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Impact of soil types and root
exudates on cadmium and
petroleum hydrocarbon
phytoremediation by Sorghum
sudanense, Festuca arundinace,
and Lolium perenne

Mengfan He, Zhongbao Li, Cheng Chen and Ping Mei*

College of Chemistry and Environmental Engineering, Yangtze University, Jingzhou, China

With the development of industrialization, soils around the world have
been polluted by heavy metals and oil to different degrees in recent years,
and soil remediation has become a global problem. Phytoremediation has a
wide application prospect because of its environmental friendliness and easy
availability of materials.

Objective: To explore the effects of soil types and root exudates on the
removal of cadmium and petroleum hydrocarbon in soils.

Method: A pot experiments with three soil types (sandy, loamy and clayey) of
the Changning-Weiyuan area of Sichuan province and three root exudates
(citric acid, glycine, and maltose) were carried out using Sorghum sudanense
(Piper) Stapf., Lolium perenne L., and Festuca arundinacea L. as test materials.
Plants were grown in soils contaminated by cadmium and petroleum at
different concentrations.

Result: The biomass of S. sudanense, the translocation ratio and removal
rate of cadmium in S. sudanense decreased gradually with increasing soil
cadmium concentration. The promotion effects of the three root exudates
on S. sudanense were in the following order: citric acid >glycine> maltose. At
the same cadmium pollution conditions, the biomass levels of S. sudanense in
sandy, loamy, and clayey soils were in the following order: clayey soil >loamy
soil>sandy soil. On the contrary, the concentration, translocation ratio, and
removal rate of cadmium in S. sudanense grown in the different soils treated
with root exudates were in the following order: sandy soil >loamy soil>
clayey soil. Under the three soil conditions, the fresh weight of F. arundinacea
(0.36~0.689g) and S. sudanense (0.51~0.99¢) increased significantly (p<0.05).
The total petroleum hydrocarbons degradation efficiencies of F. arundinacea,
L. perenne, and S. sudanense were high in sandy soil (34.27%~60.52%).
Changing the type of root exudate had a significant impact on the degradation
of total petroleum hydrocarbons in sandy soil (p<0.05).

Conclusion: This study showed that soil types impacted the accumulation
of cadmium and petroleum in plants. Phytoremediation of cadmium and
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petroleum contaminated soil could be enhanced by the application of
root exudates. This study recommend that the method is suitable for field
remediation of soils contaminated with mild cadmium and petroleum

hydrocarbons.
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Introduction

Soil is an important component of the biosphere and
lithosphere interface environment. As a limited natural resource,
soil is vital to flora, fauna, and human activities (Sylvain et al,
2016). Followed by an extensive period of time, biology,
topography, and climate, parent material in the lithosphere
develops into soils with various properties (Pan et al., 2020). Soil
texture is among the vital factors concerning the quality and
productivity of soil (Pan et al., 2020). As per the international
classification standards for soil texture types, soil can be divided
into sandy, loamy, and clayey (Li et al., 2020). The physical and
chemical properties, along with parameters of different soil texture
types vary greatly, resulting in their ability to form heavy metal
complexes and unequal influences on plant growth and
surrounding microorganisms (Marschner et al., 1996).

Soil pollution is among the most important threats to soil
health (Gémez-Sagasti et al,, 2016). Among the various pollutants,
the risk of Cadmium (Cd) and petroleum hydrocarbon pollution
has become the focus of our attention. Cd is recognized as one of
the most toxic trace elements in soils (Mao et al., 2022). Due to
high mobility and bioavailability of Cd, the cycle of it in the soil-
plant system has a high global correlation. Reports have suggested
that approximately 1.0x 10°t of Cd is released annually into the
environment across the world. In China, the over-standard rate of
soil Cd is 7.0% compared with the soil environmental quality
standard, while the greater over-standard rate is of most concern
(Hu et al,, 2020). As an important source of energy in modern
society, petroleum occupies a very important position in the
national economy. However, with the rapid development of oil
drilling, the petrochemical industry, and the wide use of
petroleum products, the soil pollution of petroleum has become a
serious environmental problem (Liu et al., 2020a). Petroleum
hydrocarbons could affect DNA, disrupt normal functions of
cellular membranes threatening the life cycle of organisms
(Parnian et al., 2022). Long-term petroleum pollution not only
degrades the soil function but also endangers the health of human
and ecosystem.

Research on soil remediation mainly focuses on pollutant
removal efficiency, soil remediation cycle, and costs (Awa and
Hadibarata, 2020). However, the soil environment and nutrients
also affect successful soil remediation. Specific soil properties
including clay content, pH, cation exchange capacity, total
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nitrogen, etc., are confirmed to affect heavy metal phytoavailability
(Farrag et al., 2012). Cao et al. (2021) investigated the influence of
soil properties on Cd concentrations in the oilseed rape and
S. alfredii concluding that the magnitude of Cd accumulation
differed in different soil types and was related to available
phosphorus, pH, soil organic matter, available potassium, silt and
sand. Wang et al. (2021a) studied the effects of soil types on the
growth and cadmium and zinc absorption of Sedum
plumbizincicola. The shoot biomass of plants in clayey soil was
significantly higher than that in sandy soil, but the plant root
activity was higher in sandy soil. Moreover, the cadmium ion and
zinc concentrations in the root were higher. Wang et al. (2021b)
discussed the yield and quality of wheat under three different soil
conditions through a pot experiment and found that the grain and
protein yields of wheat were in the following order: black soil >
alluvial soil.

Phytoremediation is a set of techniques that use plants and
related microorganisms to remove, detoxify, and retain organic
and inorganic pollutants in order to rehabilitate contaminated
sites (Madejon et al., 2018). As a low-cost, eco-friendly, and
sustainable strategy method, phytoremediation can efficiently
transfer heavy metals from soil to plant branches and leaves
(Tiecher et al., 2016; Khan et al., 2021). Plant roots can permeate
the soil through means of vegetation cover allowing for soil
remediation (Zhao et al, 2019). A large number of complex
interactions between roots and soils can change the properties and
enhance the biological composition of the soil (Hodge et al,
2009). The process of phytoremediation involves different
biochemical and physiological mechanisms facilitated by
and

absorption, accumulation,

degradation. Furthermore, plants can metabolize hazardous

sequestration, transport,
organic contaminants into nontoxic or comparatively fewer in
toxic forms (Tripathi et al., 2020a). The key to phytoremediation
lies in the selection of hyperaccumulators. Sorghum sudanense
(Piper) Stapf. (S. sudanense) with a vigorous root system and
strong tolerance of both PAHs and heavy metals demonstrating a
potential for phytoremediation (Liu et al., 2020b). Festuca
arundinacea L with rapid growth, high rhizosphere microbial
density and rhizosphere activity is an ideal choice for the
phytoremediation of petroleum hydrocarbon-contaminated soils
(Hou et al., 2021). Lolium perenne L. is a great resistant species to
diesel pollutants (Wyszkowska et al., 2019). Selecting cultivar with
high remediation efficiency is a promising way to promote
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phytoremediation (Hou et al., 2021). Besides, root exudates
include various carbon sources like primary metabolites such as
phenolic acids, organic acids, sugars, amino acids and secondary
metabolites compounds that influence the bioavailability and
biodegradation of pollutants (Al-Ali et al., 2018; Liao et al., 2021).
Furthermore, the diversity of root exudates results in the changes
of soil microbial composition, soil organic matter and the physical
structure of soil. These changes results unto modulations in
various associated soil physiological processes (Tripathi et al.,
2020b). Previous studies mainly targeted on organic acids, and the
other categories of root secretion mechanisms and influencing
factors are less reported. Amino acids and sugars can be widely
detected in plant tissue and root secretion, but the effect of these
compounds on pollutants did not attract researchers’ attention.

In our previous experiment, we choose five different kinds of
root exudates including citric acid (organic acid), glycine (amino
acid), vanillic acid (phenol), stearic acid (fatty acid), and maltose
(saccharide) with plants to compare their efficiency on
remediation of cadmium and petroleum contaminated soils. The
result showed that citric acid, glycine, and maltose had the best
removal effect on cadmium, while glycine and maltose had the
best removal effect on petroleum among the five root exudates. In
this experiment, three soil types (sandy, loamy, and clayey) and
three kinds of root exudates (organic acids, amino acids, and
saccharides represented by citric acid, glycine, and maltose
respectively) were used as research objects to explore the effect of
root exudates on the removal of cadmium and petroleum
hydrocarbon in soil under different soil conditions. Two
hypotheses were developed: (1) Root exudates could hasten plant
growth and facilitate the removal of cadmium and petroleum
hydrocarbons from contaminated soil; (2) Different soil types
could vary with the plant growth and the effect of
phytoremediation on contaminated soil. Therefore, the biomass,
height, and fresh weight of plants grown in the contaminated soil
were measured. Cadmium concentration in plants was
determined, and the translocation ratio and removal rates of
cadmium were also calculated. The degradation rate of petroleum
hydrocarbons was calculated by measuring the total amount of
petroleum hydrocarbons in soil. The results will provide
theoretical basis and technical support for phytoremediation in
different polluted soils.

Experimental materials and
methods

Materials

Climate condition

Three kinds of soil (sandy, clayey, and loamy; 0-20 cm) were
selected from the pollution-free soil in the Changning-Weiyuan
area of Sichuan province (104°34'34.5"E, 29°29'54.3"N). The
climate of this area is subtropical monsoon warm and wet climate
zone, perennial warm, wet and foggy. The average annual
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temperature is about 18°C, and the average annual rainfall is
1141.7 mm.

Soil sampling

Soil samples were carried out using a 5cm diameter auger. Ten
sub-samples per experimental location were collected randomly
to form one composite sample, air-dried and sieved (0.5 mm). Soil
samples were analyzed for soil texture, pH, organic matter, total
nitrogen, available phosphorous, exchangeable potassium content,
bulk density, and cadmium content, using standard methods
(Estefan et al., 2013). Soil pH was determined in soil-water (1:2)
suspension using a pH meter (Equipment model: PHS-3E;
Equipment serial number: SEP-SH-J792). Soil texture was
determined by the Hydrometer method. Soil bulk density was
measured by the core cylinder method (Electronic balance,
ME2002E/02, SEP-H-J273). The wet oxidation method followed
by titration was used to measure organic carbon (Teflon core
burette, 25 ml, SEP-SH-J606). Total nitrogen (TN) was determined
after wet digestion by the Kjeldahl method, and available
phosphorus (AP) using an Ultraviolet-visible spectrophotometer
at 882-nm wavelength (Cary100; SEP-SH-J123). Exchangeable
potassium (EK) was measured by using a Flame atomic absorption
spectrophotometer (AA280FS, SEP-SH-J703). Cadmium was
determined by Atomic Absorption Spectrophotometer
(WYS2400). The amount of total petroleum hydrocarbons in soil
was quantified gravimetrically (Zhang et al., 2019). The basic
physical and chemical characteristics of experimental soils are
shown in Table 1.

Reagents

The following reagents were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Tianjin): citric acid (AR), glycine
(AR), maltose (AR), 65% nitric acid (AR), hydrofluoric acid (AR),
and perchloric acid (AR). S. sudanense, F. arundinacea, and

TABLE 1 Physico-chemical characteristics of experimental soils (0—
20cm), including pH, Sand, Silt, Clay, Bulk Density (BD), Organic
Matter (OM), Total Nitrogen (Total N), Available Phosphorus (Available
P), Exchangeable Potassium (Exchangeable K), Cadmium and Total
Petroleum Hydrocarbons (TPHs).

Parameter Sandy soil Loamy soil Clayey soil
pH 7.2+0.1b 7.74+£0.2a 6.6 +£0.1c
Sand gkg™! 834 +8a 416 £13b 90 +2c¢
silt gkg™ 108 +17¢ 436 +9 273 +6b
Clay gkg™! 58 +5¢ 148 +11b 637 +14a
BD gem™ 1.56 £0.2a 1.32+£0.7b 1.13 £0.4c
OM gkg™! 10.3 £0.3b 72%1.1c 34.1 £0.5a
Total N gkg™! 1.62 £0.1a 0.53+£0.2b 2+0.1a
Available P mgkg™ 6.3 +1c 7.2 +0.5b 14.6 £2a
Exchangeable K mgkg™' 1275 £11c 136.8 £5b 154.9 +9a
Cadmium mgkg™ 0.21 £0.03a 0.16 £0.01a 0.14 £0.02a
TPHs mgkg™' 251.23 £23c 496.08 +18b 769.42 +9a

Data are mean + SE. Means followed by the same letters are not significantly different at
5% according to Duncan’s multiple range test.
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L. perenne seeds were purchased from Huazhong Agricultural
University. Deionized water was used in the experiment.

Test design

Removal of cadmium from the soil by root
exudates under different soil conditions

Two pieces of filter paper were placed in each Petri dish with
a diameter of 90 mm. Using the improved Hoagland solution as a
culture medium, 20 S. sudanense seeds were placed in each Petri
dish and cultured in a climate chamber. The nutrient element
composition of the improved Hoagland solution (Chen et al.,
2020) was as follows: 5.0 mmol/l Ca?*, 5.0 mmol/IK*, 1.0 mmol/l
KH,PO,, 1.0 mmol/IMg*, 1.0 mmol/l Zn**, and 1.0 mmol/l Cu*".
The temperature was maintained at 25+0.5°C, the humidity was
at 75+5%, light intensity was at 80+1 lx, and day: night
photoperiod was 16:8h. Seedlings were transplanted when they
had 2-3 true leaves (Aram et al., 2021).

500¢g of each prepared sandy, loamy, and clayey soil was put
into flowerpots. The following is according to a study on cadmium
concentrations in polluted soil that used phytoremediation for
cleaning (Nouri and Hashempour, 2021). CdCl,-5/2H,0 (0.2036 g)
was dissolved in a beaker to achieve a fixed volume in a 1L
volumetric flask. Serial dilutions of stock solution were performed
to obtain 0.1mgmL™" of cadmium ion aqueous solution.
Cadmium ion solutions at 5, 25, and 50 ml were mixed evenly with
these soils to prepare 1, 5, and 10mgkg™ cadmium
ion-contaminated soils, respectively (Arshad et al., 2017). All the
prepared soils were air-dried for 1week to maintain soil
equilibrium before the use in the pot experiment.

Three experimental groups (Groups C: citric acid; G: glycine;
M: maltose) and a control group (N: natural degradation) were set
up for sandy, clayey, and loamy soil with cadmium ion
concentrations of 10mgkg™, respectively. Ten seedlings were
transplanted into each pot by hand at 2-3 cm depth. For C, G and
M treatments, 20 ml citric acid, glycine, and maltose solutions at
50 mmol L' were added into corresponding pots, respectively. The
corresponding solution (20 ml) and water (60 ml) were replenished
daily. The control group in this experiment were 10 mgkg™
cadmium ion-contaminated soils without planting grass or adding
root exudates. There were three replicates for each test. After
40days of treatment, the S. sudanense plants were harvested,
washed repeatedly with deionized water, and dried in an oven at
104°C for 4 h until a constant weight was achieved. The dried plant
samples were cut into roots and leaves-stems separately, and the
biomass of these parts was weighed and calculated. The soil
samples were air-dried and sieved (0.5 mm).

Removal of total petroleum hydrocarbons
from the soil with root exudates under
different soil conditions

The field investigation of the soil environment in the
Changning-Weiyuan shale gas well site showed that the crude oil
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pollutant content was unevenly distributed, and the average value
was about 12gkg™". Thus, the three kinds of dried clean soil
(sandy, loamy, and clayey) were sieved (2mm), and a certain mass
of petroleum was weighed and dissolved in petroleum ether (each
1 kg of clean soil was thoroughly mixed with 500 ml of petroleum
ether) to prepare a 12,000mgkg™ petroleum hydrocarbon-
contaminated soil. The mixture was ventilated in a fume hood for
3 weeks to maintain soil equilibrium (Hussain et al., 2018).

Eighty-one plastic flowerpots with a height of 15cm and a
diameter of 12 cm were used, and each pot was filled with 600 g of
soil. Glycine and maltose solutions at 2000 mg L' were added into
corresponding pots, respectively. The seeds of F arundinacea,
L. perenne, and S. sudanense were germinated in the above ways.
Ten morphologically uniform seedlings were transplanted into
each flowerpot and placed randomly under natural light. Water
was poured regularly into these pots to keep the soil moisture at
approximately 65% and the temperature at 21°C-30°C. The soil
samples of controls were watered only for natural degradation (no
plants and root exudates were added under the control
environment). There were nine treatment tests of each plant in the
pot experiment (sandy soil, sandy soil +glycine 2,000mgL™",
sandy soil + maltose 2,000 mg L™'; loamy soil, loamy soil + glycine
2,000mgL™", loamy soil + maltose 2,000 mgL™'; clayey soil, clayey
soil + glycine 2,000 mg L', clayey soil + maltose 2,000 mgL™"), with
three replicates for each test. The experiment was carried out in
the greenhouse of the School of Chemical Engineering, Yangtze
University. The trial lasted from 6 June 2021 to 12 August 2021,
for a total of 67 days.

Measurement of plant indicators

The shoot and root parts of E arundinacea, L. perenne, and
S. sudanense were harvested on the 67th day of the growing
period, and the plant height and fresh weight per plant
were measured.

After germination, the seedling growth of different plants
were observed under petroleum hydrocarbon pollution conditions
in the different soil types. The growth status of plants
was compared.

Measurement of cadmium concentration in
roots and leaves-stems

First, the roots and leaves-stems of the plants were weighed
and placed into a conical flask. Then, 20 ml of concentrated nitric
acid was added. The components were thoroughly mixed and
dissolved (temperature = 180°C). Hydrofluoric acid (10 ml) was
added after the solution was volatilized and nearly dried. Then,
10 ml of perchloric acid was added when the solution evaporated
and was nearly dried under constant stirring using a glass rod to
prevent the splashing of the liquid. Finally, the inner wall of the
conical flask was cleaned with 5% dilute nitric acid (Li et al., 2021;
Rosa et al., 2021). The solution was filtered and placed into a
100ml volumetric flask at a constant volume and eventually
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placed into the refrigerator at 4°C for testing. Cadmium
concentration in roots and leaves-stems of plants was measured
by Atomic Absorption Spectrophotometer (WYS2400).

Calculation of cadmium translocation ratio

The translocation ratio reflects the ability of plants to repair a
certain pollutant, which is expressed as the ratio of pollutant
concentrations in leaves-stems to those in roots. The calculation
formula of cadmium translocation ratio (TF) is as follows:

-4
G

TF

Where, C, is the content of cadmium in leaves-stems, and C,
is the content of cadmium in roots.

Calculation of cadmium removal rate

Soil samples (2+£0.01g) were weighed in a conical flask,
digested and measured as mentioned above. The calculation
formula of cadmium removal rate (R) is as follows:

R="C 1000

G

Where, C, is the original content of cadmium in the soil, and
C, is the content of cadmium in the soil after restoration.

Measurement and calculation of total
petroleum hydrocarbons In soil

Air-dried soil samples (5g) were passed through a 2mm
screen and accurately weighed. They were then placed into a 50 ml
centrifugal tube along with a 15 ml dichloromethane extractant,
shaken and mixed evenly. Afterwards, ultrasonic extraction was
performed for 20 min. Centrifugation was then performed at 3000
r min~' for 10min. The liquid and solid parts separated after
letting the mixture stand, and the supernatant was poured into a
triangle flask with a constant weight and baked. The above-
mentioned steps were repeated thrice. The supernatant was placed
into the triangle bottle, which was finally placed into a water bath
at 60°C to steam out petroleum ether. Then, the supernatant was
baked in the constant temperature box at 60°C for 1h and
eventually placed into the dryer to cool for 10min and then
weighed (Khan et al., 2017).

The calculation formula for the total petroleum hydrocarbons
content (M) is expressed as follows:

My — M, _ M, - M,
#x106Mt(mgkg 1) =121 510° Where, M, is

m(l - P) m(l - p)
the mass of the triangle bottle, g; M, is the total mass of petroleum
hydrocarbon and triangle flask, g; m is the mass of soil samples, g;
and P is the moisture content of soil sample, %.
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Statistical analysis

The data was analyzed using IBM SPSS version 24.0 and
Origin Pro version 8.0. The presented data are representing a
means * standard error of replication. The differences between
treatments for each experiment variant were compared using
one-way analysis of variance (ANOVA), followed by Duncan’s
multiple range test at p<5% level. The correlation of root
biomass, leaves-stems biomass, root Cd concentration, leaves-
stems Cd concentration, and translocation ratio on different soil
types of S. sudanense were analyzed by Person Correlation
Analysis (p<0.05). Soil types, root exudate types, and their
interactions on fresh weight, plant height, and degradation rate
of three plants were analyzed by the univariate multi-way
ANOVA (p<0.05).

Results and analysis

Effect of root exudates on the removal of
cadmium in soil under different soil
conditions

Effects of different soil types on the biomass of
Sorghum sudanense

Table 1 shows the physico-chemical properties and
contaminant contents in the soil samples. Analysis of pH showed
that the sandy and loamy soil samples were mostly neutral in
nature, while the clay soil was acidic. The contents of sand
(F,s=89424.571, p<0.05), silt (F,;=26896.333, p<0.05) and clay
(Fs=17830.469, p <0.05) were significantly different among the
three soils. The bulk density of the soil samples was greater than
1, and the organic matter content of the clay soil was higher. High
levels of essential plant nutrients, i.e., total nitrogen (TN)
(0.53-2gkg™), Available phosphorous (AP) (6.3-14.6gkg™") and
Exchangeable potassium (EK) (127.5-154.9 gkg™") were found in
the three soil samples. According to the risk screening value of Soil
Environmental Quality Soil Pollution Risk Control Standard for
Agricultural Land (GB 15618-2018): cadmium <0.30 mgkg™". The
cadmium content in the three soils is lower than the risk value.
The content of petroleum hydrocarbon is also low, which can
be regarded as clean soil.

Table 2 shows that the biomass of roots and leaves-stems of
S. sudanense decreased with increasing cadmium ion
concentration without the addition of root exudates. At a
cadmium ion concentration of 1 mgkg™', the biomass values of
S. sudanense roots in sandy, loamy, and clayey soil were 0.35, 0.32,
and 0.32g, respectively. The biomass values of leaves-stems of
S. sudanense in sandy, loamy, and clayey soils were 1.74, 1.77, and
1.89g, respectively. The biomass of S. sudanense in sandy soil was
similar to that in loamy soil, and the biomass of S. sudanense in
clayey soil was higher than that in sandy and loamy soils
(F,5=40.500, p<0.05). Clayey soil was more suitable for
S. sudanense growth than the other soil types.
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TABLE 2 Effects of root exudates on the biomass of root and leaf-stem of Sorghum sudanense under different soil types (g).

Soil type  Plant part Treatment
(®)
1 5 10 10-C 10-G 10-M
Sandysoil  Root 0.35+0.04Aab 0.32+0.09Ab 0.25+0.08Ab 0.49+0.12Aa 0.33+0.04Ab 0.32+0.05Bb
Leaf-stem 1.74%0.12Ba 1.58:+0.10Abc 1.26:+0.10Ad 1.69+0.20Cab 1.56+0.08Cc 1.51+0.06Cc
Loamysoil  Root 0.32+0.04Ac 0.29+0.03Abc 0.23£0.02Abc 0.50+0.08Aa 0.38+0.03Ab 0.36+0.06ABb
Leaf-stem 1.77:+0.20Bbe 1.53+0.12Acd 1.29+0.13Ad 2.48+0.19Ba 2.32+0.18Ba 1.98+0.22Bb
Clayeysoil ~ Root 0.32+0.03Ac 0.28+0.02Acd 0.26£0.02Ad 0.48+0.0Aa 0.41£0.04Ab 0.39+0.04Ab
Leaf-stem 1.89:+0.23Abc 1.66+0.12Acd 1.38:+£0.08Ad 2.70£0.17Aa 2.59+0.24Aa 2.12£0.21Ab

Data are the mean of three replicates + SE. Differences sampled indicated by capital letter are between soil types, and by lower-case letter are Cd/exudates related. Means followed by the

same letters are not significantly different at 5% according to Duncan’s multiple range test. Treatments: 1, 1 mgkg™ cadmium ion-contaminated soil; 5, 5mgkg™" cadmium ion-

contaminated soil; 10, 10 mgkg ™" cadmium ion-contaminated soil; 10-C, 10mgkg™" cadmium ion-contaminated soil with the addition of 20 ml citric acid solution at 50 mmol L™%; 10-G,
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FIGURE 1

Cadmium concentration in roots of Sorghum sudanense under
different soil types. The values shown are the mean+SE (n=3).
Differences sampled indicated by capital letter are between soil
types, and by lower-case letter are Cd/exudates related. The
same letters among specific treatments are not significantly
different according to Duncan'’s (0.05). A, B, and C represent
sandy, loamy, and clayey, respectivly. Treatments: 1, Imgkg
cadmium ion-contaminated soil; 5, 5Smgkg~ cadmium ion-
contaminated soil; 10, 10mgkg cadmium ion-contaminated
soil; 10-C, 10mgkg cadmium ion-contaminated soil with the
addition of 20ml citric acid solution at 50mmolL~%; 10-G,
10mgkg cadmium ion-contaminated soil with the addition of
20ml glycine solution at 50mmolL; 10-M, 10mgkg cadmium
ion-contaminated soil with the addition of 20ml maltose solution
at 50mmolL

After adding 50 mmol L™" of citric acid, glycine, and maltose
to 10mgkg™ cadmium ion-contaminated soil (Table 2), the
obtained biomass values of the root of S. sudanense in sandy soil
were 0.49, 0.33, and 0.32g, which were 96% (Fs,,=12.339,
p<0.05), 32% (Fs,,=12.339, p>0.05), and 28% (Fs,,=12.339,
p>0.05) higher than those obtained without the addition of root
exudates (0.25g), respectively. Citric acid promoted the growth of
S. sudanense. Similar results were found in clayey and loamy soils.
The addition of citric acid also promoted the biomass values of the
S. sudanense leaves-stems. After adding 50 mmol L' of citric acid,
glycine, and maltose to 10mgkg™ cadmium ion-contaminated
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clayey soil, the biomass values of S. sudanense leaves-stems were
2.70, 2.59, and 2.12 g, respectively. When the plant was grown in
clayey soil, these values were 95.65% (Fs,,=81.811, p<0.05),
87.68% (Fs;,=81.811, p<0.05), and 53.62% (Fs;,=81.811,
p<0.05) higher, respectively, compared with the plants grown
without root exudate (1.38g). The biomass values of the
S. sudanense leaves-stems in clayey soil was significantly higher
than that in sandy and loamy soil after each root exudate addition
(citric acid: F,5=390.600, p <0.05; glycine: F,=56.794, p<0.05;
maltose: F,s=124.176, p <0.05).

In general, the promotion effect of the three root exudates at
50mmol L™ on S. sudanense was in the following order: citric acid
>glycine > maltose. The growth of S. sudanense in three soil types
with the addition of root exudates was in the following order:
clayey soil >loamy soil > sandy soil.

Effects of different soil types on cadmium
concentration in the roots of Sorghum
sudanense

Figure 1 shows that the concentrations of cadmium in the
roots of S. sudanense were 4.25, 10.56, and 15.80 mgkg™" in
sandy soil at 1, 5, and 10mgkg™" of cadmium ion, respectively.
After adding 50 mmol L™ of citric acid, glycine, and maltose
(Figure 1), the concentrations of cadmium in the roots of
S. sudanense in sandy soil polluted with 10 mgkg™" of cadmium
ion reached 24.82, 21.12, and 19.56mgkg™', respectively.
Compared with the roots of plants grown without the addition
of exudates, the concentrations of cadmium in the root of
S. sudanense grown in sandy soil were higher by 57.09%
(Fs.,=78.364, p<0.05), 33.67% (Fs,,=78.364, p<0.05), and
23.78% (Fs,,=78.364, p <0.05), respectively, possibly because of
the activation effect of citric acid on cadmium ions in sandy soil
was greater than those of glycine and maltose. The absorption
of cadmium by the roots of S. sudanense in sandy soil was
significantly higher than that in loamy and clayey soil after each
root exudate addition (citric acid: F,4=11841.524, p<0.05;
glycine: F,=1867.108, p <0.05; maltose: F,s=673.387, p <0.05).
The absorption of cadmium by the roots of S. sudanense in
loamy soil was second only to that in sandy soil.
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FIGURE 2

Cadmium concentration in leaves-stems of S. sudanense under
different soil types. The values shown are the mean+SE (n=3).
Differences sampled indicated by capital letter are between soil
types, and by lower-case letter are Cd/exudates related. The
same letters among specific treatments are not significantly
different according to Duncan’s (0.05). A, B, and C represent
sandy, loamy, and clayey, respectivly. Treatments: 1, Imgkg™
cadmium ion-contaminated soil; 5, 5Smgkg~ cadmium ion-
contaminated soil; 10, 10mgkg~* cadmium ion-contaminated
soil; 10-C, 10mgkg cadmium ion-contaminated soil with the
addition of 20ml citric acid solution at 50mmolL~%; 10-G,
10mgkg cadmium ion-contaminated soil with the addition of
20ml glycine solution at 50mmolL; 10-M, 10mgkg~ cadmium
ion-contaminated soil with the addition of 20ml maltose solution
at 50mmolL

Effects of different soil types on cadmium
concentration in leaves-stems of Sorghum
sudanense

In sandy soil polluted with 1, 5, and 10 mgkg™ of cadmium
ion, the concentrations of cadmium in the leaves-stems of
S. sudanense were 1.23, 3.64, and 6.55mgkg™", respectively
(Figure 2). After adding 50 mmol L™ of citric acid, glycine, and
maltose, the concentrations of cadmium in the leaves-stems of
S. sudanense in sandy soil polluted with 10 mgkg™" of cadmium
ion were 12.76, 9.07, and 7.97 mgkg™', respectively (Figure 2). The
concentrations of cadmium in the leaves-stems of S. sudanense
were increased by 94.81% (Fs,;,=120.184, p<0.05), 38.47%
(Fs1,=120.184, p<0.05), and 21.68% (Fs,,=120.184, p<0.05),
respectively. The addition of root exudates significantly promoted
the cadmium concentration in the leaves and stems of
S. sudanense, and citric acid had the best effect.

The concentration of cadmium in the leaves-stems of
S. sudanense in loamy and clayey soils also increased with the
increasing cadmium concentration in soil. When the concentration
of cadmium ion increased from 1 mgkg™ to 10mgkg™" (Figure 2),
the concentrations of cadmium in the leaves-stems of S. sudanense
in loamy and clayey soils were 1.12-4.71 and 1.06-3.72mgkg™",
respectively. In general, cadmium concentrations in the leaves-
stems of S. sudanense in the three soil types were in the following
order: sandy soil >loamy soil > clayey soil.
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Translocation ratio of cadmium in Sorghum
sudanense under different soil types

Figure 3 illustrates that the translocation ratios of cadmium in
S. sudanense were 0.38, 0.34, and 0.33 at 1, 5, and 10mgkg™
cadmium ion concentrations in sandy soil, respectively. When the
concentration of cadmium ion was at 10 mgkg™ in sandy soil, the
translocation ratios of cadmium in S. sudanense were 0.61, 0.50,
and 0.45 after adding 50mmolL™" of citric acid, glycine, and
maltose, respectively (Figure 3). These values were 84.85%
(Fs51,=22.556, p<0.05), 51.52% (Fs,,=22.556, p<0.05), and
36.36% (Fs,,=22.556, p<0.05) higher than those obtained without
the addition of root exudates, respectively. In conclusion, the
addition of root exudates effectively promoted the transfer of
cadmium from roots to leaves and stems.

The translocation ratios of cadmium in S. sudanense in loamy
and clayey soils decreased with increasing cadmium concentration
in soil. When soil cadmium ion concentrations were 1, 5, and
10mgkg™", the translocation ratios of cadmium in S. sudanense in
loamy soil were 0.34, 0.31, and 0.29, respectively (Figure 3). These
values were 0.33, 0.29, and 0.26 in clayey soil, respectively. In general,
cadmium translocation ratios in S. sudanense in the three soils were
in the following order: sandy soil >loamy soil > clayey soil.

After adding citric acid, glycine, and maltose, the translocation
ratios of cadmium in S. sudanense in loamy soil were 0.44, 0.40,
and 0.40, respectively (Figure 3). These values were 0.40, 0.39, and
0.38 in clayey soil, respectively. Citric acid had the best promotion
effect on cadmium transfer from roots to leaves and stems.

Cadmium removal rate in different soil types

Figure 4 shows that the removal rates of cadmium (1, 5, and
10mgkg™) in S. sudanense in sandy soil were 52.00, 44.10, and
34.65%, respectively. These values were 48.00, 37.10, and 29.65%
in loamy soil and 42.00, 36.70, and 25.50% in clayey soil,
respectively. In general, the cadmium removal rates of S. sudanense
in the three soils under the same concentration of cadmium were
in the following order: sandy soil >loamy soil > clayey soil.

After citric acid addition, the cadmium removal rate of
S. sudanense significantly improved (Figure 4). In the three soil
types, the cadmium ion removal rates of S. sudanense were 48.70%
(sandy soil: Fy;,=17.659, p<0.05), 44.90% (loamy soil:
Fs14=25.972, p<0.05), and 43.90% (clayey soil: Fs,,=19.876,
p<0.05), which were higher than those obtained when root
exudates were not supplied. The cadmium removal rates of
S. sudanense in loamy and clayey soils were lower, but the increase
was most prominent. In sandy, loamy, and clayey soils, the
cadmium removal rates of S. sudanense combined with glycine
were 44.90, 35.40, and 34.52%, respectively (Figure 4). These
values were 43.90, 35.10, and 32.60% with maltose, respectively.
Citric acid was the best catalyst for removing cadmium from the
soil, followed by glycine. The natural degradation effect of
cadmium in the three soil conditions was significantly different
(Fy6=150, p<0.05) and lower than the removal effect of adding
root exudates (sandy soil: Fs;,=17.659, p<0.05; loamy soil:
Fy14=25.972, p<0.05; clayey soil: Fy,,=19.876, p<0.05).
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FIGURE 3

Translocation ratio of cadmium in S. sudanense in different soil
types. The values shown are the mean+SE (n=3). Differences
sampled indicated by capital letter are between soil types, and by
lower-case letter are Cd/exudates related. The same letters
among specific treatments are not significantly different
according to Duncan’s (0.05). A, B, and C represent sandy, loamy,
and clayey, respectivly. Treatments: 1, Imgkg~ cadmium ion-
contaminated soil; 5, 5mgkg~* cadmium ion-contaminated soil;
10, 10mgkg cadmium ion-contaminated soil; 10-C, 10mgkg™!
cadmium ion-contaminated soil with the addition of 20ml citric
acid solution at 50mmolL; 10-G, 10mgkg™ cadmium ion-
contaminated soil with the addition of 20ml glycine solution at
50mmolL?; 10-M, 10mgkg™ cadmium ion-contaminated soil
with the addition of 20ml maltose solution at 50mmolL™

Correlation analysis of various indicators on
different soil types of Sorghum sudanense
Correlation analysis shows (Table 3) that cadmium
concentration in leaves-stems of S. sudanense is significantly
correlated with the cadmium concentration in its root in three soil
types (p<0.01). In sandy soil, the translocation ratio of cadmium
to S. sudanense was significantly correlated with root biomass
(p<0.05) and leaves-stems cadmium concentration (p <0.05). The
removal rate of cadmium was significantly correlated with the
leaves-stems biomass (p <0.05). In loamy soil, leaves-stems biomass
and cadmium concentration in leaves-stems were significantly
correlated with root biomass (p <0.01) and cadmium concentration
in the root (p<0.01), respectively. The translocation ratio of
cadmium to S. sudanense was significantly correlated with root
biomass (p <0.01), leaves-stems biomass (p<0.01), and cadmium
concentration in leaves-stems (p <0.05). In clayey soil, the leaves-
stems biomass of S. sudanense was significantly correlated with
root biomass (p <0.05), and the translocation ratio was significantly
correlated with the root and leaves-stems biomass (p <0.01).

Effects of root exudates on the removal
of total petroleum hydrocarbons in soil
under different soil conditions

According to Table 4, the fresh weight per plant of
E arundinacea and S. sudanense increased significantly in the
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FIGURE 4

Removal rate of cadmium under different types of soil. The
values shown are the mean+SE (n=3). Differences sampled
indicated by capital letter are between soil types, and by lower-
case letter are Cd/exudates related. The same letters among
specific treatments are not significantly different according to
Duncan’s (0.05). A, B, and C represent sandy, loamy, and clayey,
respectivly. Treatments: 1, Imgkg™ cadmium ion-contaminated
soil; 5, 5mgkg cadmium ion-contaminated soil; 10, 10mgkg™!
cadmium ion-contaminated soil; 10-C, 10mgkg~ cadmium ion-
contaminated soil with the addition of 20ml citric acid solution at
50mmolL™, 10-G, 10mgkg cadmium ion-contaminated soil
with the addition of 20ml glycine solution at 50mmolL%; 10-M,
10mgkg cadmium ion-contaminated soil with the addition of
20ml maltose solution at 50mmolL™; 10-N, 10mgkg~ cadmium
ion-contaminated soil without addition of root exudates.

three soil types. The fresh weight values per plant in the three
soils were in the following order: sandy soil < clayey soil < loamy
soil (E arundinacea: F,;s=57.811, p<0.05; S. sudanense:
F,15=57.902). Loamy soil was suitable for the growth of all
three plants.

At 2000mgL™", glycine and maltose had little effect on the
fresh weight of the three plants under the three soil conditions
(Table 4). Thus, the average fresh weight values of plants treated
with the two root exudates were obtained. The average fresh
weight values of E arundinacea were 0.375 and 0.525g in sandy
and clayey soils, respectively, whereas the maximum fresh weight
was 0.675g in loamy soil. In the same way, the average fresh
weight of L. perenne in sandy soil was 0.45 g, whereas that in clayey
soil was 0.705g, with an increase of 56.7%. The average fresh
weight of L. perenne in loamy soil reached the maximum value of
0.79g, which was 12.1% higher than that in clayey soil. The
average fresh weight of S. sudanense in sandy soil was 0.515 g, that
in clayey soil was 0.73g, and that in loamy soil reached the
maximum value of 0.985g. This finding indicated that loamy soil
was the most suitable soil type for the growth of all three plants,
followed by clayey and sandy soils. Under these six treatment tests
(Table 4), the fresh weight of E arundinacea, L. perenne, and
S. sudanense did not change significantly, indicating the effects of
2000mgL™" of glycine and maltose on the fresh weight of the three
plants had little difference.
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TABLE 3 Correlation analysis of various indicators on different soil types of Sorghum sudanense (Person correlation analysis).

Removal Rate Translocation ratio Leaves-stems Cd Root Cd Leaves-stems
concentration concentration biomass
Sandy soil Root biomass 0.665 0.844* 0.541 0.404 0.731
Leaves-stems biomass 0.887* 0.457 —-0.08 —0.188
Root Cd —0.369 0.767 0.983**
concentration
Leaves-stems Cd —0.218 0.838*
concentration
Translocation ratio 0.267
Loamy soil Root biomass 0.532 0.933** 0.756 0.666 0.949**
Leaves-stems biomass 0.43 0.958** 0.746 0.659
Root Cd —0.248 0.734 0.988**
concentration
Leaves-stems Cd —0.117 0.819*
concentration
Translocation ratio 0.316
Clayey soil Root Biomass 0.552 0.965** 0.801 0.699 0.966*
Leaves-stems biomass 0.592 0.964** 0.731 0.624
Root Cd —0.119 0.589 0.987**
concentration
Leaves-stems Cd 0.008 0.703
concentration
Translocation ratio 0.556

*, #% Represent for p <0.05, p <0.01.

TABLE 4 Fresh weight per plant under different soil conditions (g).

Soil Condition Festuca Lolium Sorghum
arundinace perenne sudanense

Sandy soil + glycine 0.36+0.02Cd 0.43+0.07Bc 0.51+0.12Cb

2000mgL™!

Sandy soil + maltose 0.39+0.05Ccd 0.47+0.08Bbc 0.52+0.14Cb

2000mgL™!

Loamy soil + glycine 0.67 £0.06Aab 0.79+0.10Aa 0.98£0.19Aa

2000mgL™"

Loamy soil + maltose 0.68+0.12Aa 0.79 £ 0.16Aa 0.99 +0.21Aa

2000mgL™"

Clayey soil + glycine 0.53+0.08Babc 0.72+0.11Aa 0.74+0.14Bab

2000mgL™!

Clayey soil + maltose 0.52+0.10Bbc 0.69+0.12Ab 0.72+0.11Bab

2000mgL™"

Data are the mean of three replicates + SE. Differences sampled indicated by capital letter
are between soil types, and by lower-case letter are exudates related. Means followed by
the same letters are not significantly different at 5% according to Duncan’s multiple
range test.

Table 5 shows that among the three soil conditions,
F arundinacea, L. perenne, and S. sudanense achieved maximum
height in loamy soil, followed by sandy and clayey soils. In sandy
soil, the plant height values of E arundinacea with the addition of
these two kinds of root exudates were 35.1 and 36.3cm,
respectively (Table 5). It indicates that these root exudates had a
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minimal effect on plant height. Considering that plant height is
affected by various factors and is very accidental, this slight
difference can be ignored. Therefore, the average plant height of
E arundinacea in sandy soil was 35.7cm. When the growth
medium was changed from loamy soil to sandy soil, the average
plant height of L. perenne changed from 40.25cm to 39.35cm
(Table 5). Compared with the sharp decrease of plant height values
of S. sudanense (F,;5=826.418, p<0.05) and E arundinacea
(F,,15=1561.503, p <0.05), the plant height of L. perenne was very
stable and almost did not decrease.

Table 6 shows that plants showed their best performance in
sandy soil among the three soil types. F arundinacea, L. perenne,
and S. sudanense can effectively remove total petroleum
hydrocarbons with degradation rates ranging from 45.23 to
60.52% in sandy soil, followed by loamy soil. The results obtained
in clayey soil were the worst. Among the two kinds of root
exudates, 2,000mgL~" of maltose had a better total petroleum
hydrocarbons removal effect than 2,000 mg L' of glycine (Table 6).
In loamy soil, the degradation rate of E arundinacea, L. perenne,
and S. sudanense reached 31.98-52.43%, which was 0.71-0.87
times that in sandy soil. In clayey soil, the degradation rates of
E arundinacea, L. perenne, and S. sudanense ranged from 13.16 to
31.23%, which were 0.29-0.52 times lower than those obtained in
sandy soil, indicating that sandy soil was suitable for the
remediation of petroleum hydrocarbon-contaminated soil using
these three plants. When the root exudate was changed from
2000mgL™" of glycine to 2000mgL™" of maltose (Table 6),
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TABLE 5 Plant height under different soil conditions (cm).

Soil Condition Festuca Lolium Sorghum
arundinace perenne  sudanense

Sandy soil + glycine 35.1+0.5Bd 38.9+1.2Ab 66.7+2.1Bcd

2000mgL™"

Sandy soil + maltose 36.3+0.6Bc 39.8+1.1Bab 64.8+2.6Bc

2000mgL™"

Loamy soil + glycine 42.3+£0.9Ab 39.6+0.8Aab 87.1+5.9Ab

2000mgL™"

Loamy soil + maltose 44.1+0.5Aa 40.9+1.2Aa 95.2+6.1Aa

2000mgL™!

Clayey soil + glycine 17.6+0.2Ce 23.5+0.6Bc 28.3+1.6Cd

2000mgL™!

Clayey soil + maltose 16.2+0.3Cf 23.8+0.6Cc 28.9+1.5Cd

2000mgL™!

Data are the mean of three replicates + SE. Differences sampled indicated by capital letter
are between soil types, and by lower-case letter are exudates related. Means followed by
the same letters are not significantly different at 5% according to Duncan’s multiple
range test.

E arundinacea, L. perenne, and S. sudanense degradation rates
of total petroleum hydrocarbons increased by 12.61%
(Fy15=7631.501, p<0.05), 14.47% (Fy s =6934.322, p<0.05), and
19.26% (Fy3=14014.192, p<0.05) in sandy soil, respectively.
F arundinacea, L. perenne, and S. sudanense performance in loamy
soil was very similar to that in sandy soil, whereas clayey soil
only increased by 1.59% (F;,;3=7631.501, p>0.05), 1.89%
(Fs,5=6934.322, p>0.05), and 13.30% (Fj,s=14014.192, p>0.05),
respectively. These results indicated that changing the root
exudates can hardly improve the degradation rate of total
petroleum hydrocarbons in clayey soil. The petroleum
hydrocarbon-contaminated soil had a certain degree of natural
degradation ability, but the combined remediation effect of plants
with maltose was more significant.

Analysis of soil types, root exudate types, and their interaction
(Table 7) showed that soil types had significant influence on fresh
weight (E arundinacea: F=13.259, df=2, p<0.05; L. perenne:
F=6.825, df=2, p<0.05; S. sudanense: F=6.071, df=2, p <0.05), plant
height (E arundinacea: F=1631.674, df=2, p<0.01; L. perenne:
F=255.834, df=2, p<0.01; S. sudanense: F=275.569, df=2, p<0.01),
and degradation rate of total petroleum hydrocarbons
(E arundinacea: F=84.405, df=2, p<0.01; L. perenne: F=39.381,
df=2, p<0.01; S. sudanense: F=105.226, df=2, p<0.01) of the three
plants. Root exudate types and its interaction with soil types had no
significant effect on plant indicators.

Discussion

Removal effect of root exudates on
cadmium under different soil conditions

Soil structure is composed of micro and macro aggregates
containing solid, liquid, gas and soil organisms (Centenaro et al.,
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TABLE 6 Degradation rates of total petroleum hydrocarbons under
different soil conditions (%).

Soil Condition Festuca Lolium Sorghum
arundinace perenne sudanense

Sandy soil 34.27 +3.06Ad 34.27+3.06Ac  34.27+3.06Acd

Sandy soil + glycine 50.69+3.16Ab 52.87+4.25Ab  45.23+3.72Ab

2000mgL™!

Sandy soil + maltose 57.08+4.95Aa 60.52+4.89Aa  53.94+4.11Aa

2000mgL™"

Loamy soil 20.39+2.39Ce 20.39+2.39Cd  20.39+2.39Cef

Loamy soil + glycine 36.24+2.43Bcd  49.89+3.69Bb  31.98+2.81Bd

2000mgL™"

Loamy soil + maltose 42.02+2.89Bc 52.43+3.85Bb 38.57+£2.97Bc

2000mgL™"

Clayey soil 21.87+4.16Be 21.87+4.16Bd  21.87+4.16Be

Clayey soil + glycine 20.72+1.31Ce 30.65+1.77Cc

2000mgL™!

13.16+0.53Cg

Clayey soil + maltose 21.05+1.15Ce 31.23+1.42Cc

2000mgL™!

14.91+0.96fCg

Data are the mean of three replicates + SE. Differences sampled indicated by capital letter
are between soil types, and by lower-case letter are exudates related. Means followed by
the same letters are not significantly different at 5% according to Duncan’s multiple
range test.

2018). Different types of soil have different structures, particle
distribution, pore size distribution, water and gas storage capacity,
and biological composition (Blume et al., 2016). The bulk flow
movement of water and nutrients to the roots varies by soil texture
(Chapman et al,, 2012). The findings of this study showed that
S. sudanense had higher biomass in clayey soil at different
concentrations of cadmium pollution. Under the same root
exudates condition, the biomass of leaves-stems of S. sudanense in
the clayey soil was significantly higher than that in the sandy soil
and loamy soil. It indicates that clayey soil was more suitable for
plant growth than the other soil types. Clayey soil has uniform
distribution of various components, good nutrient content, and
strong water retention capacity; thus, it is very suitable for rapid
plant growth and for achieving high biomass (Yang et al., 2013).
Moreover, the accumulation of heavy metals in the soil is
significantly correlated with soil particles” surface area and pore
volume. Clayey soil also has a higher granular surface area,
contributing to increased retention of metals in the pore spaces
(Chen etal,, 2016). Sandy soil has high sand, and quartz contents,
low nutrient content, poor fertility retention, and plants’ presence
in sandy soils reduces porosity and pore-connectivity (Bacq-
Labreui et al, 2018). Wherefore, it is difficult for plants to
effectively obtain conducive nutrients for their growth during the
growth period, resulting in slow growth and small biomass. As
Bharti et al. (2017) reported, lack of soil structure, inadequate
water supply and nutrient deficiency generally exacerbate metal
toxicity in the contaminated soils. The adsorption degree of
cadmium ions in the sandy soil colloid is not as good as those in
loamy and clayey soils, leading to the activation of heavy metal
ions and easy absorption by plants (Yang et al., 2017). In this
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TABLE 7 Analysis of effects of soil types, root exudate types and their interaction on plant indicators.

P Festuca arundinace Lolium perenne Sorghum sudanense
Fresh Plant Degradation Fresh Plant Degradation Fresh Plant Degradation
weight height rate weight height rate weight height rate
FR ns ns ns ns ns ns ns ns ns
Fs,r ns ns ns ns ns ns ns ns ns

F, soil types effect; Fy, root exudate types effect; Fs, the interactive effect of soil types and root exudate types. ns, *, ** represent for p >0.05, 0.01 < p <0.05, p<0.01.

experiment, under the same concentration of cadmium and the
same root exudates, the accumulation of cadmium in plants in
sandy soil were almost significantly higher than that in loamy soil
and clayey soil. This maybe because of the migration resistance of
sandy soil to heavy metals which is much lower than that of loamy
soil and clayey soil. Wang and Lei (2018) showed that the
penetration time of all studied metals in sandy soil is less, and the
pore flow velocity is much higher than the pore flow velocity in
other soils.

Adding low carbohydrate root exudates to soil can effectively
improve the extraction of heavy metals by plants (Huang and
Blaylock, 1998; Hedénec et al., 2014). Sun et al. (2009) studied the
effect of citric acid on the accumulation of heavy metals in
S. alfredii H. by pot experiment and found that 8 mmolkg™" of
citric acid treatment could significantly enhance the extraction
efficiency of Cd and Zn by S. alfredii H. Ehsan et al. (2014)
suggested that exogenous citric acid application can significantly
reduce Cd toxicity in Brassica napus L. plants by increasing plant
biomass, photosynthetic and growth parameters, and by reducing
oxidative stress by Cd stress. The citric acid application can
alleviate Cd-induced phytotoxicity in B. juncea seedlings. It is
achieved by upregulating the metabolites of primary (TCA cycle)
and secondary metabolism (phenolic compounds; Kaur et al.,
2018). After adding three kinds of root exudates in the three soil
conditions, citric acid promoted the growth of S. sudanense more
significantly than glycine and maltose. This may be due to the fact
that citric acid can induce plants to produce more sugar to provide
energy for the body under Cd stress, thus ensuring normal cell
metabolism and maintaining the function of the stress system
(Dixit et al,, 2001; Ghori et al., 2019). Accumulation of cadmium
in plants is related not only to plant growth, but also to the degree
of the intact plasma membrane. The plasma membrane can
control membrane potential, the transmembrane transport of ions
and solutes, and growth (Chen et al., 2020). Under the stress of
Cd, the plasma membrane will be destroyed to some degree, and
the addition of appropriate concentrations of root secretions can
alleviate the peroxidation of the cytoplasmic membrane, thus
promoting the transfer and enrichment of Cd in plants. Compared
with the other two root exudates, citric acid has a better removal
effect on Cd in soil, possibly because citric acid can provide more
hydrogen ions, which can dissolve soil minerals to a certain extent.
Moreover, citric acid has a special chemical structure and the
existence of three carboxyl groups make its complexation ability
to Cd stronger than glycine and maltose.
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Removal effect of root exudates on total
petroleum hydrocarbons under different
soil conditions

Soil texture would affect the phytoremediation efficiency by
controlling the bioavailability of the plant nutrients and the
contaminants (Figueiredo et al., 2016). Huesemann et al. (2004)
stated that both plant roots and organisms are more active, and
the contaminants have weaker binding in coarser soil textures.
In this study, under the same plant condition, the removal rate
of petroleum hydrocarbons in the clayey soil was significantly
lower than that in the sandy soil and loamy soil. Compared to
sandy soils and loamy soils, the binding of molecules is stronger
in clayey soils, and the presence of petroleum hydrocarbon
makes them more sticky, cohesive and blocking, which accounts
for the lower bioavailability of contaminants in clayey soils
(Abdel-Moghny et al., 2012). According to Mohammad (2016),
particle and pore size distributions significantly enhance or
reduce pollutant degradation by influencing soil aeration, bulk
density, hydrocarbon movement, and adsorption/desorption of
pollutants. Sandy soil has good aeration and loose soil structure.
Thus, the microbes in plant roots can easily obtain oxygen,
energy, and quickly remove high amounts of organic pollutants
in sandy soil (Albergaria et al., 2008). Furthermore, sandy soil
is more permeable than other soil types; hence, some petroleum
hydrocarbon may be lost in the presence of rain or when plants
are watered. Clayey soil has very small crevices, and it is difficult
for the root exudate solution to circulate to the surface of plant
roots through the pores. Therefore, the use of different root
exudates to degrade total petroleum hydrocarbons is limited.

Shoot and root traits and their relationships are affected by
soil texture (Foxx and Wojcik, 2021). Plant root structure changes
accordingly to maximize nutrient absorption (Giehl et al., 2014).
L. perenne is drought-resistant and the root cluster can steadily
extract certain nutrients from dry soil, which can survive for a
long time even under extremely low water conditions (Safari
et al., 2022). In this study, plant height of E arundinacea and
S. sudanense on loamy soil was significantly higher than that on
sandy and clayey soil. Loamy soil produced the tallest plants due
to its greater water and nutrient availability of organic matter
(Sorgona et al, 2007). Phillips et al. (2012) reported that
biodegradation of petroleum hydrocarbon in loam and sandy soil
is inversely proportional to pollutant concentration under
appropriate soil organic matter content and good microbial
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degradation conditions. The aeration and water permeability in
the clayey soil are poor. The particle size of the pellets and large
pore space between them may reduce their moisture content
(Chapman et al., 2012), which leads to the slow decomposition of
organic matter. Thus, it is difficult for plants to absorb nutrients
and water from the clayey soil.

Besides organic pollutants, the presence of other carbon
sources in the rhizosphere can produce catabolism inhibition, and
microorganisms preferentially consume carbon sources that are
more easily mineralized. The addition of low molecular weight
root exudates such as sugars, organic acids and amino acids can
make the soil microbial community produce a rapid response in
respiration (Martin et al., 2014). In our study, we have found that
planting, addition of maltose and glycine can significantly
facilitate the degradation of petroleum hydrocarbons in loamy soil
and clayey soil. Molina et al. (2021) found that the maltose
concentration in the clover root exudates with bacterial presence
was significantly lower than that of the exudates without bacteria.
Maltose can enhance the degradation of total petroleum
hydrocarbons, probably because it can provide a large amount of
energy and nutrient source for rhizosphere microorganisms,
increasing the density and activity of microorganisms (Al-Ali
et al, 2018) and then promoting the removal of petroleum
hydrocarbon in soil. The composition and content of organic acids
and amino acids in root exudates have a significant influence on
the balance of adsorption and desorption of stress substances in
soil (Rohrbacher and St-Arnaud, 2016). A large number of highly
hydrophobic organic compounds are present in petroleum, and
bioavailability is also limited due to their low activity which is
firmly fixed in the soil matrix. Glycine can promote the
degradation of total petroleum hydrocarbons in the soil to a
certain extent, possibly because of the competitive adsorption
between glycine and polar groups of organic pollutants on the
surface of soil minerals. Such substances can help the desorption
of hydrophobic organic matter in the soil, improve its
bioavailability, thus accelerating the degradation of total
petroleum hydrocarbons. In addition, soluble organic matter in
root exudates can directly interact and combine with organic
pollutants, which improves the mobility of organic pollutants in
soil facilitating the desorption of organic pollutants.

Conclusion

Soil texture and root exudates significantly influence the
effect of soil phytoremediation. Under the condition of
cadmium pollution, clayey soil is more suitable for plant
growth, meanwhile citric acid can promote the enrichment of
cadmium in S. sudanense, F. arundinacea, and L. perenne.
S. sudanense demonstrated the best total petroleum
hydrocarbons degradation in sandy soil. Changing the root
exudate can effectively improve the efficiency of total
petroleum hydrocarbons degradation by plants in sandy soil.
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Perennial L. perenne has a strong ability to degrade total

petroleum hydrocarbons. Therefore, L. perenne is
recommended for the remediation of petroleum hydrocarbon-
contaminated oil fields. In conclusion, the combined
remediation technology of root exudates and plants is suitable
for cadmium and petroleum contaminated soil. At the same
time, soil texture should be considered a critical factor in the
future application of phytoremediation technology to provide
a more comprehensive idea for further improving the
efficiency of soil remediation. The soil studied in this paper
was artificially prepared, and there are certain differences
from the natural soil in terms of pollutant types, concentration,
aging degree and microbial community. Subsequent studies on
actual soil remediation can be carried out to verify its
effectiveness. In addition, the composition of root exudates is
complex, and only organic acids, carbohydrates, and amino
acids were studied in this paper. More experiments are needed
to explore the effect and influence of other components on the
degradation of heavy metals and petroleum in the future. This
study provides a new method for remediation of soil
contaminated by low and medium concentrations of cadmium
and petroleum hydrocarbons. L. perenne is recommended as

a priority for remediation of contaminated soil in oilfield areas.
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