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Abstract: The study applied microbial molecular biological techniques to show that 2.5% to 3.0%
(w/w) of diesel in the soil reduced the types and number of bacteria in the soil and destroyed the
microbial communities responsible for the nitrogen cycle. In the meantime, the alkane degrada-
tion gene alkB and polycyclic aromatic hydrocarbons (PAHs) degradation gene nah evolved in the
contaminated soil. We evaluated four different remediation procedures, in which the biostimulation-
bioaugmentation joint process reached the highest degradation rate of diesel, 59.6 ± 0.25% in 27 days.
Miseq sequencing and quantitative polymerase chain reaction (qPCR) showed that compared with
uncontaminated soil, repaired soil provides abundant functional genes related to soil nitrogen cycle,
and the most significant lifting effect on diesel degrading bacteria γ-proteobacteria. Quantitative
analysis of degrading functional genes shows that degrading bacteria can be colonized in the soil. Gas
chromatography-mass spectrometry (GC-MS) results show that the components remaining in the soil
after diesel degradation are alcohol, lipids and a small amount of fatty amine compounds, which have
very low toxicity to plants. In an on-site remediation experiment, the diesel content decreased from
2.7% ± 0.3 to 1.12% ± 0.1 after one month of treatment. The soil physical and chemical properties
returned to normal levels, confirming the practicability of the biosimulation-bioaugmentation jointed
remediation process.

Keywords: soil remediation; bioremediation of diesel contaminated soil; biostimulation; bioaugmenta-
tion; microbial ecology; qPCR

1. Introduction

Diesel is used extensively in today’s world as a major fuel for transportation. Acciden-
tal releases of diesel products during transportation by pipeline or shipping occurred have
been reported increasingly due mainly to the rapidly expanded energy consumption [1,2].
Diesel fuel is a mixture of linear, branched alkane, cyclic alkanes, and aromatic compounds,
including naphthalene and its derivatives, toluene, anthracene, and phenanthrene [3].
These compounds enter the human body primarily through the food chain and might
then show a strong teratogenic, mutagenic and carcinogenic effect [4–7]. In general, diesel
contamination destroys soil structure and lowers its electrical conductivity, permeabil-
ity, and resistance to deterioration. Moreover, the exposure to condensed hydrocarbon
contaminants hinders root respiration and absorption, leading plant to death [8]. The
harsh soil environment and aromatic hydrocarbons will kill microorganisms in the soil,
change the soil micro-ecological environment, and affect the soil’s ecological cycle abil-
ity [9,10]. Therefore, the problem of remediation of diesel-contaminated soil has received
increasing attention.
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Several methods are widely used for soil remediation, such as vapor treatment [11,12],
chemical treatment [13,14], physical remediation [15–17] and bioremediation [18,19], etc.
Among these, bioremediation techniques have drawn growing attention due to their
cost-effectiveness and non-invasiveness [20–24]. Ortega [25] et al. obtained a stabilized
bacterial consortium from the rhizosphere soil of Cyperus sp. grown in an oil-contaminated
field. The isolated bacteria were identified using 16S rRNA gene sequence analysis as
Ralstonia insidiosa [26], Cellulomonas hominis [27], Burkholderia kururiensis [28], and Serratia
marcescens [29]. The result showed that these bacteria efficiently removed monoaromatic
hydrocarbons such as benzene, toluene, and xylene (BTX). Reena et al. screened a novel
bacterial strain (B6) degrading a high concentration of diesel oil (up to 2.5% v/v) from con-
taminated soil in India [30]. The strain was identified to be 99% similar to Planomicrobium
and demonstrated efficient degradation for diesel oil range alkanes (C14 to C36). The or-
ganism could grow at a wide temperature range, a high concentration of heavy metal, and
tolerate to moderate NaCl concentration, suggesting its potential application in extreme
environments. Wannarak et al. [31] demonstrated that Pseudoxanthomonas sp. RN402 was
capable of degrading diesel, crude oil, n-tetradecane, and n-hexadecane. Further study
showed that the immobilized cells had higher degrading efficacy than free cells and could
degrade higher diesel concentrations. The immobilized cells still maintained high efficacy
and viability throughout 70 cycles. Besides aerobic degradation bacterium, anaerobic
microorganisms are also involved in biodegradation [32–34].

Our previous work demonstrated that soil microorganisms are highly sensitive to
environmental disturbances caused by petroleum components [35,36]. Soil enzyme activity
and microbial community structure and diversity are the two most important aspects for
evaluating soil microbes and their biological functions, so they can be used to evaluate
diesel pollution and remedial measures [37,38]. With the rapid development of biotech-
nology methods and molecular technology, 16S rRNA gene library, denaturing gradient
gel electrophoresis (DGGE) (The abbreviated terms mentioned in the article are presented
in Table A1 (Appendix A)), single-strand conformation polymorphism (SSCP), DNA hy-
bridization such as fluorescence in situ hybridization (FISH) and DNA microarray are
widely used in the evaluation of different bioremediation protocols [39]. For polycyclic
aromatic hydrocarbons (PAHs) and total petroleum hydrocarbon (TPH) bioremediation pro-
cess, polymerase chain reaction (PCR) [40], PCR-DGGE [41], and high-throughput sequenc-
ing [42] are widely used. Illumina’s MiSeq sequencing technology is a low-throughput,
fast, and high-accuracy platform that is becoming the leading analysis technology in the
market. As a result, the information obtained by using the MISeq platform to analyze the
microbial community is more accurate and can deepen the understanding of environmental
microecology. However, to the best of our knowledge, there have been few reports on
the evaluation of the remediation process of the diesel-polluted soil using Miseq sequenc-
ing and quantitative polymerase chain reaction (qPCR) analysis. Sutton et al. [43] used
qPCR to evaluate the microbial community size and alkane degradation ability during
in-situ chemical oxidation and in situ bioremediation of diesel-contaminated sites. Bücker
monitors the growth of Booker microorganisms (biofilm) at the oil/water interface by
qPCR [44]. A better understanding of the functional genes and microbial community
structure changes during the remediation process will help us choose different on-site
bioremediation strategies and regulate the remediation process.

This study sampled diesel-contaminated soil in Handan City, Hebei Province, and
evaluated different bioremediation procedures, including natural attenuation, biostimula-
tion, bioaugmentation, and the biostimulation-bioaugmentation joint processes. Real-time
fluorescence qPCR and Miseq sequencing were used to monitor the changes in functional
genes and microbial communities during different repair processes. Simultaneously, the
dynamic changes of functional enzyme activities during different remediation processes
were also monitored. The physical and chemical properties of the soil after restoration
were compared and analyzed. Finally, the on-site diesel pollution remediation of cultivated



Appl. Sci. 2021, 11, 6305 3 of 19

soil was conducted to demonstrate the efficiency of the biosimulation-bioaugmentation
joint process.

2. Materials and Methods
2.1. Soil Sampling

The soil samples were collected in Handan (Hebei, China, 114.22◦ E 36.36◦ N), in
which the soil was polluted by diesel due to pipeline leakage. Handan City was categorized
as “Dwa” according to the Köppen–Geiger climate classification [45]. Spring is windy
and dry, summer is hot and rainy, autumn is mild and cool, and winter is cold and dry.
The annual average temperature is 13.5 ◦C. The average temperature of the coldest month
(January) is −2.3 ◦C, and the average temperature of the hottest month (July) is 26.9 ◦C.
All year round, the frost-free period is 200 days, and the annual sunshine is 2557 h, and the
average annual precipitation is 400–550 mm.

The soil samples of 5000 g were taken at 30 cm to 90 cm underground. The soil samples’
physicochemical properties were determined by the Beijing Academy of Agricultural and
Forestry Sciences, and the results are presented in Table A2 (Appendix B).

2.2. Soil Treatment and Experimental Design

Contaminated soils of 10 kg were first sieved using a 2.0 mm diameter sifter, then
evenly divided into five samples, each of which was placed in aϕ15 cm× 20 cm cylindrical
container to form a 15 cm-depth microcosm. The sample in Container 1 was sterilized
and used in the treatment of natural volatilization, marked as “S”. The sample in Con-
tainer 2 was used in the treatment of natural attenuation, marked as “C”, in which no
microorganisms or nutrients were applied. The sample in Container 3 was treated by
adding (NH4)2SO4 and K2HPO4 as the nutrients and marked as “N,” i.e., biostimulation.
The proportion for carbon, nitrogen, and phosphorus was C:N:P = 100:1.25:1, according to
Trindade et al. [46]. According to the proportion and the diesel content, 38.22 g (NH4)2SO4
and 80.64 g K2HPO4 were added into the container with 2000 g soil. The sample in Con-
tainer 4 was inoculated with 50 mL of liquid culture of Pseudomonas sp. and marked as “B”
i.e., bioaugmentation. The strain was isolated from the contaminated soil and contained
an alkB gene but no nah gene (More information about the isolated strain was shown in
Figure A1 (Appendix C). The sample in Container 5 was treated by adding the nutrients
mentioned above and microbes, i.e., a biostimulation-bioaugmentation joint process, and
thus marked as “N-B.” At the end of 3, 6, 9, 12, 15, 18, 21, 24, and 27 days, 5.0 g of soil
samples were collected from 10 points at the superstratum and substratum from each
treatment. We divided each sample into two parts, one of 2.5 g was stored at −20 ◦C
for DNA extraction, and the other of 2.5 g was stored at 4.0 ◦C for diesel analysis. All
treatments mentioned above were undertaken in triplicate.

2.3. Determination of Total Diesel

The diesel in soil samples was extracted according to the procedure recommended by
the US Environmental Protection Agency [47]. During a run, 2.0 g dry soil and 25 mL of
n-hexane/acetone mixture (1:1 v/v) were mixed and subjected to extraction in a microwave
accelerated solvent extraction system (CEM Corporation, Matthews, NC, USA) at 120 ◦C
for 30 min. Then each extractant was filtered through the filter paper and applied for gas
chromatography (GC) analysis with a flame ionization detector (GC-FID, SHIMADZU,
Kyoto, Japan) equipped with a ϕ 0.53 mm × 30 m capillary column (Ultra Alloy DX30,
Frontier Lab, Tokyo, Japan). The GC-FID operation program for the diesel analysis was
started with both injector and detector temperatures of 300 ◦C. The oven temperature was
programmed from an initial 40 ◦C (held for 5 min) to 290 ◦C in the speed of 15 ◦C min−1

and then kept at 290 ◦C for 5 min.
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2.4. Determination of Soil Enzyme Activity

To reflect the microbial activity of diesel-polluted soil, we measured the dehydrogenase
activity, fluorescein diacetate (FDA) hydrolase activity, urease activity, and phosphatase
activity in the soil, which reflect the soil microbial activity, pollutant degradation function,
and nutrient cycling capacity, respectively.

Dehydrogenase activity was measured using the 2,3,5-triphenyltetrazolium chloride
(TTC) reduction color method [48]. Briefly, 1.0 g soil sample was mixed with 2.0 mL glucose
solution (0.1 M, stored at 4.0 ◦C) and 2.0 mL TTC (0.5% solution, sealed storage), In a
shaking incubator at 30 ◦C for 12 h, 1.0 mL sulfuric acid was added to stop the enzyme
reaction. After being stood still, the supernatant was extracted with 5.0 mL of acetone. After
shaking and mixing, it was centrifuged at 5000 rpm for 8.0 min. The absorbance at 486 nm
was determined, and the dehydrogenase activity was expressed as µg triphenylformanzan
(TPF) per g dry soil. All samples were repeated in triplicate.

FDA hydrolase activity was measured as follows. Briefly, 2.0 g soil (wet weight) was
mixed with 15 mL potassium phosphate buffer (pH 7.6, 60 mM) in a 50 mL centrifuge tube.
Then 200 µL fluorescein diethyl ester was added (1 mg/mL, dissolved in acetone). The
reaction system was incubated in a shaking incubator at 30 ◦C and 175 rpm. After 20 min
incubation, 15 mL chloroform/methanol mixture solution (vol/vol 2:1) was added to stop
the reaction. Centrifuge at 8000 rpm for 12 min, take the supernatant and measure it with
a spectrophotometer at 490 nm. The reaction system without adding fluorescein diethyl
ester was used as a blank control.

Urease activity was measured using a modified literature method [49]. Briefly, 2.0 g of
air-dried soil in a 50 mL centrifuge tube was mixed with 600 µL of toluene to completely
wet the soil for 15 min. Then 2.0 mL of urea (10% solution) and 4.0 mL of citrate buffer
(pH 6.7) were added. After reacting at 37 ◦C and 145 rpm in a shaking incubator for
24 h, 20 mL of 37 ◦C water was added. Then, shake and filter through a 0.45 µm filter.
1.0 mL of filtrate was transferred to the 25 mL graduated constant volume tub with the
addition of a little deionized water. 4.0 mL of sodium phenolate (prepared for sodium
phenolate solution) and 3 mL of sodium hypochlorite solution were added and shaken.
After standing for 20 min, the solution turned into indophenol blue. Then add deionized
water to reach the marked line. Measure the OD578 (Optical Density) value after mixing,
and the urease activity was expressed as mg NH4+-N per g dry soil per hour. All samples
were repeated in triplicate.

Phosphatase activity was measured as follows. Briefly, 2.0 g of air-dried soil was
added into a 50 mL centrifuge tube, mixed with 0.5 mL of toluene. 8.0 mL of phenyl
disodium phosphate solution (0.5% concentration) was added, and the reaction was shaken
in the incubator at 37 ◦C and 175 rpm for 2.0 h. The suspension was filtered through the
dense filter paper and 2.0 mL of the filtrate was transferred to the 25 mL graduated constant
volume tub with the addition for 10 mL of deionized water. 0.15 mL of ammonium chloride-
ammonium hydroxide buffer (pH = 9.8) and 0.25 mL of 4-aminoaminolipine (concentration
2%) and 0.25 mL of potassium ferricyanide were added in sequence, respectively. Finally,
the OD510 value was measured by the spectrophotometer within 15 min after the addition
of deionized water to the mark. All samples were repeated in triplicate.

2.5. Analysis of Degradation Products

The degradation products were analyzed using Shimadzu GCMS-QP505OA gas
chromatography-mass spectrometry (SHIMADZU, Kyoto, Japan). The data was processed
through LABSOLUTIONS GCMSSOLUSTION RELEASE1.02 system (SHIMADZU, Kyoto,
Japan). The cracker is a tube furnace cracker (PYR-4A). Chromatographic conditions: inlet
temperature of 280 ◦C; sample starting temperature of 50 ◦C, hold for 1 min, and increase
to 280 degrees at 8 degrees per minute; use DB-5 30m × 0.25 mm id capillary column;
carrier gas is helium; Airflow: ~1 mL/min; split ratio: ~30:1. Mass spectrometry conditions:
an ion source, EI; voltage, 70 ev; scanning range, amu 33–600; detector temperature 250 ◦C.
Cracker conditions: cracking temperature 100–400 degrees; cracking time 30 s.
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2.6. Extraction of Total Soil DNA

DNA extraction from 0.25 g of the soil samples was performed using PowerSoil®

D.N.A. Isolation Kit (MoBio Laboratories, San Diego, CA, USA). The extracted total DNA
was then subjected to electrophoresis on 1.0% agarose gel, after which it was stored at
−20 ◦C until further PCR amplification and real-time PCR analysis.

2.7. Real-Time Q-PCR (Quantitative Polymerase Chain Reaction) Analysis

Real-time Q-PCR was performed to determine the amount of 16S rRNA, alkB, nah,
nifH and amoA. The Real-time Q-PCR reactions were conducted using an ABI 7300 Applied
Biosystem. We give the details for primer sequences and PCR procedure in Table A3
(Appendix D). The PCR was performed in 20 µL reaction volume containing 10 µL of
2 × SYBR Green PCR Mix (TOYOBO, Osaka, Japan), 0.2 µL of each primer, and 1.0 µL of
template DNA on a 7300 Real-time PCR System (ABI, Waltham, MA, USA). The melting
curve step with 15 s at 95 ◦C, 1 min at 60 ◦C, and 15 s at 95 ◦C instead of the final extension
step was carried out after the normal PCR procedure. Data collection took place during
the extension step of the reaction. The qPCR standard curve drawing method is shown in
Appendix E. All reactions were conducted in triplicate.

2.8. Microbial Ecology Analysis

The soil bacterial DNA was extracted with the Fast DNA Spin Kit for Soil (Power
Soil DNA Isolation Kit, MoBio) ( MoBio Laboratories, San Diego, CA, USA). The DNA
samples were then sent to the company (Sinogeno Max Corporation, Beijing, China) for
high-throughput sequencing. The primer amplified the DNA samples: PrimerF: ACTC-
CTACGGGAGGCAGCAG; PrimerR: ATTACCGCGGCTGCTGG. Amplifications were
carried out in a total volume of 20 µL using 50 ng of DNA, dNTPs (10 mM each) 1 µL,
each of forward and reverse primers 0.4 µL (10 µM). PCR conditions were 5 min 94 ◦C,
followed by 35 cycles of 30 s at 94 ◦C, 30 s at 55 ◦C, 30 s at 72 ◦C. The paired-end sequencing
(2 × 150 bp) was carried out on an Illumina MiSeq sequencer in Sinogeno Max Corporation,
Beijing, China.

2.9. On-Site Implementation of the Bioremediation Approach

The on-site bioremediation was conducted at the diesel-contaminated field with about
0.53 ha in the area at Handan city, Hebei province, China. The treatment lasted for one
month (from 30 September to 25 October). There are more than 100 pits distributed on the
site to collect diesel fuel sprayed from the pipeline. All pits are in a diameter of 0.5–1 m2

and a depth of about 90 cm. The diesel oil overflowing from the pit flows downstream
from the cultivated land on the high slope. Figure 1 gives a schematic diagram of the
contaminated site.

As described in the above portion, the biostimulation-bioaugmentation joint approach
was used to treat the contaminated field. (NH4)2SO4 and K2HPO4 were added for the bios-
timulation operation according to the proportion and the dosage mentioned in Section 2.2.
Pseudomonas sp. was added for the bioaugmentation. The strains and the fertilizer were
mixed with the soil, and the contaminated field was plowed three times. After the above
bioremediation treatment, grass seeds were sowed to test the recovery of the cultiva-
tion ability.

2.10. Statistical Analysis

For the total diesel, soil enzyme activities, total bacteria, and functional gene copy
numbers, the mean value and standard deviation were calculated from three replicates.
The mean values were compared by one-way analysis of variance (ANOVA) with the at a
level of p ≤ 0.05. All statistical analyses were conducted using SPSS 19.0.
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3. Results and Discussions
3.1. The Microbial and Gene Kinetics of Different Degradation Approaches

The degradation using natural volatilization (S), natural attenuation (C), biostimula-
tion (N), bioaugmentation (B), and the biostimulation-bioaugmentation (N-B) joint process
was conducted, as described in the previous portion. The residual diesel content changes
in each experiment system were thus plotted and shown in Figure 2. The alkB and nah
genes, which encode the degradation activities for alkene and aromatic compounds, and
the nifH and amoA gene encoding nitrogen cycle, are also shown in Figure 2. The kinetic
picture of bioremediation of diesel degradation was obtained, from which the different
degradation performance by different remediation processes were identified.

It can be seen in Figure 2a that the residual content of diesel was down to 1.09% in the
case of the biostimulation-bioaugmentation joint process. The volatilization contributes
to a reduction of diesel content within 0.1–0.3%, indicating the necessity of implementing
bioremediation procedures. Both B and N-B processes showed a lag phase of 3 days,
indicating the growth of the inoculated degrading bacteria. As for the N process, the lag
phase extended to 12 days. Here the N-B system removed 58% of diesel, exhibiting the
highest degrading efficiency.

Figure 2b shows the variation of the number of the total bacteria during the degrada-
tion in the soil. Here we ignored system S because it was subjected to sterilization treatment
before bioremediation. The amount of the 16sS rRNA gene copies maintained a low level in
the C system, which, we believe, reflected the toxic effects of diesel that hindered microbial
proliferation. As for other systems, the amount of the total bacteria increased from 107 to
about 1011, in which the N-B system appeared the highest bacterial growth. An increase
in microbial 16S rRNA also appears for the B and N systems, respectively, indicating the
colonization of the exogenous bacteria and the effect of biostimulation.

Figure 2c,d give the changes in amount of the alkB and nah gene copies. The amount
of alkB gene copies increased from 106 to 1010 in the B system, which could be attributed
to the inoculation of the degrading strain. We also observe the increase of nah gen copies,
which does not exist in Pseudomonas sp. Therefore, the magnificent increase of the nah gene
was attributed to the increase of microorganisms in the soil caused by biostimulation.

Figure 2e,f give the recovery of the nitrogen cycle genes in different experimental
systems. Here B and C both show a low effect on promoting the nifH and aomA genes,
which indicated that exogenous bacteria might mostly act on the degradation reaction. By
contrast, N showed the best effect for increasing the nitrogen cycle genes; for instance, the
nifH gene copies amount increased from 105 to 109. Here the variation of nifH and aomA
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genes before and after the remediation confirmed the effectiveness of the biostimulation in
the restoration of the soil nitrogen cycle.
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3.2. Soil Enzyme Activities

During the remediation process, soil dehydrogenase activity, FDA hydrolase activity,
urease activity, and phosphatase activity were monitored, and the results are shown in
Figure 3.

As shown in Figure 3a, the changing trend of dehydrogenase activity is consistent
with the diesel degradation process (Figure 2a), indicating that dehydrogenase is a crucial
enzyme in the degradation of diesel pollutants. The enzyme activities of B and N-B systems
increase rapidly, and their growth trends are the same, indicating that the metabolism
of pollutants in the soil was mainly completed by the added degrading bacteria in the
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beginning bioremediation stage. After 18 days, the enzyme activity of the N-B group was
gradually higher than that of the B group, indicating that the addition of nutrient sources is
beneficial to the growth of both degrading strains and indigenous microorganisms and can
promote the increase of dehydrogenase activity. The dehydrogenase activity of the N group
increased rapidly after 15 days, indicating that the degrading bacteria in the indigenous
flora played a role.
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It can be seen from Figure 3b that during the first six days of all treatment processes,
the FDA hydrolase activity is low, which shows that diesel pollutants have an adverse
impact on microbial activity.

During the experiment, the FDA hydrolase of the C group has been maintained at a
low level (less than 55 µg fluorescein/g/h), indicating that the microbial activity in the
soil is low and remains unchanged. The N group and N-B group trends were similar in
the early stage, and the degradation ability was higher than that of the N group due to
the addition of degrading bacteria in the later stage of degradation. The results of groups
N and B are opposite to the results of dehydrogenase activity. The overall results show
that biological stimulation remediation measures can better promote the restoration of soil
microbial activity.

Soil urease and phosphatase can reflect the nutrient cycling capacity of the soil, which
is an indicator that needs attention in the process of remediation of barren contaminated
soil. Figure 3c,d give kinetics of urease and phosphatase activities of soil during different
remediation methods. The effect of the N group is the best, and the urease activity and
phosphatase activity increase rapidly during the whole degradation process, which shows
that the proper ratio of nutrient addition can significantly restore the soil nutrient cycle.
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Moreover, from the measurement results of the two enzymes, the effect of biological
stimulation on different enzyme activities is different. The urease activity increased from
0.95 ± 0.02 to 8.94 ± 0.01 mg NH4

+-N/g dry soil/h, and phosphatase activity increased
from 0.02 ± 0.01 to 0.17 ± 0.01 mg phenol/g dry soil.

3.3. Analysis of Diesel Oil Components

In the process of bioremediation, not only the changes in the content of pollutants
should be considered, but also the composition and toxicity of the residual pollutants in the
soil after the bioremediation so as to avoid greater harm to the soil microecology and crop
growth. Figure 4 shows the GC results of diesel in different simulated degradation soils.
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The residual diesel components in the soil are shown in Table 1 after mass spectrometry
analysis. According to the components of diesel fuel and mass spectrometry analysis,
compounds No. 2, 4, 6, 8, and 10 should be the intermediate products of diesel degradation
during the soil bioremediation process. After comparison with the mass spectrum database,
the most likely structural formula is shown in Figure 4d. The components remaining in
the soil after diesel degradation are mainly alcohols, lipids, and a small number of fatty
amine compounds. These substances have very low toxicity. It also shows that the main
degradation pathway of alkanes in the soil is achieved through the β oxidation process of
degrading bacteria [50].
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Table 1. Mass spectrometric analysis results of soil residual diesel components.

Number Component Number Component Number Component

1 C12H24 7 C15H32 13 C19H40
2 C7H5N 8 C14H30O 14 C20H42
3 C13H28 9 C16H34 15 C21H44
4 C12H24O 10 C15H32O 16 C22H46
5 C14H30 11 C17H36 17 C23H48
6 C7H12O2 12 C18H38 18 C24H50

3.4. The On-Site Test of the Biosimulation-Bioaugmentation Joint Remediation

Using the biostimulation-bioaugmentation joint process, as described in Section 2.2,
on-site remediations were conducted for one month. Figure 5 shows the pictures of the
contaminated soil before and after the bioremediation.
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Figure 5. Picture of the contaminated filed.

Figure 5 shows that the surface of the field was flat after bioremediation, green grass
appeared, indicating the recovery of the soil fertility directly. After a month of operation,
the content of diesel decreased from 2.7%± 0.3 to 1.12%± 0.1. Meanwhile, the physical and
chemical properties of the remediated soil were close to the uncontaminated counterpart.
More information is available in Table A2 and Figure A2 (Appendices B and F).

3.5. Profiling of Functional Genes and Enzyme Activity during Biodegradation

The real-time PCR quantification of functional soil bacteria involved in universal
bacteria (16S rRNA), nitrogen fixation (nifH), ammoxidation (amoA), alkane degradation
(alkB), and naphthalene degradation (nah) are shown in Figure 6.

As shown in Figure 6a, the diesel contamination in the soil led to a reduction for the
universal bacteria (UB), the nitrogen-fixing bacteria (NFB), and the ammonia-oxidizing
bacteria (AOB). By contrast, the amount of alkane degradation bacteria (ADB) and naph-
thalene degradation bacteria (NDB) increased. This indicated diesel contaminants harmful
to UB, as described by Calvo et al. [51].

The amount of alkB and nah genes that encode, respectively, the alkane hydroxylase
and naphthalene dioxygenase, are increased from 2 × 104 to 1 × 106, indicating the stimu-
lation effect. Similar enrichments in indigenous degrading microorganisms by the selective
pressure exerted by petroleum hydrocarbons have been reported [52–54]. There was a
qualitative change of NDB, which was not detectable in the uncontaminated counterpart.
The diesel contamination led to its appearance, up to 2 × 105. The difference in the amount
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of the ADB and NDB in the contaminated soil could be due to the different biodegradability
for alkane and PAHs.
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The nitrogen cycle is one of the most important cycles in the biosphere, consisting
of nitrogen assimilation, ammoniation, nitrogen fixation, nitrification, and denitrification.
During the nitrogen cycle, the key reactions are catalyzed by dinitrogenase and ammonia
oxidase, which are encoded by nifH, amoA genes, respectively. The population of nitrogen
cycle-related bacteria reflects nitrogen nutritional status in soil. The presence of NFB
and AOB is also beneficial for the accumulation of available nitrogen. The decrease of
NFB and AOB populations indicated the destruction of the nitrogen cycle due to diesel
contamination, as Knowles and Wishart [55] reported. They found that light PAHs might
cause the strong inhibition of the nitrogen cycle.

As for the N-B process, the number of copies for all functional genes increased, indi-
cating the promotion of both nitrogen cycle genes and degrading reactions. It was reported
that biostimulation operations displayed high remediation efficiency when nutrient deple-
tion occurred. Biostimulation could particularly effectively recover the nitrogen cycle [56].
The increase of the NDB displayed the effect of biostimulation as the gene level.

Figure 6b analyzes the FDA hydrolase activity, dehydrogenase activity, urease activity,
and phosphatase activity of the soil after restoration. First, the FDA hydrolase activity has
recovered and exceeded the normal value, indicating that after the combined remediation
of bioaugmentation and biostimulation, the pollutants in the soil are removed and the soil
nutrient level is improved, thereby promoting the improvement of soil microbial activity.
From the perspective of dehydrogenase, due to the addition of degrading bacteria, soil
dehydrogenase activity is increased, laying a foundation for further bioremediation in the
future. The activity levels of urease and phosphatase are more than in normal soil, showing
that for the treatment of barren contaminated soil, biostimulation remediation technology
can effectively restore the cyclic activity of soil nitrogen and phosphorus.

The above results show that the enzyme activity of the soil is severely reduced without
treatment after the soil is polluted, and the pollution affects the soil micro-ecology and
farming ability. After bioremediation, the soil functional enzyme activity indicators tend to
recover and exceed normal values.

3.6. Profiling of Microbial Community during the Biostimulation-Bioaugmentation Joint
Remediation Process

The Illumina MiSeq sequencing quantification of the microbial community involved
in the Actinomycetes, Acidobacteria, Bacteroidetes, Deltaproteobacteria, and Gammaproteobacteria
are shown in Figure 7.
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As shown in Figure 7, the diesel contamination in the soil led to a reduction for
the Actinomycetes, Acidobacteria, and Bacteroidetes, which are involved in the regular mi-
croorganisms in the soil, as also reported by Greenwood et al. [57] and Zhang et al. [58],
indicating the inhibition effects for the regular microbial community. In addition to diesel
contamination, the low electrical conductivity reduced the oxygen content of the soil. Mean-
while, the proteobacteria were stimulated by diesel contamination, i.e., Gammaproteobacteria
from 2.61% ± 0.02 to 5.08% ± 0.15 in the contaminated soil. Such enrichment in degrad-
ing microorganisms by the selective pressure exerted by diesel has also been reported
by Ramsay et al. [59] and Harayama et al. [60]. After the bioremediation operation, the
Actinomycetes, Acidobacteria, and Bacteroidetes approached the level of those in uncontami-
nated soil, indicating the recovery of the regular microorganisms. The flow chart of the
diesel contaminated site demonstration is shown in Figure 8.
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4. Conclusions

In this work, we investigated the remediation effect on diesel-contaminated farm-
land soil using different bioremediation methods, including natural volatilization (S),
natural attenuation (C), biostimulation (N), bioaugmentation (B), and the biostimulation-
bioaugmentation joint (N-B) remediation method. Quantitative analysis of bacterial genes
and functional genes was carried out by real-time PCR. The functional enzyme activity,
functional gene content, and soil total DNA metagenomic information were determined to
evaluate the impact of diesel pollution on soil microbial ecology and biological functions
by monitoring the soil’s physical and chemical properties to evaluate the feasibility of the
experimental program. The results show that the presence of diesel severely damages
the soil’s nitrogen cycle system and reduces soil cultivation capacity. The combined re-
mediation of the biostimulation-bioaugmentation can reduce the diesel content in the soil
and restore the micro-ecological structure of the soil. This joint remediation process can
improve the functional enzyme activity of the soil, strengthen the coding expression of
the soil nitrogen cycle functional gene, and stimulate the increase of degradation genes
alkB and the expression of the gene nah. The in situ field experiment shows that the diesel
content decreases from 2.7% ± 0.3 to 1.12% ± 0.1, and the soil electrical conductivity, avail-
able ammonium nitrogen, and available potassium, restore to normal levels. The Miseq
sequencing results showed that the microecological diversity returned to normal levels.
Among them, the Actinomycetes, Acidobacteria, Bacteroidetes all reached or exceeded normal
soil. This work will help us to better understand how to regulate the micro-ecological
structure of the biosimulation-bioaugmentation joint remediation process and to further
improve the degradation efficiency.
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Appendix A

Table A1. Nomenclature.

Abbreviation

OD Optical Density
qPCR Quantitative Polymerase Chain Reaction

GC-MS Gas chromatography-Mass spectrometry
TTC 2,3,5-triphenyltetrazolium chloride
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Table A1. Cont.

Abbreviation

TPF Triphenylformanzan
nifH nitrogen fixation
amoA Ammoxidation
alkB alkane degradation
nah naphthalene degradation
UB universal bacteria

NFB nitrogen-fixing bacteria
AOB ammonia-oxidizing bacteria
ADB alkane degradation bacteria
NDB naphthalene degradation bacteria
PAHs Polycyclic Aromatic Hydrocarbons
TPH Total Petroleum Hydrocarbon

FDA hydrolase Fluorescein Diacetate Hydrolase

Appendix B. Physicochemical Properties of Soil Samples

The physicochemical properties of soil samples were determined at the Beijing Academy
of Agricultural and Forestry Sciences. The results are presented in Table A2.

Table A2. The physicochemical properties of the soil.

Samples

Results

Organic Matter Ammonium
Nitrogen

Available
Phosphorus Soil pH

EC Soil Texture (%)

g/kg mg/kg mg/kg mS/m Sand Silt Clay

Uncontaminated
counterpart 20.8 7.23 144 8.19 10.1 2.44 13.68 24

Diesel contaminated soil 29.7 7.59 114 8.2 8.83 3.98 12.14 26
Remediated soil 17.8 10.3 150 7.99 24.7 2.82 13.24 25
Referenced value >15 >20 >100 7.5–8.5 <50

Table A2 shows the differences in the soil samples. Due to the diesel contaminant, the
soil’s organic matter increased from 20.8 to 29.7 (g/kg). It was the typical characteristic for
petroleum hydrocarbon contamination. Both the normal soil and the contaminated soil
showed lower ammonium nitrogen and available phosphorus according to the referenced
value (referenced values according to the data from Beijing Academy of Agricultural
and Forestry Sciences), indicating the nutrient depletion for the local soil. The electrical
conductivity decreased obviously after the pollution, which was particularly harmful to
the growth of both plants and microorganisms. Thus the remediation plan should consider
the degradation of the contaminants, the recovery of the soil nutrient content, and the
electrical conductivity.

After the bioremediation operation, it was shown in Table A2 that the physical and
chemical properties of the remediated soil were close to the uncontaminated counterpart.
The organic matter dropped to the normal level, indicating the degradation of the contami-
nation. Ammonium nitrogen and available phosphorus increased to the referenced level.
Both the pH and electrical conductivity have been restored to the normal level.

Appendix C. The Isolation of the Strain from the Contaminated Soil

Diesel-contaminated soil (10 g) was suspended with sterile water (100 mL) and
blended at 170 rpm for 24 h in 30 ◦C. The resultant slurry was added to 3 mL steril-
ized standard #0 diesel (0.22 um filter) each day and incubated in 3 days. The resultant
slurry was serially diluted with physiological saline, and aliquots with 0.1 mL culture were
plated on solid plates. All of the plates were incubated at 30 ◦C for 24 h. Isolates were
distinguishable based on colony morphology.
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HD-2 was selected as the target strain through the diesel degradation rate experiment,
and the 16S rDNA of HD-2 was specifically amplified using the bacterial universal primer
27f/1492r. The amplified PCR products were purified and sequenced. The sequencing
results were compared with the 16S rDNA sequences of other bacteria through the Gen-
bank database. Through Mega 5.0 analysis, the PCR product sequence of HD-2 has high
homology with multiple representative strains of Pseudomonas. The phylogenetic tree
construction is shown in Figure A1. Therefore, HD-2 was identified as Pseudomonas by the
16S rDNA gene sequence. The Gram staining experiment found that the bacterium was a
Gram-negative bacterium.
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Appendix D. The Primer Sequences and Normal PCR Procedure

Table A3. The primer sequences and normal PCR procedure.

Target Gene Primer (5′-3′) PCR Program

16S rRNA
Universal

AAACTCAAAKGAATTGACGG 10 min at 95 ◦C; followed by 40 cycles of 15 s at
95 ◦C, 30 s at 50 ◦C, 50 s at 72 ◦CCTCACRRCACGAGCTGCTGAC

alkB
Partial alkane hydroxylase gene

AACTACMTCGARCAYTACGG 5 min at 94 ◦C; followed by 40 cycles of 15 s at
95 ◦C, 30 s at 50 ◦C, 45 s at 72 ◦CTGAMGATGTGGTYRCTGTTCC

nah
Partial naphthalene dioxygenase gene

CAAAARCACCTGATTYATGG 10 min at 95 ◦C; followed by 40 cycles of 1 min
at 95 ◦C, 1 min at 49 ◦C, 2 min at 72 ◦CAYRCGRGSGACTTCTTTCAA

nifH
Partial nitrogen fixation gene

AAAGGYGGWATCGGYAARTCCACCAC 5 min at 95 ◦C; followed by 40 cycles of 1 min
at 94 ◦C, 1 min at 55 ◦C, 2 min at 72 ◦CTTGTTSGCSGCRTACATSGCCATCAT

amoA
Partial nitrification gene GGGGTTTCTACTGGTGGT 5 min at 94 ◦C; followed by 40 cycles of 1 min

at 94 ◦C; 90 s at 60 ◦C, 90 s at 72 ◦C

Appendix E. Standard Curves for Quantitative PCR (qPCR)

The PCR products were purified using a TIAN Quick Midi Purification Kit (TIAN-
GEN, Beijing, China), ligated with the pMD19-T cloning vector (TAKARA, Dalian, China),
and transformed into DH5α/JM109 (TIANGEN, China) competent cell. Transformants
were selected on LB(Luria-Bertani) agar plates containing ampicillin (final concentration of
50 µg/mL), 4 µL of 200 mg/mL IPTG and 40 µL of 20 mg/mL X-gal. Positive clones con-
firmed by colony PCR were inoculated into LB liquid medium with ampicillin (50 µg/mL)
and incubated at 37 ◦C, 145 r/min for 12 h. The plasmid DNA was extracted using a Plas-
mid Miniprep Kit (Biomiga, San Diego, CA, USA). The concentrations of plasmids were
determined by a NANODROP 1000 Spectrophotometer (Thermo Scientific, Rockwood, TN,
USA). Ten-fold serial dilution was conducted to construct standard plasmid DNA with
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103 to 108 gene copies/µL. Standard curves for the taxonomic and functional genes were
generated by plotting the threshold cycle (Ct) values versus the logarithmic values of gene
copy numbers.

Appendix F. Total Diesel Analysis

The content of diesel in the soil was determined by gas chromatography analysis. The
gas chromatography results were shown in Figure A2.

It was seen the chromatograph peak of the diesel in the contaminated soil. According
to the standard curve, the diesel content in the soil was around 2.5–3.0% (g/g). After a
month’s operation, the content of diesel decreased to 1.12%. According to the Guidance
Document for the Remediation of Contaminated Soils (USEPA, 2007), the diesel content
after bioremediation was close to the standard level.
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Appendix G

The data of sequencing coverage and reads were shown in the Figure A3. The se-
quencing coverage of the DNA samples was not less than 90%. The valid reads were more
than 8.0 × 104 for every DNA extract from the soil. The different number of sequences
might be due to the sample preparation and the change of the microbial community for the
soil. The results of the statistics for cluster and distribution of the DNA reads are shown in
Table A4.
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Table A4. The statistics for cluster and distribution of the DNA reads.

Start End NBases Ambigs Polymer NumSeqs

Minimum: 1 387 150 0 3 1
2.5%-tile: 1 391 168 0 2 835,020
25%-tile: 1 391 170 0 2 835,020
Median: 1 391 188 0 4 670,039
75%-tile: 1 391 193 0 5 1,005,058

97.5%-tile: 1 391 194 0 5 1,306,575
Maximum: 2 391 216 0 6 1,431,033

Mean: 1.00028 391 182.774 0 3.8571 775,285
unique seqs: 174,834

total seqs: 1,431,033
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