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The exploitation of petroleum, the production and use of petroleum products causes pollution that is harmful to the ecology and environment. At present, petroleum hydrocarbon pollution has become a universal concern in the world. As one of the bioremediation methods, plant root exudate repair has the effect of eliminating toxic substances in the environment. To explore the role of root exudates glycine in phytoremediation of petroleum-contaminated soil, seed germination and pot experiments were carried out to study the effects of glycine on the degradation of petroleum hydrocarbons in different plants and soil types. The results showed that when the concentration of petroleum pollutants was constant, the order of seed germination rate of the eight plants was ryegrass > sudan grass > white clover > tall fescue > alfalfa > pennisetum > canine root > maize grass.1000 mg L−1 of glycine could effectively promote plant biomass and the petroleum hydrocarbons degradation rate. The degradation effect was ryegrass + glycine > ryegrass > sudan grass + glycine > sudan grass > white clover + glycine > white clover. The degradation rate of ryegrass + glycine in 18,000 mg kg−1 petroleum-contaminated soil reached 55.7%. All plants had the highest biomass and plant height in loamy soil, while the highest degradation rate of petroleum hydrocarbons was observed in sandy soil, ranging from 50.36% to 59.36%. Among them, ryegrass combined with 1000 mg L−1 of glycine reached the highest petroleum hydrocarbons degradation rate of 59.36% in sandy soil. Ryegrass, sudan grass and white clover had the potential to remediate petroleum-contaminated soils. In the three types of soil, ryegrass had a strong remediation efficiency, and the degradation effect to petroleum hydrocarbons was more significant after the addition of glycine. Therefore, ryegrass can be planted with glycine as a priority for remediation in oil field areas contaminated by petroleum hydrocarbons.
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INTRODUCTION
Nowadays, one of the most serious pollution types on the earth is petroleum pollution, with countries paying an increasing amount of attention to the technology that can help in the remediation of petroleum pollution. Due to the extensive amount of production and use of petrochemical products, a widespread problem of soil contamination by organic pollutants has developed all over the world. Furthermore, fuel transportation has caused an increase in environmental risks, such as spills, leaks, and discharges (Al-Mansoory et al., 2017). After petroleum hydrocarbons enter the soil, they begin by causing changes in the physical structure and the chemical properties of the soil. Such changes include destroying clogging of soil pores, significantly diminishing soil aeration and water permeability, disturbing the balance and ratio of carbon, nitrogen, and phosphorus, all the while reducing soil nutrients. At the same time, the living environment of soil microorganisms are being also changed, resulting in the change of the microbial community and its quantity in the soil microenvironment (Pacwa-Płociniczak et al., 2019). Furthermore, the deterioration of the soil ecosystem leads to a significant decline in the yield and quality of crops grown in it, leading to a serious decline in farmers’ economic income (Shah and Wu, 2019). Critically, crops such as rice and wheat absorb some of the toxic hydrocarbons when they grow in hydrocarbon-contaminated soils, which then directly harm people and the planet as they enter into the food chain (Khan et al., 2018).
The detoxification of petroleum-contaminated soils can be carried out by physical, chemical and biological remediation strategies and their comprehensive methods. Traditional physical-chemical methods including excavation, desorption, thermal destruction, soil washing, soil flushing, stabilization, soil vapor extraction, and many others. Although these methods are fast and effective, they have some limitations, such as high cost, high labor intensity and they tend to compromise the environmental matrices (Zuzolo et al., 2021). Bioremediation for petroleum contaminated soil mainly include phytoremediation, microbial remediation, and microbial-plant combined remediation. Phytoremediation takes an advantage of the interaction between plants, rhizosphere microorganisms, and soil environment to remove, decompose, absorb or adsorb soil pollutants, so as to restore the soil environment. Phytoremediation has been proven to be effective in removing organic pollutants from soil acting as a low-cost green solution with low ecological risks and side effects to humans and the environment (Kurade et al., 2021). Binet et al. (2000) studied the degradation of three to six cyclic polycyclic aromatic hydrocarbons (PAHs) (anthracen, phenanthrene, fluoranthene, benzo [a] fluoranthene, dibenzo [a, h] anthracene) by ryegrass. In their study, it was found that ryegrass has a great potential for the degradation of most PAHs including five and six rings. Reilley et al. (1996) chose four plants (Fectuca Ovina Schreb, Medicago Sativa, Sorghum Sudanense, and Trifolium) to study PAHs degradation in petroleum-contaminated soil, which found that the degradation rate of anthracene and pyrene in plants increased significantly. Furthermore, in a microcosm experiment involving Medicago sativa L. and the isolated bacterial consortium, M. sativa + Consortium resulted in 91% removal of diesel hydrocarbons in just 60 days (Eze et al., 2022). Although the research on the direction of phytoremediation has been recently relatively growing unto maturity or increased with vast literature, the application scope of phytoremediation is still quite limited. Due to the limitation of plant root length, its remediation area can only be in the shallow soil layer of 0–50 cm, while the deeper contaminated soil cannot be reached and remediated by plant roots. Therefore, other remediation technologies are required to be investigated for the joint treatment of soils that are contaminated by petroleum hydrocarbons at a deeper level.
Root exudates refer to the organic matter secreted to the surrounding environment by some tissues and organs of plants with vitality under certain conditions (Hassan and Nawchoo, 2022). It can be divided into saccharide, amino acid, organic acid, phenolic acid, fatty acid, sterol, protein, growth factor, etc. Root exudates can produce obvious effects on the rhizosphere environment. This includes changing soil pH, increasing soil cation exchange capacity (CEC), stimulating the rapid reproduction and growth of rhizosphere microorganisms, and promoting the release of nutrients in the soil. A large number of studies have shown that root exudates can effectively promote the degradation of organic pollutants in soils, strengthen the activation and fixation of inorganic pollutants. Wild et al. (2005) used summer pea and white mustard to repair heavily petroleum-contaminated soil through pot experiments. In their experiment they found that the removal rate of petroleum pollutants in non-rhizosphere soil was 59%, while that in rhizosphere soil was 71%, which was 20.3% higher than that of the former. Kirk et al. (2005) found that the number of ryegrass rhizosphere heterotrophic bacteria and petroleum hydrocarbon-degrading bacteria was 233.37 times higher than that of untouched soil control. Lee et al. (2007) applied four Korean native plants to study the degradation of PAHs and found that the degradation of PAHs by plants mainly depended on the improvement of microbial activity and the action of enzymes released by plants. The activities of phenolic compounds (root exudates) and peroxidase in the experimental soil were significantly increased. According to literature, there are four ways that root exudates can promote petroleum hydrocarbons degradation. First, enzymes surrounding root exudates can directly degrade petroleum hydrocarbons pollutants. Secondly, root exudates can separate petroleum hydrocarbons from soil substrate and improve the bioavailability of organic matter. Thirdly, root exudates can enhance the elimination of petroleum hydrocarbon pollutants by stimulating enzyme channels and intensifying the synergistic metabolic process. Fourthly, root exudates provide nutrients and energy for microbial growth and reproduction (Ruley et al., 2022).
In continuation, through an extensive investigation on phytoremediation of organic-contaminated soils, it is found that the contribution rate of absorption or fixation of organic pollutants by plants is not high during the remediation process. On the contrary, the rhizosphere environment of plants effectively promotes the transfer of organic pollutants and microbial degradation (Euliss et al., 2008; Gerhardt et al., 2009). Substances produced and secreted by plant roots select and reshape microbial communities in rhizosphere soils (Tartaglia et al., 2022). Hence, the selection of appropriate root exudates and their concentrations are vital in rhizosphere restoration and phytoremediation. In addition, the physico-chemical properties and parameters of different soil types are varied, which also affect the root tissue of plants and surrounding microorganisms. Therefore, it is of great significance to find a suitable soil type for plant growth and total petroleum hydrocarbons removal. At present, there is no systematic study on the direct effect of plant root exudates on petroleum-contaminated soil. Furthermore, if root exudates with obvious remediation effect on petroleum-contaminated soil can be screened out, it will create great economic and social benefits. Doing so will also open up a new way for the remediation of petroleum-contaminated soil. Glycine is among one of the most commonly detected amino acids in forest soil. It is of small molecular weight and simple structure, which can be used as a nitrogen source for absorption and utilization by plants and microorganisms (Lipson and Näsholm, 2001). The preliminary experiment showed that 1000 mg kg−1 glycine could effectively promote the degradation of petroleum hydrocarbons in soil.
In this study, based on field investigation and analysis of petroleum-contaminated soil, plants that can repair petroleum-contaminated soil were screened out through pot experiments to study the adaptive growth of plants under different petroleum pollution conditions. According to the selected specific plants, the effects of glycine and different soil types on petroleum hydrocarbons degradation were studied, and the synergistic promoting effect of glycine on phytoremediation of petroleum-contaminated soil was explored.
EXPERIMENTAL MATERIALS AND METHODS
Materials
All the herbal seeds were purchased from Huazhong Agricultural University, including Lolium perenne L., Sorghum sudanense (Piper) Stapf., Trifolium repens, Festuca arundinacea L., Medicago sativa, Pennisetum alopecuroides (L.) Spreng., Cynodon dactylon (L.) Pers., and Dracocephalum moldavica. The clean soil used in the experiment was taken from farmland near Yangtze University, and different types of soil samples were taken from Changning-weiyuan area of Sichuan province. The physical and chemical properties of the soils are in Table 1. The petroleum used in the experiment was obtained from Jianghan oilfield in Hubei, Qianjiang city, Hubei province. The glycine (C2H5NO2, 99.5%–100%) reagent was obtained from Sinophanic Chemical Reagents (Shanghai) Co., Ltd. Only distilled water was used in this study.
TABLE 1 | Physico-chemical characteristics of experimental soils (0–30 cm), including pH, Sand, Silt, Clay, Organic Matter (OM), Total Nitrogen (Total N), Available Phosphorus (Available P), Exchangeable Potassium (Exchangeable K), Cadmium and Total Petroleum Hydrocarbons (TPHs).
[image: Table 1]RQH-450 Series Climate Incubator were purchased from Shanghai Jinghong Co., Ltd. (Shanghai, China).
Test design
Seed germination test of plants
As per a field investigation of the soil environment from the shale gas well site in Changning-Weiyuan showed that the petroleum content was unevenly distributed, with a maximum value of about 18,000 mg kg−1. Air-dried clean soil was sieved (2 mm). A certain quality of petroleum was weighed and dissolved in petroleum ether. Each 1 kg of clean soil and 500 ml of petroleum ether were fully mixed, and prepared respectively into five petroleum hydrocarbons concentrations of polluted soil (6000 mg kg−1, 9000 mg kg−1, 12,000 mg kg−1, 15,000 mg kg−1, 18,000 mg kg−1), and clean soil was set aside as a control group. Plant seeds were soaked for 24 h before sowing. 110 g of soil was weighed in each Petri dish, and 20 seeds of each tested plant was arranged neatly in the Petri dish with a diameter of 12 mm. After seed germination, all the Petri dishes were moved into an artificial climate box with humidity set at 70%, temperature at 25°C, and light adjusted to 80 Lx. A total of eight herbs were tested, and each groups experiment was repeated three times with a total of 144 treatments. Water was added to the bed surface with a dropett to keep it wet. Seeds were germinated with obvious radicle cracking (white) and rotten seeds were removed soon as they were observed to be rotting on time. When no new germinated seeds appeared for three consecutive days, the germination process was regarded to have been completed. Finally, we counted the number of seeds germinated and calculated the germination rate.
Effects of glycine on petroleum hydrocarbons degradation in soil under different plant types conditions
Through the Petri dish germination test, three plants with strong resistance to petroleum hydrocarbons were initially screened, namely white clover, ryegrass, and sudan grass (Table 2). Air-dried clean soil was sieved (2 mm). A certain quality of petroleum was weighed and dissolved in petroleum ether. Each 1 kg of clean soil and 500 ml of petroleum ether was fully mixed, and respectively prepared into five petroleum hydrocarbons concentrations of polluted soil (6000 mg kg−1, 9000 mg kg−1, 12,000 mg kg−1, 15,000 mg kg−1, 18,000 mg kg−1). The contaminated soils were put in a cool environment for 15 days, and waited for the volatilization of petroleum ether.
TABLE 2 | Selected plants and their basic characteristics.
[image: Table 2]A plastic flowerpot with a height of 15 cm and a diameter of 12 cm was selected, and each pot contained 700 g of soil. The plants with good germination were transplanted into the flowerpot, and 10 plants were transplanted into each pot. The flowerpots were placed randomly and the positions of the flowerpots were exchanged regularly to avoid the influence of light on plant growth. A total of seven treatments were set up in the experiment (Table 3). The blank control group was to continually water the sample without adding root exudates or planting plants. The phytoremediation group was white clover, ryegrass, and sudan grass. The root exudate group was white clover + glycine, ryegrass + glycine, and sudan grass + glycine. The concentration of glycine was 1000 mg L−1. In the root exudate group, each flowerpot had a glycine solution added to it once and watered once for each 2 days. In the blank control group and the phytoremediation group, no root exudate was added and water was poured once for every 2 days. After watering, the weight of the whole pot was made up to the initial range. The temperature was maintained at 20–25°C and the soil water content was kept above 60%. Three replicated experiments were performed for each treatment, with a total of 105 parallel samples. The pot experiment was carried out in the greenhouse of Yangtze University from 16 April 2021, to 26 June 2021, for a total of 71 days.
TABLE 3 | Experimental design of glycine on petroleum hydrocarbons degradation in soil under different plant types conditions.
[image: Table 3]Effects of glycine on petroleum hydrocarbons degradation in soil under different soil conditions
Three soil types were set up in the experiment, namely sandy soil, loamy soil, and clay soil. The total petroleum hydrocarbons content of the soils was fixed at 12,000 mg kg−1 (in order to simplify the experiment, the average pollution concentration of 12,000 mg kg−1 obtained from the field investigation was taken as a representative concentration), and the three plants selected were white clover, ryegrass, and sudan grass, using glycine (1000 mg L−1) as the root exudate.
The sandy soil, loamy soil, and clay soil were separately placed on plastic film to a thickness of about 2 cm and were later placed in a cool place to dry naturally. A certain quality of petroleum was weighed and dissolved in petroleum ether. Each 1 kg of clean soil and 500 ml of petroleum ether was fully mixed, and respectively prepared into sandy soil, loamy soil, and clay soil with petroleum hydrocarbon content of 12,000 mg kg−1. The contaminated soils were put in a cool environment for 15 days, and waited for the volatilization of petroleum ether.
A plastic flowerpot with a height of 15 cm and a diameter of 12 cm were selected, and each pot contained 700 g of soil. The plants with good germination were transplanted into the flowerpot, and 10 plants were transplanted into each pot. Seven treatments were set in the pot experiment (Table 4). In the blank control group, the samples were only watered without adding root exudates. The phytoremediation group included white clover, ryegrass, and sudan grass. The root exudate group were white clover + glycine, ryegrass + glycine, and sudan grass + glycine. The concentration of glycine was 1000 mg L−1. In the root exudate group, each flowerpot had a glycine solution added once and watered once for each 2 days. In the blank control group and the phytoremediation group, no root exudate was added and water was poured once every 2 days. After watering, the weight of the whole pot was made up to the initial range. The temperature was maintained at 20–25°C and the soil water content was kept above 60%. Three replicates were performed for each treatment and 63 parallel experiments were conducted in total. The experiment lasted from 8 August 2021 to 18 September 2021, lasting a total of 71 days.
TABLE 4 | Experimental design of glycine on petroleum hydrocarbons degradation in soil under different soil conditions.
[image: Table 4]Measurement and calculation of plant indicators
The germination number of seeds in contaminated soil is compared with the germination number of seeds in clean soil to calculate the relative germination rate of seeds under petroleum hydrocarbon pollution. The calculation formula is as follows:
[image: image]
After 71 days, the plant height and root length of white clover, ryegrass, and sudan grass were measured after harvesting the aboveground and underground parts of the three plants. Root dry weight and plant biomass were determined after drying.
Measurement and calculation of total petroleum hydrocarbons in soil
5 g of air-dried soil samples screened by 2 mm of sieve were accurately weighed and placed in a 50 ml centrifuge tube, followed by a 15 ml dichloromethane extractant, shaken, and mixed evenly. Then ultrasonic extraction was conducted for 20 min (min). After extraction, the centrifuge tube was put into a centrifuge and it was centrifuged at a 3000 r·min−1 for 10 min. After that, the tube was placed standing vertically, the liquid was separated, and the supernatant was poured into a triangle flask with constant weight. The above steps were repeated three times. All the supernatant was poured into the triangle bottle, which was finally put in a water bath at 60°C to steam petroleum ether. Thereafter, it was put in a constant temperature box of 60°C to bake for 1 h. Finally, it was weighed after being placed into the dryer to cool down for about 10 min. The calculation was done using the 
[image: image]
Where, M1 is the mass of the triangle bottle, g; M2 is the total mass of the triangle bottle and TPHs, g; m is the mass of soil samples, g; P is the moisture content of soil samples, %.
Statistical analysis
The data were analyzed using IBM SPSS version 24.0 and Origin Pro 8.0. The presented data are means ± standard error of replicates. The differences between treatments for each experiment variant were compared using the one-way analysis of variance (ANOVA) followed by Duncan’s multiple range test at p ≤ 5% level. Petroleum hydrocarbons concentrations, soil types, glycine, and their interactions were analyzed by univariate multi-way ANOVA (p < 0.05).
RESULTS AND ANALYSIS
Results of the germination rate test
Different plant species had different responses to the same concentration of petroleum hydrocarbons pollution. Table 5 lists the seed germination rates of eight herbaceous plants under petroleum hydrocarbons pollution stress. The results showed that when the concentration of petroleum hydrocarbons in the test soil was 0 mg kg−1 (blank test), the seed germination rate of four plants exceeded 75%, among which ryegrass seed germination rate was the highest, reaching 90.8 ± 1.4%, followed by sudan grass seed germination rate at 80.7 ± 1.3%. The seed germination rates of tall fescue and white clover were 79.5 ± 1.9% and 76.2 ± 0.7%, respectively. The seed germination rates of canine root and maize grass were the lowest, which were only 32.3 ± 1.7% and 20.4 ± 0.8%, respectively. This indicates that there were problems in the germination rates of purchased canine root and maize grass seeds under the experimental conditions. If the seed germination rate of ryegrass was regarded as 100%, when the petroleum hydrocarbons concentration was 6000 mg kg−1, the seed germination rate of eight plants decreased by 12.2%–45.1% compared with that of clean soil. When the petroleum hydrocarbons concentration was 9000 mg kg−1, the germination rate decreased by 12.2%–38.7%. Further, when the petroleum hydrocarbons concentration increased to 12,000 mg kg−1, the germination rate decreased by 17.1%–8.3%. When the petroleum hydrocarbons concentration was 15,000 mg kg−1, the germination rate decreased by 20.0%–59.1%. When the petroleum hydrocarbons concentration continued to increase to 18,000 mg kg−1, the germination rate decreased by 22.6%–74.0%, indicating that the inhibition rate of seeds of all tested plants at a specific concentration was widely distributed, and there was a great difference in the tolerance of different herbaceous plants to petroleum hydrocarbons.
TABLE 5 | Germination rate of eight plant seeds at different petroleum hydrocarbons concentrations (%).
[image: Table 5]Although most of the tested plants could not withstand high concentrations of petroleum hydrocarbon pollution, several plants showed strong tolerance to petroleum hydrocarbon pollution. In this experiment, ryegrass was least affected by petroleum hydrocarbons pollutants, and its germination rate did not change very much under the five petroleum hydrocarbons concentrations. If the germination rate of ryegrass seeds under blank conditions was regard as 100%, at petroleum hydrocarbons concentrations of 9000 mg kg−1, 12,000 mg kg−1, 15,000 mg kg−1, 18,000 mg kg−1, its germination rate decreased by 16.0%, 12.2%, 17.1%, 20.0%, and 22.6%, respectively. This was followed by sudan grass which was less affected by petroleum hydrocarbons pollutants. White clover and tall fescue showed strong resistance to petroleum hydrocarbons pollution, while other plants were significantly inhibited. The germination rate of maize grass decreased by 45.1%, 38.7%, 47.6%, 56.9%, and 74.0% compared with clean soil under five petroleum hydrocarbons concentrations, respectively.
Although the germination rate of seeds was correlated with the level of petroleum hydrocarbons pollution in soil, it still had a certain germination rate. As it can be seen from Figure 1, the seed germination rate of most tested plants was significantly affected by different concentrations of petroleum hydrocarbons. The seed germination rate decreased to different degrees with the increase of petroleum hydrocarbons concentration, showing an exponential relationship between them. The germination rates of ryegrass, sudan grass, and white clover were much higher than other plants in the range of tested pollutant levels. Ryegrass and sudan grass had strong seed germination ability even in 12,000 mg kg−1 petroleum hydrocarbons contaminated soil. The germination rate of them was about 19.3%–85.8% and 3.6%–82.4% higher than other plants under the same pollution condition, respectively.
[image: Figure 1]FIGURE 1 | Correlation between germination rate of eight plant seeds and petroleum hydrocarbons concentrations.
The germination rates of ryegrass and sudan grass were 11.5%–85.3% and 2.5%–83.4% higher than those of other plants in 6000 mg kg−1 petroleum hydrocarbons contaminated soil, respectively. Under the petroleum hydrocarbons pollution level of 9000 mg kg−1, the germination rates of ryegrass and tall fescue were 18.1%–84.3% and 1.5%–80.9% higher than that of other plants, respectively. Under the condition of 15,000 mg kg−1 petroleum hydrocarbons pollution, the germination rates of sudan grass and white clover were 3.1%–84.7% and 9.3%–84.3% higher than those of other plants (excluding ryegrass), respectively. The germination rates of ryegrass, sudan grass and white clover were 20.6%–92.5%, 8.1%–90.5%, and 17.5%–89.7% higher than those of other plants in 18,000 mg kg−1 petroleum hydrocarbons contaminated soil, respectively. When the content of petroleum hydrocarbons in soil increased from 6000 mg kg−1–18,000 mg kg−1, the germination rate of ryegrass, sudan grass, and white clover decreased only by 7.9%, 17.3%, and 22.0%, respectively, indicating that the tolerance of ryegrass was higher than sudan grass and white clover.
Effects of glycine on petroleum hydrocarbons degradation in soil under different plant types conditions
Effects of different petroleum hydrocarbons concentrations and glycine on plant height
Figure 2 showed that, under the five pollution concentration levels, the plant heights of white clover, ryegrass, and sudan grass from small to large are: white clover < ryegrass < sudan grass. Compared with ryegrass and sudan grass, white clover had the smallest plant height, and its maximum plant height was only 9.4 ± 0.9 cm. When the petroleum hydrocarbons content in the soil was 6000 mg kg−1, the plant height of white clover was only 6.7 ± 0.8 cm. When the petroleum hydrocarbon content in the soil increased to 9000 mg kg−1 and 12000 mg kg−1, the plant height of white clover was 9.4 ± 0.9 cm and 6.3 ± 0.7 cm, respectively. This indicates that the lower concentration of petroleum hydrocarbons had a certain promotion effect on the plant height of white clover. When the petroleum hydrocarbons content in the soil continued to increase to 18,000 mg kg−1, the plant height of white clover was only 4.0 ± 0.4 cm, which was reduced by 2.7 cm compared with the white clover growing at the minimum petroleum hydrocarbons pollution level, indicating that the accumulation of petroleum hydrocarbons concentration in the soil to a certain extent would inhibit the growth of white clover. Compared with the white clover group, the plant height of the white clover with glycine even decreased to a certain extent, indicating that the addition of glycine did not directly promote the growth of white clover.
[image: Figure 2]FIGURE 2 | Plant height under different petroleum hydrocarbons concentrations. The values shown are the mean ± SE (n = 3). The same letters among specific treatments are not significantly different according to Duncan’s (0.05). Thus, (A): treatments without glycine; (B): treatments with glycine. 6000, 6000 mg kg−1 petroleum hydrocarbons contaminated soil; 9000, 9000 mg kg−1 petroleum hydrocarbons contaminated soil; 12,000, 12,000 mg kg−1 petroleum hydrocarbons contaminated soil; 15,000, 15,000 mg kg−1 petroleum hydrocarbons contaminated soil; 18,000, 18,000 mg kg−1 petroleum hydrocarbons contaminated soil.
When the petroleum hydrocarbons content in the soil was only 6000 mg kg−1, the plant height of ryegrass was 22.1 ± 4.6 cm. The plant height of ryegrass at the other four petroleum hydrocarbons concentrations was 42.1 ± 7.9 cm, 39.5 ± 7.3 cm, 20.1 ± 2.9 cm, and 25.0 ± 3.6 cm, respectively. It could be concluded that the growth of ryegrass was stimulated significantly when the petroleum hydrocarbons concentration was less than 18,000 mg kg−1. Among them, when the petroleum hydrocarbons concentration was between 9000 mg kg−1 ∼ 2000 mg kg−1, the ryegrass had the strongest excitation effect. Compared with the ryegrass group, the plant height of the ryegrass with glycine had no significant change under the five pollution levels, and the addition of glycine had no obvious effect on the growth of ryegrass.
As can be seen from Figure 2, the plant height of sudan grass is the largest. When the petroleum hydrocarbons content in the soil is 6000 mg kg−1, the plant height of sudan grass is 8.4 and 2.5 times greater than that of white clover and ryegrass, respectively, showing strong potential for growth and remediation of petroleum hydrocarbons contaminated soil. When the content of petroleum hydrocarbons in the soil increased to 9000 mg kg−1, 12,000 mg kg−1, and 15,000 mg kg−1, the plant height of sudan grass was 89.6 ± 11.5 cm, 75.3 ± 10.2 cm, and 56.4 ± 8.3 cm, respectively, it indicated that the growth of sudan grass was well promoted. However, when the petroleum hydrocarbons content in the soil increased to 18,000 mg kg−1, the plant height of sudan grass was only 34.6 ± 5.2 cm, indicating that the high petroleum hydrocarbons concentration had a strong inhibition effect on the plant height of sudan grass. At five petroleum hydrocarbons concentrations, compared to the sudan grass group, the plant height of sudan grass with glycine showed a certain degree of growth, indicating that glycine has promoting effect on the plant height of sudan grass.
Effects of different petroleum hydrocarbons concentrations and glycine on plant biomass
Figure 3 indicates that the effects of glycine addition and different petroleum hydrocarbons concentrations on the biomass of all tested plants showed significant differences. With the increase of petroleum hydrocarbons concentration, plant biomass first increased and then decreased. In the white clover group, when the petroleum hydrocarbons content in the contaminated soil was 6000 mg kg−1, its biomass was 0.56 ± 0.13 g and when the petroleum hydrocarbons content in the contaminated soil was 9000 mg kg−1, its biomass increased by 57.1%. In the white clover + glycine group, the biomass of white clover increased by 52.2% when the petroleum hydrocarbons content in soil increased from 6000 mg kg−1–9000 mg kg−1, indicating that 9000 mg kg−1 petroleum hydrocarbons contaminated soil could promote the biomass growth of white clover to a certain extent. When the petroleum hydrocarbons content in soil increased to 12,000 mg kg−1, 15,000 mg kg−1, 18,000 mg kg−1, the biomass of white clover was 0.37 ± 0.09 g, 0.30 ± 0.08 g, and 0.25 ± 0.06 g, respectively. Compared with the initial condition, the biomass decreased by 33.9%, 46.4%, and 55.4%, respectively. In the white clover + glycine group, the biomass decreased by 17.9%, 35.8%, and 43.3%, respectively, indicating that when the content of petroleum hydrocarbons in soil was in the range of 9000–18,000 mg kg−1, the biomass of white clover would be significantly inhibited. Comparing the biomass of white clover + glycine group with that of white clover group, the biomass of plants in the former group was larger than that in the white clover group, indicating that glycine addition could positively promote the biomass of white clover to a certain extent.
[image: Figure 3]FIGURE 3 | Biomass under different petroleum hydrocarbons concentrations. The values shown are the mean ± SE (n = 3). The same letters among specific treatments are not significantly different according to Duncan’s (0.05). Thus, (A): treatment without glycine; (B): treatment with glycine. 6000, 6000 mg kg−1 petroleum hydrocarbons contaminated soil; 9000, 9000 mg kg−1 petroleum hydrocarbons contaminated soil; 12,000, 12,000 mg kg−1 petroleum hydrocarbons contaminated soil; 15,000, 15,000 mg kg−1 petroleum hydrocarbons contaminated soil; 18,000, 18,000 mg kg−1 petroleum hydrocarbons contaminated soil.
In the ryegrass group, the biomass of ryegrass was 2.48 ± 0.52 g when the petroleum hydrocarbons content in the contaminated soil was 6000 mg kg−1, but when the petroleum hydrocarbons content in the contaminated soil increased from 6000 mg kg−1–9000 mg kg−1 and 12,000 mg kg−1, the biomass of ryegrass was 5.08 and 1.72 times that of the initial condition, respectively. In the ryegrass + glycine group, the biomass of ryegrass was 5.80 times and 1.68 times higher than under the initial condition, respectively, indicating that ryegrass would be strongly stimulated when growing in the soil contaminated by petroleum hydrocarbons in the range of 6000–12,000 mg kg−1. When the content of petroleum hydrocarbons in the contaminated soil was 15,000 mg kg−1, the biomass of ryegrass in the ryegrass group was 94.4% of the initial condition, and that of the ryegrass + glycine group was 111.2% of the initial condition. There was no significant change in the biomass of the two groups, indicating that the higher concentration of petroleum hydrocarbons contaminated soil had no discernible effect on ryegrass biomass. When the petroleum hydrocarbons content in the contaminated soil increased to 18,000 mg kg−1, the plant biomass in the ryegrass group was 1.14 ± 0.29 g. Compared with the initial condition, the mass of biomass decreased by 54.0%. The biomass of ryegrass in the ryegrass + glycine group was also 49.8% lower than that in the initial condition, indicating that the high concentration of petroleum hydrocarbons contaminated soil could inhibit the plant biomass of ryegrass. Comparing the plant biomass of the ryegrass + glycine group with that of the ryegrass group, it was found that the biomass difference between the two groups was almost negligible. Therefore, glycine addition had no significant effect on the plant biomass of ryegrass.
In the sudan grass formation, the biomass of sudan grass was 6.31 ± 1.34 g when the petroleum hydrocarbons content in the contaminated soil was 6000 mg kg−1, but when the petroleum hydrocarbons content in the contaminated soil increased from 6000 mg kg−1–9000 mg kg−1 and 12,000 mg kg−1, its biomass increased 190.0% and 89.7%, respectively, compared with the initial condition. The biomass of sudan grass + glycine group increased by 198.8% and 83.8%, respectively, compared with the initial condition, indicating that the biomass of sudan grass growing in the petroleum hydrocarbons contaminated soil of 6000–12,000 mg kg−1 could be significantly promoted. When the content of petroleum hydrocarbons in contaminated soil increased from 15,000 mg kg−1–18,000 mg kg−1, the plant biomass of sudan grass group and sudan grass + glycine groups decreased to a large extent, indicating that a high concentration of petroleum hydrocarbons had a certain reverse inhibition effect on the plant biomass of sudan grass. Comparing the plant biomass of sudan grass + glycine group with that of sudan grass group, it was found that the plant biomass of sudan grass under five pollution levels increased significantly, indicating that glycine addition had a significant positive effect on the biomass of sudan grass.
Effects of glycine on degradation rate of total petroleum hydrocarbons in soil under different petroleum hydrocarbons concentrations
According to Figure 4, when the petroleum hydrocarbons content in the contaminated soil was 6000 mg kg−1, the degradation rate of TPHs in the soil of the blank control group was 35.43 ± 2.93%, after 71 days. After 71 days treatment with white clover, the degradation rate of TPH in soil was 41.56 ± 3.84%, which was 17.3% higher than that under blank conditions. When 1000 mg kg−1 of glycine was added to the white clover pot, the degradation rate of TPHS in the soil was 42.93 ± 3.17% after 71 days of repair, which was only 3.3% higher than that of white clover. When the petroleum hydrocarbons content in contaminated soil was 9000 mg kg−1, the degradation rate of white clover and white clover with glycine was 1.18 times and 1.24 times higher than that of the blank control group, respectively. When the petroleum hydrocarbons content in contaminated soil was 12,000 mg kg−1, the degradation rate of the blank control group, phytoremediation group, and root exudate group decreased by 10.0%, 14.7%, and 7.6%, respectively, compared with the degradation rate of petroleum hydrocarbons content of 6000 mg kg−1. When the petroleum hydrocarbons content in the contaminated soil increased to 18000 mg kg−1, the degradation rate of TPHS in the blank control soil was 20.39 ± 2.39%. The degradation rate of TPHs in the white clover group was 29.34 ± 4.38%, which was 30.5% higher than that in the blank condition. The degradation rate of TPHs in the white clover + glycine group was 31.46 ± 4.67%, which was 7.2% higher than that in the white clover group. The results showed that although petroleum-contaminated soil had a certain degree of natural degradation ability, the bioremediation effect of plants and glycine was more significant.
[image: Figure 4]FIGURE 4 | Degradation rate of total petroleum hydrocarbons in soil under blank control, plants, and plants with glycine (%).
As can be seen from Figure 4, when the petroleum hydrocarbons content in the contaminated soil was only 6000 mg kg−1, the degradation rate of TPHs in the soil was 51.63 ± 2.67% after 71 days of ryegrass restoration, which was 24.2% higher than that of white clover cultivation. After adding glycine to ryegrass for 71 days, the degradation rate of TPHs in soil was 60.82 ± 3.78%, which is 17.8% higher than that of the ryegrass group. When the petroleum hydrocarbons content in contaminated soil was 12,000 mg kg−1, the degradation rate of ryegrass and ryegrass with glycine was 1.51 and 1.79 times higher than that of the blank control group, respectively. When the petroleum hydrocarbons content in contaminated soil increased to 15,000 mg kg−1, the degradation rate of the ryegrass group and ryegrass group with glycine increased by 50.3% and 59.4% compared with the white clover group and white clover group with glycine, respectively. When the petroleum hydrocarbons content in the contaminated soil was 18,000 mg kg−1, the degradation rate of TPHs in the soil was 45.47 ± 4.69% after 71 days of ryegrass restoration. Furthermore, the degradation rate of TPHs in soil was 55.72 ± 3.85% after 71days restoration by adding glycine to ryegrass. The results showed that the repair ability of ryegrass was much better than that of white clover, and the repair efficiency of ryegrass and glycine was higher than that of white clover and glycine.
When the petroleum hydrocarbons content in the contaminated soil was 6000 mg kg−1, the degradation rate of TPHs in the soil was 46.03 ± 2.63% after 71 days of sudan grass restoration, which was 1.11 times and 0.89 times higher than that of white clover and ryegrass, respectively. After 71 days treatment with glycine, the degradation rate of TPHs in soil was 51.97 ± 3.15%, which was 1.21 times and 0.85 times higher than that of the white clover and ryegrass with glycine, respectively. When the petroleum hydrocarbons content of the contaminated soil was 9000 mg kg−1, the degradation rate of sudan grass restoration group and sudan grass with glycine had little change. When the petroleum hydrocarbons content in contaminated soil was 12,000 mg kg−1, the degradation rate of TPHs in the plant group and root exudate group was 1.38 and 1.53 times higher than that in the blank control group, respectively. When the petroleum hydrocarbons content in the contaminated soil increased to 18,000 mg kg−1, the degradation rate of TPHs in the soil was 37.62 ± 2.85% after 71 days of sudan grass treatment, and 40.27 ± 4.48% after 71 days of glycine treatment, compared with the soil with petroleum hydrocarbons content of 6000 mg kg−1, the degradation rate decreased by 18.3% and 22.5%, respectively. The results showed that the repair ability of sudan grass to total petroleum hydrocarbons was stronger than that of white clover and lower than that of ryegrass. The joint action ability of sudan grass and glycine was weaker than that of ryegrass and glycine, but stronger than that of white clover and glycine.
Analysis of petroleum hydrocarbons concentrations, glycine addition and their interaction
Analysis of petroleum hydrocarbons concentrations, glycine addition and their interaction (Table 6) showed that petroleum hydrocarbon concentrations had significant influence on biomass, root length, root dry weight and TPHs degradation rate of the three plants. Adding glycine significantly impacted degradation rate of TPHs of all the plant species. Petroleum hydrocarbons concentrations and its interaction with glycine had no significant effect on plant indicators.
TABLE 6 | Analysis of petroleum hydrocarbons concentrations, glycine addition and their interaction.
[image: Table 6]Effects of glycine on petroleum hydrocarbons degradation under different soil types
Effects of glycine on plant height under different soil types
It can be seen from Figure 5 that, under these three soil conditions, white clover, ryegrass, and sudan grass all had the maximum plant height in loamy soil, followed by sandy soil, and finally clay soil. Under the same soil conditions, 1000 mg L−1 of glycine promoted the plant height of sudan grass to a certain extent.
[image: Figure 5]FIGURE 5 | Plant height of plants under different soil conditions. The values shown are the mean ± SE (n = 3). The same letters among specific treatments are not significantly different according to Duncan’s (0.05). (A): treatment without glycine; (B): treatment with glycine.
The plant height of white clover, ryegrass and sudan grass were 16.4 cm, 23.1 cm, and 29.3 cm in clay soil, those are 44.4 cm, 43.8 cm, and 87.5 cm in loamy soil, while 35.1 cm, 42.6 cm, and 60.9 cm in sandy soil, respectively. When the growth medium changed from loamy soil to sandy soil, the plant height of white clover, ryegrass, and sudan grass decreased by 20.9%, 2.7%, and 30.4%, respectively. Compared with the sharp decrease of sudan grass and white clover, the plant height of ryegrass was very stable and almost did not decrease.
After adding glycine, the plant heights of white clover in sandy soil, loamy soil, and clay soil were 34.6 cm, 43.5 cm, and 15.4 cm, respectively. The plant heights of ryegrass in sandy soil, loamy soil, and clay soil were 39.4 cm, 41.2 cm, and 21.9 cm, respectively. Under these three soil conditions, the plant heights of white clover and ryegrass did not change significantly as compared with those before glycine addition. The plant heights of sudan grass in sandy soil and loamy soil increased by 4.9% and 4.4%, respectively, as compared with those before glycine addition, and the plant height in clay soil almost remained unchanged.
Effects of glycine on plant biomass under different soil types
It can be seen from Figure 6 that under the three soil types, the biomass of white clover, ryegrass, and sudan grass has a significant difference, and the order of plant biomass in the three soils is sandy soil < clay soil < loamy soil. Loamy soil was suitable for the growth of all three kinds of plants. 1000 mg L−1 of glycine significantly promoted the fresh weight of white clover.
[image: Figure 6]FIGURE 6 | Plant biomass under different soil conditions. The values shown are the mean ± SE (n = 3). The same letters among specific treatments are not significantly different according to Duncan’s (0.05). Thus, (A): treatment without glycine; (B): treatment with glycine.
The biomass of white clover in sandy soil and clay soil was 0.29 and 0.53 g respectively, while the maximum biomass in loamy soil was 0.61 g. Similarly, the biomass of ryegrass in sandy soil was 0.44 g and that in clay soil was 0.69 g. The biomass of ryegrass increased by 56.8%, while the biomass of ryegrass in loamy soil reached the maximum value of 0.72 g which increased by 63.6% compared with that in sandy soil. The biomass of sudan grass in sandy soil was 0.46 g that in clay soil was 0.72 g and that in loamy soil was 0.87 g the maximum of the three treatments.
After adding glycine, the biomass of white clover in sandy soil was 0.38 g significantly increased by 31% compared with that before adding glycine. The biomass in clay soil and loamy soil was 0.57 g and 0.65 g respectively, significantly increased by 5.7% and 6.6% compared with that before glycine addition, respectively. Similarly, the biomass of ryegrass in sandy soil was 0.42 g and that in clay soil was 0.68 g. The biomass of ryegrass increased by 61.9%, while the biomass of ryegrass in loamy soil reached the maximum value of 0.77 g which increased by 13.2% as compared with that in clay soil. The biomass of sudan grass in sandy soil was 0.48 g, that in clay soil was 0.76 g, and that in loamy soil was 0.95 g the maximum of the three treatments. This indicates that loamy soil is the suitable soil type for the growth of all three plants, followed by clay soil, and finally sandy soil. Under the three soil conditions, there was no significant difference in biomass of ryegrass and sudan grass before and after adding glycine.
Effects of glycine on petroleum hydrocarbons degradation rate under different soil types
Figure 7 shows that among the three types of soils, sandy soil performs the best, loamy soil is the second, and clay soil is the worst. The natural degradation rates of sandy soil, loamy soil, and clay soil were 38.26%, 29.75%, and 12.13%, respectively. In sandy soil, white clover, ryegrass, and sudan grass could effectively remove total petroleum hydrocarbons, with degradation rates of 50.36%, 54.17%, and 50.59%, respectively. In loamy soil, the degradation rates of white clover, ryegrass, and sudan grass were 41.07%, 52.65%, and 34.42%, respectively, which were 0.68–0.97 times higher than that of sandy soil. In clay soil, the degradation rates of white clover, ryegrass, and sudan grass ranged from 14.13% to 26.53%, which was 0.28–0.49 times higher than that of sandy soil. After adding glycine, the degradation rates of white clover, ryegrass, and sudan grass to petroleum hydrocarbons in sandy soil increased to 55.27%, 59.36%, and 52.78%, respectively. In loamy soil, the degradation rates of white clover, ryegrass, and sudan grass reached 43.65%, 53.28%, and 37.36%, which were 0.71–0.9 times of those in sandy soil. In clay soil, the degradation rates of white clover, ryegrass, and Sudan grass reached 13.93%–31.02%, which was 0.26–0.52 times of those in sandy soil. The results indicated that sandy soil was suitable for petroleum hydrocarbon-contaminated soil remediation by all three plants.
[image: Figure 7]FIGURE 7 | Degradation rate of total petroleum hydrocarbons under different soil conditions. G represents for 1000 mg kg−1 of glycine.
By comparing the degradation rates of petroleum hydrocarbons in the blank control group, phytoremediation group, and root exudate remediation group under three soil conditions, it can be seen that in sandy soil, the degradation rates of petroleum hydrocarbons in white clover, ryegrass and sudan grass in root exudate group were 1.38–1.68 times and 1.05–1.1 times respectively as those in blank control group and phytoremediation group. In loamy soil, the degradation rates of white clover, ryegrass, and sudan grass in the root exudate group were 1.26–1.79 times of that in the blank control group and 1.01–1.09 times of that in the phytoremediation group, respectively. In clay soil, the degradation rates of white clover, ryegrass, and sudan grass in the root exudate group were 1.15–2.56 times of that in the blank control group and 0.99–1.17 times of that in the phytoremediation group, respectively, indicating that glycine can effectively promote the degradation of petroleum hydrocarbon pollutants in soil.
Analysis of soil types, glycine addition and their interaction
Analysis of soil types, glycine addition and their interaction (Table 7) showed that soil types had significant influence on biomass, plant height, and TPHs degradation rate of all the plant species. Glycine and its interaction with soil types had no significant effect on plant indicators.
TABLE 7 | Analysis of soil types, glycine addition and their interaction.
[image: Table 7]DISCUSSION
Seed germination and early growth are critical developmental stages in plant life cycle. As the starting point of plant life cycle, the germination process can first feel the stress of adversity and is very sensitive to environmental factors such as oil content (Seddighinia et al., 2020). In this experiment, the seed germination ability of eight plants was found to have decreased in petroleum-contaminated soil, which is consistent with other studies’ findings that petroleum hydrocarbons pollution significantly decreased the germination ability of Festuca Arundinacea L., Lolium perenne L., Medicago, Oryza sativa L., Zea Mays L. and wheat (Wei et al., 2014; Afegbua and Batty, 2018). One possible reason for the inhibitory effect of petroleum on seed germination is the high hydrophobicity of petroleum compounds. The oil film around the seed can act as a physical barrier, preventing or reducing water and oxygen from entering the seed and thus inhibiting germination. In addition, oil is a complex combination of hydrocarbons, in which high concentrations of volatile compounds and aliphatic compounds may be responsible for its higher toxicity (Haider et al., 2021). The findings of this experiments showed that ryegrass, sudan grass, white clover, and tall fescue had strong resistance to petroleum hydrocarbon pollution. These results are in agreement with the results of Smith et al. (2006) which also showed that PHS pollution had no significant adverse effects on seed germination of tall fescue, perennial ryegrass, Dactylis glomerata L., Festuca Rubra L., Trifolium repens L., Trifolium pratense L., and Lotus Corniculatus L. This could further be explained with the fact that seeds have a major line of defense that prevents petroleum oil from penetrating the seed coat and reducing embryo growth activity. The integrity and hardness of the seed coat affect the rate of oil penetration (Amakiri and Onofeghara, 1984), and tissue penetration is a prerequisite for oil damage to embryos. The seed coat that is resistant to oil infiltration is almost unaffected and thus exhibits strong resistance (Haider et al., 2021).
Plants grown in PHs contaminated soils showed various abnormalities in their growth and metabolic indices, including decreased chlorophyll content, increased starch metabolic enzymes, antioxidant activities, production of total protein, carbohydrates, and amino acids, as well as significant decreases in overall productivity and plant yield (Achuba and Ja-anni, 2018; Odukoya et al., 2019). Adieze et al. (2012) reported that maize plant height and plant biomass were reduced by 6.4 and 21.9%, respectively, after soil was contaminated by 1% W/W crude oil. While, Panicum maximum L. Tropical plants such as Centrosema Angustifolium L. and Centrosema Angustifolium L. also showed significant reductions in plant height and crop biomass. The toxicity of 10% diesel in soil reduced the biomass of sorghum and pearl millet by 67.0 and 74.0%, respectively (Luhach and Chaudhry, 2012). In this experiment, the biomass of the three plants increased greatly in the soil contaminated by petroleum hydrocarbon at a lower concentration, and the plants were stimulated by petroleum hydrocarbon contaminated soil. When petroleum hydrocarbon contaminated soil increased to 12,000 mg kg−1, the plant growth was quickly inhibited. The irritating effect of petroleum compounds may be due to the decomposition of hydrocarbons by microorganisms such as bacteria, as other scholars have stated it (Odukoya et al., 2019). Other possible causes of plant growth promotion may be the release of nutrients from oil, or the effects of hormones such as petroleum auxin (naphthenic acid), which increase the yield of various crops by stimulating photosynthesis and protein-nitrogen in plants (Adieze et al., 2012). However, the negative effects of oil pollution on plant root nutrient acquisition and associated microbial activity may result in poor growth of plant seedlings in contaminated soils due to increased concentrations of hydrocarbon pollution (Baoune et al., 2018). Due to the toxicity and hydrophobicity of low molecular weight hydrocarbons, oily overburden on contaminated soil surfaces prevents water from penetrating the soil layer, and lack of water affects leaf growth, seedling development height, and root elongation. Studies on the growth of gramineous and leguminous plants in oil-contaminated soils have shown that rhizobium nodulation has considerable inhibition (Haider et al., 2021). The lack of Rhizobium nodules reduces nutrient availability and results in lower seedling growth and development. In addition, a decrease in the stomatal index in leaves, amylase, and starch phosphorylase activity in seedling cotyledon, and a decrease in meristem mitosis activity and root size with an increase in soil crude oil concentration may also contribute to poor seedling growth in oil-contaminated soil (Tran et al., 2018).
Existing studies confirm that various types of plants including legumes and grasses are successful in removing organic soil pollutants (Asghar et al., 2017). PHs levels in various soils planted with ryegrass were significantly reduced—up to 20% of the initial PHs concentration (Pawlik et al., 2020). Vitiveria Zizanioides L. effectively removing polycyclic aromatic hydrocarbons (PAHs) and diesel oil from contaminated sediments in India and Pakistan (Nisa et al., 2015). Poaceae and Fabaceae resulted in remarkable remediation potential for TPH-contaminated soil (Zuzolo et al., 2021). In phytoremediation of organic pollutants, they are removed through different pathways: plant degradation, plant volatilization, plant extraction and rhizosphere degradation (Ossai et al., 2020). There are three main mechanisms for plants to remove petroleum hydrocarbons pollutants from soil: 1) direct absorption and degradation by plants; 2) By releasing secretions and enzymes, plants can stimulate and enhance the activity of microorganisms in the root zone and enhance biotransformation; 3) Plants enhance mineralization in the root region. Plant absorption is the result that plants absorb petroleum pollutants directly from the soil through metabolic activities and accumulate these harmful substances in some parts of themselves without having lethal toxic effects on themselves. Plant degradation refers to the conversion of pollutants into less toxic or non-phytotoxic metabolites by plants through metabolic action (Ite and Ibok. 2019). It takes only 2–3 days for gramineous plants to degrade phenylene and xylene, 4–5 days for maize plants, and 5–6 days for root crops (Janse 2005). The enzymes secreted from plant roots to the rhizosphere can directly participate in the biochemical process of degradation of petroleum hydrocarbon pollutants. Studies have shown that nitrate reductase and laccase can degrade trinitrotoluene, and dehalogenase can degrade trichloroethylene to produce chloride ions, water, and carbon dioxide (Kiamarsi et al., 2020). Root exudates are released by different parts of biologically active plant roots. The active period of root cap tissue is short and easy to dissociate, and the golgi apparatus in cells is easy to release a large amount of mucus, so it is easy to secrete a large amount of mucinous substances. Root secretion is an adaptive response of plant roots to environmental changes. For specific exudates, it is usually induced by nutrient stress and is an active response (Stassen et al., 2021). When a specific matrix is lacking and causes stress to the plant, the plant will synthesize this matrix through its regulation and secrete it into the soil through the root system. This characteristic substance can promote the activation of the deficient nutrients and improve the utilization efficiency of the plant, to alleviate the stress of this substance. However, most of the non-specific root exudates are considered to be passive secretions caused by the destruction of plant plasma membrane structure (Scavo et al., 2019). Whether active or passive secretion is dominant in plants often depends on the environmental conditions of the rhizosphere. Generally healthy plants also have high root secretion activity, which peaks at the peak of plant life activity and then declines (Gregory 2008). Amino acids in root exudates provide carbon and nitrogen sources for microbial growth and induce the formation of mycorrhizal signaling substances (Canarini et al., 2019). In this study, glycine on plant biomass showed the promoting effect of plant height, and the mechanism may be adding glycine is absorbed by plant roots of microorganisms, microorganisms have enough nutrients after a large number of growth and breeding has carried on the adjustment to root zone of the surrounding environment optimization, to promote the growth of plants. In addition, the diversity and specificity of root exudates result in a large number of microorganisms, such as bacteria and fungi, gathering in the root region. These microorganisms are extremely active due to the activation of root exudates, and they degrade or partially degrade organic pollutants by using them as energy or by co-metabolizing with root exudates (Vergani et al., 2017). Root exudates themselves can also react with organic or inorganic pollutants by oxidation, reduction, complexation, or chelation, thus promoting the degradation, transformation, or fixation of pollutants (Ye et al., 2017).
Soil physical structure and chemical conditions can be changed by plants and their roots, thus affecting the degradation effect. The organic matter required by the soil is provided by the shedding of root cap cells and the secretion of mucinous gel. Organic matter can reduce the bioavailability (the degree to which pollutants interact with living organisms) of some petroleum hydrocarbons, especially the lipid solubility and compounds bound to organic matter (Cunningham et al., 1996). Due to its limited density, low emulsifying potential, and high viscosity, toxic compounds in petroleum can easily penetrate the soil surface and affect the porosity and permeability of soil (Ossai et al., 2020). Organic pollutants such as PHs are rich in high carbon (C) ratio and limited nitrogen (N), so they can significantly change soil organic matter composition and structure, and affect soil C/N ratio, C/P ratio, pH, electrical conductivity (EC) and soil salinity (Farouq et al., 2022). Additionally, PHs pollution leads to anaerobic conditions in the soil by blocking air diffusion and suffocating soil particles in the porous structure of the soil, and ultimately affects the soil microbial community (Devatha et al., 2019). Terzaghi et al. (2017) reported that the absorption of organic pollutants by plants from contaminated soil is affected by a series of abiotic factors, such as clay, iron oxide, and dead organic matter content. In this study, sandy soil had high sand content, mainly quartz, few nutrients, and poor fertility retention. It is difficult for plants to obtain effective nutrients conducive to their growth during the growth period, resulting in slow growth and small biomass. Loamy soil is characterized by a uniform distribution of various components, good nutrients, good aeration, and strong water retention ability. It is very suitable for plant growth, with rapid plant growth and large biomass. The plant heights of white clover, ryegrass, and sudan grass are all small in clay soil, which may be due to poor aeration in clay soil, slow decomposition of organic matter, and poor water permeability in soil, making it difficult for plants to absorb nutrients and water. Amellal et al. (2001) studied the interaction between soil particle size, contamination, and the functionality of microorganisms and pointed out that the sandy texture soils showed higher microorganism populations and activity. Huesemann et al. (2004) also demonstrated that soils with low percentages of fine silt and clay showed higher degradation rates of hydrocarbons. In this study, the three plants have the highest degradation rates of petroleum hydrocarbons in sandy soil, which may be because sandy soil has a loose soil structure, coarse soil particles, and good soil aeration. Microorganisms in plant roots can easily obtain oxygen and energy in sandy soil, so they can quickly remove a large number of organic pollutants in the soil. In addition, sandy soil is more porous, and when watering plants, some of the total petroleum hydrocarbons may be lost with rain. The soil gap in clay soil is very small, and the aqueous solution of root exudates can hardly flow to the root surface of plants through the pores, so the use of glycine is of limited help to the degradation of total petroleum hydrocarbons.
CONCLUSION
The seeds of ryegrass, sudan grass and white clover still have strong vitality under the stress of petroleum hydrocarbons pollution, demonstrating the potential of phytoremediation of petroleum contaminated soil. Ryegrass had good adaptability to petroleum hydrocarbons-contaminated soil. Sudan grass and white clover were more affected by petroleum hydrocarbons-contaminated soil. Ryegrass had a more significant effect on the remediation of petroleum hydrocarbons after adding glycine, and its degradation rates were 60.82%, 57.17%, and 55.72% when the concentration of petroleum hydrocarbons was 6000 mg kg−1, 12,000 mg kg−1, and 18,000 mg kg−1, respectively. Loamy soil is suitable for the growth of three kinds of plants. Under the same soil condition, 1000 mg L−1 of glycine has a great influence on the degradation rate of plants. Through the phytoremediation experiment with root exudates, it was found that white clover, ryegrass, and sudan grass had a strong degradation efficiency of total petroleum hydrocarbons in sandy soil. Ryegrass was preferentially planted for remediation in oil fields polluted by petroleum hydrocarbons.
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General
name

White clover

Ryegrass

Sudan grass

Scientific
name

Trifolium repens L

Lolium perenne L

Sorghum sudanense
(Piper) Stapf

Family and
genera

Leguminosae,
Trifolium L

Poaceae, Lolium L

Poaceae, Sorghum
Moench

Basic characteristic

Perennial herbs, 10-30 cm high, clustered spikelets. It
is best to grow in the region with annual precipitation
of 600-1200 mm, temperature of 19-24°C, and soil
PH of 6-7

Perennial plant, 30-90 cm high, fascicle, well
developed oot system. The optimum temperature for
growth is below 27°C, and the suitable soil pH is 6-7

Annual herbs, strong fibrous roots. 100-250 cm high,
3-6 mm in diameter. Solitary or tufted. The optimum
temperature for seed germination is 20-30°C

Appearance
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