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Abstract: There are few studies about the functional genes involved in the microbial
degradation of polycyclic aromatic hydrocarbons (PAHs) in crude oil-contaminated soils in
Xinjiang, and the correlations between environmental factors and functional genes remain
unclear. [Objective] To reveal the structures and dynamic characteristics of key
PAH-degrading genes during the natural attenuation of crude oil-contaminated sandy soils in
Xinjiang. [Methods] We studied the variations in the physicochemical properties and the
content of PAHs in the soils contaminated by crude oil for different years in the same oil
production area in Zhundong Oilfield in Xinjiang. Amplicon sequencing was employed to
study the dynamic characteristics of genes involved in the degradation of PAHs during the
natural attenuation of crude oil-contaminated soils. Mental test was performed to explore the
environmental driving factors. [Results] The soils contaminated by crude oil for 1 and 3 years
had several physicochemical properties significantly different from the background soils, while
that contaminated for 5 years had only 2 physicochemical properties significantly different,
which gradually returned to normal levels with the natural attenuation of crude oil. Among the
16 PAHs studied, the remaining 14 PAHs except acenaphthylene and chrysene in the soils
contaminated by crude oil for 1 year had higher content than those in the soil contaminated by
crude oil for 3 and 5 years. The total PAHs and crude oil content in the 1-year contaminated
soils were significantly higher than those in the 3-year and 5-year contaminated soils, which
indicated that PAHs could be rapidly degraded in a short time after contamination. The
amplicon sequencing results showed that the operational taxonomic units (OTUs) of
naphthalene dioxygenase gene gradually increased with the extension of pollution years. The
OTUs of aromatic ring-hydroxylating dioxygenase gene were annotated by BLAST alignment
into 6 types of PAH-degrading genes, which first increased and then decreased with the
extension of contamination time. The OTUs of aromatic ring-hydroxylating dioxygenase gene
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presented dramatically decreased diversity within 5 years of contamination. The Mental test
results showed that the functional gene structures were significantly affected by soil soluble
organic carbon and water content and not by PAHs. [Conclusion] The structures of
PAH-degrading genes are mainly affected by soil soluble organic carbon and water content
during the natural attenuation of crude oil-contaminated sandy soil in the Zhundong Oilfield of

Xinjiang.

Keywords: crude oil contamination; polycyclic aromatic hydrocarbons; natural attenuation;

functional genes; dynamic characteristics
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Figure 1 Soil properties of oil-contaminated and background soil in Zhundong oilfield. The different
lowercase letters indicate significant differences between soil samples (P<0.05). The same below. The letter
abbreviations represent different soil properties. WC: Water content; EC: Electrical conductivity; TN: Total
nitrogen; TC: Total carbon; DOC: Dissolved organic carbon; TP: Total phosphorus; TS: Total sulphur.
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Figure 2 Polycyclic aromatic hydrocarbons content in oil-contaminated soils of Zhundong oilfield. The letter
abbreviations represent different polycyclic aromatic hydrocarbons. Nap: Naphthalene; Acy: Acenaphthylene;
Flu: Fluorene; Ace: Acenaphthene; Phe: Phenanthrene; Ant: Anthracene; Fla: Fluoranthene; Pyr: Pyrene; Chr:
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Figure 3 Venn diagram of nah and nid gene in oil-contaminated soils with different pollution years of

Zhundong oilfield.
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of Zhundong oilfield. The different lowercase letters indicate significant differences between soil samples

(P<0.05).
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Figure 5 Principal co-ordinates analysis and the relative abundances heat map of nah and nid gene in
oil-contaminated soils with different pollution years of Zhundong oilfield. A: Principal co-ordinates analysis
of nah gene. B: Principal co-ordinates analysis of nid gene. C: Heat map of nah gene. D: Heat map of nid
gene.
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Figure 6 Relative abundance of different nid-like genes in oil-contaminated soils with different pollution
years of Zhundong oilfield. A: Column stacking diagram of the relative abundance of different nid gene types.

B: Box-plot of different nid gene types, P<0.05.
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Figure 7 Phylogenetic analysis of naphthalene dioxygenase gene fragments in oil-contaminated soils with
different pollution years of Zhundong oilfield. The numbers at nodes indicate the bootstrap values based on
neighbor-joining analyses of 1 000 resamples date sets. Bar: 0.01 sequence divergence. The numbers in
parentheses are accession numbers of sequences.
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Figure 8 Phylogenetic analysis of aromatic ring-hydroxylating dioxygenase gene fragments
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oil-contaminated soils with different pollution years of Zhundong oilfield. The numbers at nodes indicate the
bootstrap values based on neighbor-joining analyses of 1 000 resamples date sets. Bar: 0.1 sequence divergence.

The numbers in parentheses are accession numbers of sequences.
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x1 HMREEFAESARAMSRIRP ST RERERSHIEXXER
Table 1 Correlation between different combination of environmental variables and aromatic dioxygenase gene
structure in different oil-contaminated soils of Zhundong oilfield

Different combination of environmental factors Correlation coefficient Mantel test
™ P

DOC 0.518 9 0.296 3 0.102 7
DOC WC 0.590 7 0.480 8 0.005 1
TS DOC WC 0.5712 0.460 0 0.009 5
TS DOC EC OC 0.564 0 0.4517 0.010 6
TS DOC WC EC OC 0.538 5 0.428 1 0.014 0
TS DOC WC EC pH OC 0.5372 0.5315 0.002 1
TS DOC WC EC pH OC TPAHs 0.505 3 0.428 1 0.0112
TN TS DOC WC EC pH OC TPAHs 0.473 6 0.3799 0.020 4
TN TC TS DOC WC EC pH OC TPAHs 0.4319 0.378 4 0.016 6
TN TC TP TS DOC WC EC pH OC TPAHs 0.3822 0.3140 0.0379

The letter abbreviations represent different soil properties are shown in figure 1 note.

ZITF e T R SRR N Bioenv 70 HTASR A RIS T7 T ke WUNN S (R 254 7 ARt 2
B/RGER 2), 16 FIZHIFRT Y AIf[al@F 20, SLIER B8 20058 R8BI
FIf[aleE A B XA M5 g LI PIFERRIOINA FFA, HRHS B AR, it
WAL S5 RS e R, AHOC RO 0.483 1, {H ABER AL Fir 3% 2 37 07 e e i SE A
ZRMARE, AR B3RS REFH 450,
x2 ZUFRESSTIEAMBSRIRD ST TRERERSHNEILR

Table 2 Correlation between PAH combination variables and aromatic dioxygenase gene structure in different
oil-contaminated soils of Zhundong oilfield

Different combination of PAHs Correlation Mantel test
coefficient ™ P

Fla 0.414 1 0.2908 0.0506
Flu Fla 0.426 8 0.2432  0.0660
Flu BaA BaP 0.483 1 02046 0.1179
Flu BaA BaP IcdP 0.4752 02033 0.1151
Flu Ant Fla BaA IcdP 0.481 1 0.1959 0.1277
Flu Ant Fla BaA BaP BghiP 0.465 6 02136 0.103 1
Flu Ant Fla BaA BaP BghiP IcdP 0.464 1 0.2170 0.1017
Flu Ant Fla BaA BaP DahA BghiP IcdP 0.4353 0.1931 0.1250
Acy Flu Phe Ant Fla BaA DahA BghiP IcdP 0.404 9 02201 0.0982
Nap Acy Flu Ant Fla BaA BKF DahA BghiP IcdP 0.395 1 02288 0.0948
Nap Acy Flu Phe Ant Fla BaA BaP DahA BghiP IcdP 0.386 6 0.2131 0.1058
Nap Acy Flu Ant Fla Pyr BaA BkF BaP DahA BghiP IcdP 0.360 6 0.2214 0.098 3
Nap Acy Flu Ace Phe Ant Fla Chr BaA BaP DahA BghiP IcdP 0.336 7 0.1655 0.1604
Nap Acy Flu Phe Ant Fla Pyr Chr BaA BkF BaP DahA BghiP IcdP 0.3202 0.1750 0.143 4
Nap Acy Flu Ace Phe Ant Fla Pyr BaA BbF BkF BaP DahA BghiP IcdP 0.287 8 0.1640 0.168 6
Nap Acy Flu Ace Phe Ant Fla Pyr Chr BaA BbF BkF BaP DahA BghiP IcdP 0.243 5 0.1261 0.1815

The letter abbreviations represent different polycyclic aromatic hydrocarbons are shown in figure 2 note.
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