–59. https://​doi.​org/​10.​1007/​s11157-​007-​9125-4 (2008).

	40.	 Cunningham, S. D., Berti, W. R. & Huang, J. W. Phytoremediation of contaminated soils. Trends Biotechnol. 13, 393–397. https://​
doi.​org/​10.​1016/​S0167-​7799(00)​88987-8 (1995).

	41.	 Ling, W., Dang, H. & Liu, J. In situ gradient distribution of polycyclic aromatic hydrocarbons (PAHs) in contaminated rhizosphere 
soil: A field study. J. Soils Sediments 13, 677–685. https://​doi.​org/​10.​1007/​s11368-​013-​0655-9 (2013).

	42.	 George, S. C., Volk, H., Ahmed, M., Pickel, W. & Allan, T. Biomarker evidence for two sources for solid bitumens in the Subu wells: 
Implications for the petroleum prospectivity of the East Papuan Basin. Org. Geochem. 38, 609–642. https://​doi.​org/​10.​1016/j.​orgge​
ochem.​2006.​12.​002 (2007).

	43.	 Gao, Y. et al. Effects of low-molecular-weight organic acids on sorption–desorption of phenanthrene in soils. Soil Sci. Soc. Am. J. 
74, 51–59. https://​doi.​org/​10.​2136/​sssaj​2009.​0105 (2010).

	44.	 Ling, W., Sun, R., Gao, X., Xu, R. & Li, H. Low-molecular-weight organic acids enhance desorption of polycyclic aromatic hydro-
carbons from soil. Eur. J. Soil Sci. 66, 339–347. https://​doi.​org/​10.​1111/​ejss.​12227 (2015).

	45.	 Ouvrard, S., Lapole, D. & Morel, J. L. Root exudates impact on phenanthrene availability. Water Air Soil Pollut. Focus 6, 343–352. 
https://​doi.​org/​10.​1007/​s11267-​005-​9027-9 (2006).

	46.	 Corgié, S. C., Beguiristain, T. & Leyval, C. Spatial distribution of bacterial communities and phenanthrene degradation in the 
rhizosphere of Lolium perenne L.. Appl. Environ. Microbiol. 70, 3552. https://​doi.​org/​10.​1128/​AEM.​70.6.​3552-​3557.​2004 (2004).

	47.	 Martin, B. C., George, S. J., Price, C. A., Ryan, M. H. & Tibbett, M. The role of root exuded low molecular weight organic anions 
in facilitating petroleum hydrocarbon degradation: Current knowledge and future directions. Sci. Total Environ. 472, 642–653. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2013.​11.​050 (2014).

	48.	 Cébron, A. et al. Root exudates modify bacterial diversity of phenanthrene degraders in PAH-polluted soil but not phenanthrene 
degradation rates. Environ. Microbiol. 13, 722–736. https://​doi.​org/​10.​1111/j.​1462-​2920.​2010.​02376.x (2011).

	49.	 Siciliano, S. D., Germida, J. J., Banks, K. & Greer, C. W. Changes in microbial community composition and function during a 
polyaromatic hydrocarbon phytoremediation field trial. Appl. Environ. Microbiol. 69, 483. https://​doi.​org/​10.​1128/​AEM.​69.1.​
483-​489.​2003 (2003).

	50.	 Gao, Y. Z. & Zhu, L. Z. Phytoremediation for phenanthrene and pyrene contaminated soils. J. Environ. Sci. 17, 14–18 (2005).
	51.	 Joner, E. J. & Leyval, C. Rhizosphere gradients of polycyclic aromatic hydrocarbon (PAH) dissipation in two industrial soils and 

the impact of arbuscular mycorrhiza. Environ. Sci. Technol. 37, 2371–2375. https://​doi.​org/​10.​1021/​es020​196y (2003).
	52.	 Yang, K. M., Poolpak, T., Pokethitiyook, P., Kruatrachue, M. & Saengwilai, P. Responses of oil degrader enzyme activities, metabo-

lism and degradation kinetics to bean root exudates during rhizoremediation of crude oil contaminated soil. Int. J. Phytoremediat. 
24, 101–109. https://​doi.​org/​10.​1080/​15226​514.​2021.​19269​12 (2022).

	53.	 Bais, H. P., Broeckling, C. D. & Vivanco, J. M. Root exudates modulate plant–microbe interactions in the rhizosphere, In Secondary 
Metabolites in Soil Ecology (ed. Karlovsky, P.). 241–252 (Springer, 2008).

	54.	 Fletcher, J. S. & Hegde, R. S. Release of phenols by perennial plant roots and their potential importance in bioremediation. Che-
mosphere 31, 3009–3016. https://​doi.​org/​10.​1016/​0045-​6535(95)​00161-Z (1995).

	55.	 Yergeau, E., Sanschagrin, S., Maynard, C., St-Arnaud, M. & Greer, C. W. Microbial expression profiles in the rhizosphere of willows 
depend on soil contamination. ISME J. 8, 344–358. https://​doi.​org/​10.​1038/​ismej.​2013.​163 (2014).

	56.	 Kanaly, R. A. & Bartha, R. Cometabolic mineralization of benzo[a]pyrene caused by hydrocarbon additions to soil. Environ. Toxicol. 
Chem. 18, 2186–2190. https://​doi.​org/​10.​1002/​etc.​56201​81010 (1999).

	57.	 Narasimhan, K., Basheer, C., Bajic, V. B. & Swarup, S. Enhancement of plant–microbe interactions using a rhizosphere metabo-
lomics-driven approach and its application in the removal of polychlorinated biphenyls. Plant Physiol. 132, 146. https://​doi.​org/​
10.​1104/​pp.​102.​016295 (2003).

	58.	 Cunningham, S. D. & Berti, W. R. Remediation of contaminated soils with green plants: An overview. In Vitro Cell. Dev. Biol. Plant 
29, 207–212. https://​doi.​org/​10.​1007/​bf026​32036 (1993).

	59.	 Kuiper, I., Lagendijk, E. L., Bloemberg, G. V. & Lugtenberg, B. J. J. Rhizoremediation: A beneficial plant-microbe interaction. Mol. 
Plant-Microbe Interact. 17, 6–15. https://​doi.​org/​10.​1094/​MPMI.​2004.​17.1.6 (2004).

	60.	 Eze, M., Thiel, V., Hose, G., George, S. & Daniel, R. GC-MS dataset of hydrocarbon biodegradation. Figshare. Dataset. https://​doi.​
org/​10.​6084/​m9.​figsh​are.​20400​984.​v1 (2022).

Acknowledgements
The authors would like to thank the Bayer Science and Education Foundation for supporting this research project 
by providing M.O.E. with Otto Bayer Fellowship.

Author contributions
Conceptualization and design: M.O.E. and C.F.A. Planning and implementation: M.O.E. and C.F.A. Experiments 
and geochemical analyses: M.O.E. Writing—original draft: M.O.E. and C.F.A. Writing—review and editing: 
M.O.E. and C.F.A. Supervision: M.O.E.

Funding
This research was funded by Bayer Science and Education Foundation through Otto Bayer Fellowship Research 
Grant No. F-2019-BS-0028.

Competing interests 
The authors declare no competing interests.

https://doi.org/10.1002/1522-2624(200008)163:4%3c381::AID-JPLN381%3e3.0.CO;2-7
https://doi.org/10.1002/1522-2624(200008)163:4%3c381::AID-JPLN381%3e3.0.CO;2-7
https://doi.org/10.1016/j.chemosphere.2013.01.075
https://doi.org/10.1016/j.chemosphere.2013.01.075
https://doi.org/10.3389/fmicb.2021.645893
https://doi.org/10.1016/j.scitotenv.2017.08.143
https://doi.org/10.1016/j.scitotenv.2017.08.143
https://doi.org/10.1007/s11157-007-9125-4
https://doi.org/10.1016/S0167-7799(00)88987-8
https://doi.org/10.1016/S0167-7799(00)88987-8
https://doi.org/10.1007/s11368-013-0655-9
https://doi.org/10.1016/j.orggeochem.2006.12.002
https://doi.org/10.1016/j.orggeochem.2006.12.002
https://doi.org/10.2136/sssaj2009.0105
https://doi.org/10.1111/ejss.12227
https://doi.org/10.1007/s11267-005-9027-9
https://doi.org/10.1128/AEM.70.6.3552-3557.2004
https://doi.org/10.1016/j.scitotenv.2013.11.050
https://doi.org/10.1111/j.1462-2920.2010.02376.x
https://doi.org/10.1128/AEM.69.1.483-489.2003
https://doi.org/10.1128/AEM.69.1.483-489.2003
https://doi.org/10.1021/es020196y
https://doi.org/10.1080/15226514.2021.1926912
https://doi.org/10.1016/0045-6535(95)00161-Z
https://doi.org/10.1038/ismej.2013.163
https://doi.org/10.1002/etc.5620181010
https://doi.org/10.1104/pp.102.016295
https://doi.org/10.1104/pp.102.016295
https://doi.org/10.1007/bf02632036
https://doi.org/10.1094/MPMI.2004.17.1.6
https://doi.org/10.6084/m9.figshare.20400984.v1
https://doi.org/10.6084/m9.figshare.20400984.v1


13

Vol.:(0123456789)

Scientific Reports |         (2024) 14:2359  | https://doi.org/10.1038/s41598-024-53027-x

www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​024-​53027-x.

Correspondence and requests for materials should be addressed to M.O.E.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2024

https://doi.org/10.1038/s41598-024-53027-x
https://doi.org/10.1038/s41598-024-53027-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Elucidating the significant roles of root exudates in organic pollutant biotransformation within the rhizosphere
	Materials and methods
	Soil preparation
	Assessment of seed viability
	Plant growth experiment
	Analysis of root exudates
	Organic geochemical analysis of biodegradation
	Biodegradation parameters
	Statistical analysis

	Results
	Seed viability and plant growth
	Concentration gradient of root exudates in the rhizosphere
	Residual total petroleum hydrocarbons
	Phytoremediation as a function of contaminant proximity to root surfaces
	Biodegradation of polycyclic aromatic hydrocarbons
	Biodegradation parameters
	Relationship between root exudate concentration and hydrocarbon dissipation
	Root exudation of terpenoids in the rhizosphere

	Discussion
	References
	Acknowledgements


