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Characterization of Dietzia cercidiphylli C-1
isolated from extra-heavy oil contaminated soilf

Xiaoli Dai, @2 Guangxu Yan and Shaohui Guo*

Bioremediation of extra-heavy oil contaminated soil has become a hot research field. It is difficult for extra-
heavy oil to be degraded by bacteria. In this study, strain C-1 was isolated from Venezuelan extra-heavy oil-
contaminated soil. Morphological, physiological and phylogenetic analysis identified strain C-1 as Dietzia
cercidiphylli. The strain could degrade 25.58 + 0.48% of extra-heavy oil at an initial concentration of
100 mg L7t in 14 days with the degradation rate constant of 0.021 per day. GC-MS analysis
demonstrated that the strain could effectively degrade medium (C13-C17) and longer (C44) length chain
n-alkanes. This is the first report that the Dietzia strain can degrade extra-heavy oil, especially C44 n-
alkanes. Dietzia cercidiphylli C-1 could be applied in extra-heavy oil contaminated soil bioremediation in

rsc.li/rsc-advances the future.

1. Introduction

Venezuelan extra-heavy oil is the largest accumulation of heavy
oil in the world, containing 90% of the world's extra-heavy oil.*
The study and use of Venezuelan extra-heavy oil is rapidly
growing to meet the increasing demand for energy throughout
the world.>® Subsequently, extra-heavy oil enters into the soil
environment via many ways, including processing, trans-
portation, and storage as well as leakage. Compared to
conventional crude oil and heavy oil, extra-heavy oil has a much
higher density, viscosity and content of high molecular weight
hydrocarbons.* Obviously, extra-heavy oil may cause serious
environmental damages and is extremely difficult to clean up.
Remediation methods are urgently needed to address extra-heavy
oil pollution.

Bioremediation technology has been recognized as an effi-
cient, economic, and versatile alternative to physicochemical
treatment of oil contaminated soil. The successful application
bioremediation techniques including composting, bio-
augmentation and biostimulation for remediating oil contam-
inated soil has been reported by numerous studies.>” It
employs microorganisms to achieve complete or partial
mineralization of pollutants, resulting in their removal or
transformation to a harmless product.>® A large number of
studies showed that many kinds of microorganisms had strong
ability to degrade oil.>™ Oil-degrading microorganisms have
been widely considered to be the most crucial factors governing
the bioremediation of oil contaminated soil. However, most of
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these studies focused on conventional crude oil, which is more
readily degradable and easier to clean up than extra-heavy oil.
There have been only a few attempts to isolate microorganisms
that degrade extra-heavy oil and to use them for bioremediation
of the contaminated soil environment.

It is important to obtain microorganisms that can degrade
extra-heavy oil. Dietzia sp. has already been found to be capable of
utilizing a wide range of n-alkanes. For example, Dietzia sp.
A14101 depletes C6 to C26 n-alkanes of crude oil;"® Dietzia sp. E1
has an excellent ability to degrade C12 to C38 n-alkanes,'® Dietzia
sp. DQ12-45-1b grows on a wide range of n-alkanes (C6-C40),
aromatic compounds and conventional crude oil.'” Unfortunately,
it is no report that Dietzia strains can degrade extra-heavy oil.

Here, a Dietzia strain was isolated from the Venezuelan extra-
heavy oil contaminated soil in Liaohe oilfield (Liaoning, China),
identified based on their morphological and physiological
characteristics and 16S rDNA sequence analysis. As the bacterial
strain showed high degradation capacity for extra-heavy oil, its
degradation kinetics and degradation characteristics of extra-
heavy oil were analyzed.

2. Materials and methods
2.1 Sampling

A soil sample was collected from the oil contaminated soil in
Liaohe oilfield (Liaoning, China). Soil (500 g) was taken from 1
to 12 cm below the surface of layer using a sterile knife.

The experimental oil was Venezuelan extra-heavy crude oil
with the addition of diluents. According to the analysis method
mentioned in Section 2.7, the oil contained 35.20% aliphatics,
35.18% aromatics, 19.50% asphaltenes and 10.12% resins.

This journal is © The Royal Society of Chemistry 2017
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2.2 Media

The mineral salt medium (MSM) was composed of (L™'):
(NH,4),S0, 5 g, KH,PO, 3.0 g, Na,HPO,-2H,0 2 g, MgS0,-7H,0
0.7 g, 1 mL of trace element solution and the medium pH was
adjusted to 7.5. Solid MSM plate was prepared by adding 2.0 g
agar into 100 mL MSM.

The trace element solution was composed of (L™"): CoCl,-
-6H,0 0.1 g, MnO,-4H,0 0.425 g, ZnCl, 0.05 g, NiCl, 6H,0
0.01 g, CuSO,-5H,0 0.015 g, Na,Mo0O,-2H,0 0.01 g, Na,SeO,-
-2H,0 0.01 g, CaCl, 0.147 g.

R,A medium'® was composed of (L™): peptone 0.5 g, yeast
extract 0.5 g, casamino acid 0.5 g, glucose 0.5 g, soluble starch
0.5 g, K,HPO, 0.3 g, MgSO,-7H,0 0.05 g, sodium pyruvate 0.3 g
and the medium was adjusted to 7.5. Solid R,A medium was
prepared by adding 2.0 g of agar into 100 mL R,A.

2.3 Isolation and screening of extra-heavy oil degrading
bacteria

Bacteria strains were isolated from the contaminated soil by
cultivation in R,A medium at 30 °C for 7 days. Selection of
strains able to degrade hydrocarbons was conducted by culti-
vating 5 mL cultured aliquots on MSM ager plates with 0.1% (w/
v) of extra-heavy oil as the sole carbon source and energy at
30 °C for 7 days. One strain, designated strain C-1, was selected
due to its good ability in the process of extra-heavy oil
degradation.

2.4 Morphological and biochemical characteristics

The morphological properties of strain C-1 were examined by
optical microscopy. The typical biochemical and physiological
characteristics of strain C-1, including Gram staining, catalase
activity, oxidase activity, Voges-Proskauer reactions, methyl red,
nitrate reduction, acid from glucose, indole production, nitrate
reduction and hydrogen sulfide production, were systematically
analyzed according to Bergey's Manual of Determinative for
Bacteriology.*’

2.5 Analysis of 16S rDNA sequence and phylogenetic analysis

Genomic DNA was extracted with D3350-01 genome DNA
isolation kit (Sangon Ltd., Shanghai, China), and the extracted
DNA was amplified by PCR in a peqSTAR 96 universal thermo-
cycler (PEQLAB Biotechnology) using the genomic DNA as
template and the bacterial universal primers were as follows:
F27(5'-CAGCGGTACCAGAGTTTGATCCTGGCTCAG-3'); R1492-
(5'-CTCTCTGCAGTACGGCTACCTTGTTACGACTT-3'). The PCR
amplification was performed as follows: 94 °C for 45 s, followed
by 30 cycles of 94 °C for 45 s, 55 °C for 30 s and 72 °C for 1.5 min
and a final extension at 72 °C for 10 min. The PCR product was
sequenced by a commercial service (BGI, China). The sequences
were aligned with the 16S rDNA sequence of each strain by
Clustal X software.

2.6 Carbon source utilization

Based on the result of the growth curve (Fig. S1t), the cultivation
time of strain C-1 was chosen for 3 days (the logarithmic growth
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phase). To test the ability of strain C-1 to grow on different
hydrocarbons as sole carbon sources, cells from 5 mL 3 day-old
cultured (ODg, value of 0.9) in R,A medium were harvested by
centrifugation at 5000 rpm for 10 min and then washed three
times with sterile saline solution to remove the residual organic
compounds from the cultured solution, after which they were
inoculated into 100 mL of MSM medium supplemented with
liquid or solid hydrocarbons in 250 mL Erlenmeyer flasks. The
final concentrations of n-alkanes (C6, C16, C24, C40), cyclo-
hexane (C6) and aromatic naphthalin, phenanthrene, fluo-
ranthene, anthracene, pyrene, benzene and ethanol in the flasks
were 0.3% (v/v) for liquid alkanes, 0.05% (w/v) for solid alkanes
and aromatic hydrocarbons. Two controls, one containing cells
and no hydrocarbons and another containing hydrocarbons and
no cells, were used. All cultures were incubated in the dark at
30 °C for 7 days while shaking at 180 rpm, then cell growth was
recorded by measuring ODg in the medium.

2.7 Degradation of extra-heavy oil by strain C-1

After growth in R,A liquid medium at 30 °C for 3 days, cells in 5
mL broth (ODgg, value of 0.9) were harvested by centrifugation
at 5000 rpm for 10 min, washed three times with distilled saline
solution and inoculated into 100 mL MSM medium in 250 mL
Erlenmeyer flasks amended with 0.1% (w/v) heavy crude oil. The
culture conditions were kept at 30 °C with shaking at 180 rpm
for 14 days. Meanwhile, a control group was established without
adding strain C-1. All experiments were performed in triplicate.

The residual extra-heavy oil in each Erlenmeyer flask were
extracted with 40 mL CCl, at time intervals of 1, 2, 4, 6, 8, 10, 12
and 14 days, and the extracted extra-heavy oil concentration was
measured by an infrared (IR) spectrophotometer (OIL-460,
China Invent Instrument Tech. Ltd., China) according to the
national standard method in China.?® Meanwhile, the value of
ODgoo was measured for evaluating the influence of extra-heavy
oil on the growth of strain C-1.

2.8 Analysis of saturates, aromatics, resins, and asphaltenics
in extra-heavy oil

The relative content of saturates, aromatics, resins, and
asphaltenics in extra-heavy oil were analyzed using the methods
described.”* The oil was dissolved in n-heptane to separate
insoluble asphaltenes, and further fractionated using activated
alumina column chromatography. The aliphatic fractions were
eluted with petroleum ether, the aromatic fractions were eluted
with benzene, and after that, resin fractions were eluted with
the mixture of dichloromethane and ethanol (1:1 volume
ratio), dichloromethane and ethanol. The content of each
fraction is obtained by weighing.

2.9 GC-MS analysis of hydrocarbon degradation in extra-
heavy oil

The aliphatic and aromatic eluent were concentrated to
a volume of 1.0 mL, and then analyzed by GC-MS (Agilent
7890A/5975C, Agilent Technologies Inc., Santa Clara, CA, USA)
equipped with an HP-5MS fused-silica capillary column.** Peak
areas of each compound were normalized with respect to the
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internal standard (17(a),28(B)-hopane) for n-alkanes and re-
ported in this paper as relative abundance, using the methods
described.****

3. Results and discussion

3.1 Isolation and identification of strain C-1

Nine extra-heavy oil bacterial strains were isolated from long-
term Venezuelan extra-heavy oil contaminated soil collected
from the Liaohe oilfield. The strain that showed the highest
degrading ability and grew best in extra-heavy oil, named C-1,
was selected for further study. Strain C-1 is Gram-positive
(Fig. 1b), rod-like and almost 1.29 pm long (Fig. 1c). Colonies
grown on R,A agar for 3 days at 30 °C were smooth, circular
convex, wet and orange in color (Fig. 1a).

The strain was first identified by classical biochemical tests,
and then molecular identification was performed for strain C-1
by amplification and sequencing the 16S rDNA sequencing and
comparing them to the database of known 16S rDNA sequences.
The results of biochemical identification were shown in Table 1.
Strain C-1 was positive for catalase and negative for acid from
glucose, oxidase, methyl red, nitrate reduction, indole produc-
tion, citrate utilization, Voges-Proskauer reaction, hydrogen
sulfide. The molecular identification of strain C-1 show that this
strain belongs to Dietzia cercidiphylli (99%). The phylogeny tree
of this bacterium is shown in Fig. 2.

3.2 Carbon source utilization of strain C-1

Twelve kinds of carbon source were tested as sole carbon
substrates of C-1, including various low and high molecular
weights of PAHs and some kinds of n-alkanes. All of them exist
ubiquitously in the oil contaminated soil. Strain C-1 was found
to grow obviously with C16 n-alkanes and ethanol, while it grew
a bit slower with C40 n-alkanes, but could not use cyclo-hexane
(C6), C24 n-alkanes, naphthalene, phenanthrene, fluoranthene,
anthracene, pyrene, benzene for growth (Table 2). It could be
inferred that strain C-1 could degrade length and longer length
chain n-alkanes of extra-heavy oil.

3.3 Degradation kinetics of extra-heavy oil

Remediation time can be roughly determined from the degra-
dation step of hydrocarbons in the contaminated soil samples. A

Leanleennd

Fig.1 Photographs of colonies and cells of strain C-1: (a) photograph
of C-1 colonies on R,A solid media plate; (b) Gram stain photograph of
C-1; (c) SEM photograph of C-1 (15.0 x k).
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Table 1 Typical biochemical characteristics of strain C-1
Characteristic Strain C-1
Acid from glucose -
Oxidase test -
Catalase activity +
Methyl red —
Nitrate reduction —
Indole production -
Citrate utilization test -
Voges-Proskauer —
reaction
Hydrogen sulfide test —

<[ Dietzia maris DSM 43672(T)

Dietzia kunjamensis K30-10(T)
Dietzia schimae YIM 65001(T)
Dietzia alimentaria 72(T)
Dietzia aurantiaca CCUG 35676(T)
4 Dietzia aerolata Sj14a(T)
Dietzia psychralcaliphila JCM 10987(T)
Dietzia natronolimnaea CBS 107.95(T)
ss| Dietzia cercidiphylli YIM 65002(T)
54 Strain C-1
Dietzia lutea YIM 80766(T)
Dietzia timorensis 1D05-A0528(T)
Dietzia papillomatosis N1280(T)
_.,.,14_7 JF218041 s ned2538d01c1
92" Dietzia cinnamea IMMIB RIV-399(T)
N aea dietziae DSM 44320(T)

—
001

Fig. 2 Phylogenetic analysis of strain C-1 and related species by the
Neighbor-Joining method based on 16S rDNA sequences. Bootstrap
values (%) are indicated at the nodes, the scale bars represent 0.01
substitutions per site.

number of experimental studies have shown that biodegradation
kinetics can be approximated with first order kinetics:***

y= Coe—kz
where C is the residual oil content in the media at time ¢ (mg
L"), C, is the initial oil content in the media (mg L™%), k is the
biodegradation rate constant (per day) and ¢ is the time (day).
Change in the concentration of extra-heavy oil was shown in
Fig. 3. During the initial 10 days, a decrease of concentration
was observed, however, there was a gradual plateau from 10 to
14 days. Extra-heavy oil degradation kinetics was estimated in
a first-order degradation rate model (Fig. 3), which gave good
description of extra-heavy oil concentration changes. The first-
order rate coefficient k (per day) was calculated by applying
non-linear regression to the experimental data using SPSS. The
k value for extra-heavy oil degradation by strain C-1 was equal to
0.021 per day. Compared with other degradation rate coeffi-
cient,*° the k value was higher. It indicated that strain C-1 had
a good activity for degrading extra-heavy oil.

This journal is © The Royal Society of Chemistry 2017
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Table 2 Utilization of carbon substrates by strain C-1¢

Carbon source Strain C-1

n-Cé —
Cyclohexane -
n-C16 ++
n-C24 —
n-C40 +
Naphthalene -
Phenanthrene —
Fluoranthene —
Anthracene —
Pyrene —
Benzene —
Ethanol ++

% Growth was followed by measuring the increase of ODgggnm for 7 days.
(++) Good growth: ODggonm > 0.2; (+) growth: ODggonm > 0.1; (—) growth:
ODgoonm < 0.05.

10
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Time (day)

Fig. 3 Extra-heavy oil degradation kinetics curve of strain C-1 (@
experimental data; — Monod model kinetic curve).

3.4 Biodegradation of extra-heavy oil

Cell growth and extra-heavy oil degradation efficiency of strain
C-1 was presented in Fig. 4a. During the initial 10 days, rapid
cell growth and sharp increase of extra-heavy oil degradation
efficiency were monitored, after that, with the decrease of cell
number, extra-heavy oil degradation efficiency remained the
25.58 & 0.48% (the largest degradation efficiency) until the end
of the experiment (14 days). It showed that strain C-1 completely
its degradation process of extra-heavy oil within 10 days.
Comparisons with other heavy oil-degrading strains suggested
that strain C-1 showed high activity in extra-heavy oil degrada-
tion."** The result was consistent with the degradation kinetics
of strain C-1.

Fig. 4b showed the change of saturates, aromatics, resins,
and asphaltenics in extra-heavy oil. After 14 days of incubation
(on day 14), the relative content of aliphatics was decreased to
28.62% from 33.95%, causing relative enrichment in aromatics,
resins and asphaltenes and redistribution of relative content. It
could be inferred that strain C-1 could only degrade aliphatics,
but not aromatics, resins and asphaltenes in extra-heavy oil. To
further verify the results, the variation of aliphatics and

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Changes in degradation efficiency, microbial cell number (a)
and four fractions (b).

aromatics was analyzed by GC-MS. GC-MS analysis demon-
strated that strain C-1 could reduced aliphatics when compared
to the control whereas no change of aromatics was monitored
for strain C-1 (Fig. S27).

The above results about the degradation characteristics of
strain C-1 were consistent with previous studies. Although some
Dietzia strains have been reported to utilize pure polycyclic
aromatic groups for growth,"”*** no obvious degradation of
polycyclic aromatic groups of crude oil had been reported for
these strains. In addition, only the gene encoding alkanes
terminal monooxygenases*® were amplified from Dietzia sp.;'*"”
the gene encoding polycyclic aromatic groups dioxygenases®*
has not yet been reported from Dietzia sp. More research is
needed to answer this question (Fig. 5).

Aliphaticsf~100
E-90
F-80
F70
F-60
50
40
E30
F20
F10
~0

Control

Relative Abundance

7 Biodegradation

0 4

8 12 16 20 24 28 32 36

Aromatics 100

Relative Abundance

Biodegradation

0 4 8 12 16 20 24 28 32 36

Time(min)

Fig.5 GC-MS spectrum of aliphatics and aromatics of extra-heavy oil.
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Fig. 6 Relative abundance (%) of n-alkanes after 14 days of strain C-1
biodegradation.

3.5 Biodegradation of n-alkanes of extra-heavy oil

Extra-heavy oil is a complex mixture primarily composed of
insoluble compounds, including different chain-length n-
alkanes, which are not easily dispersed in water. GC-MS analysis
detected someindividual n-alkanes, which included 37.59% of
n-C44; 24.36% of n-C20, n-C21, and n-C24; and 38.06% of n-C13-
C17 (Fig. 7). For strain C-1, n-C13-C17 had higher removal
efficiencies, followed by n-C44, n-C20, n-C21, and n-C24
(Fig. 7a). Fig. 7b shows that the 14 day removal efficiencies of n-
C13, n-C14, n-C15, n-C16, n-C17, and n-C44 were 43.11 + 0.7%,
69.43 + 1.3%, 55.69 + 0.8%, 51.49 + 0.4, 15.56 + 0.3 and 32.4 +
3.0%, respectively; however, n-C20, n-C21, and n-C24 had
almost no degradation. Variation in removal efficiencies led to
changes in the relative abundance of n-C44, n-C20, n-C21, n-C24
and n-C1-C17 groups after 14 days of incubation (Fig. 6).

(a) "] Il Control
8 2541777 Strain C-1 degradation
s

ive a

Relat

Removal efficiency (%) =

Fig. 7 Relative abundance (a) corresponding removal efficiencies (b)
of individual n-alkanes compounds after 14 days of strain C-1
degradation.
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The above results showed that strain C-1 had better degra-
dation for n-alkanes with medium length (C13-C17) chain and
longer length (C44) chain, the n-alkanes with long length
(including C20, C21 and C24) chain had no degradation. These
findings are consistent with previous research. The widely
accepted n-alkanes sequential degradation theory suggests that
C12-C15 are preferentially degraded during the early stages of
crude oil biodegradation,*>*” which could be one of the reasons
why strain C-1 had superiority in biodegradation C13-C17
hydrocarbons during the 14 days cultivation (Fig. 7). In fact,
a novel AIkB rubredoxin fused alkane hydroxylase encoding
gene was cloned in Dietzia strain DQ12-45-1b (strain C-1
belonging to Dietzia sp.) in an accompanying study with the
GenBank Accession Number of HQ850582, which was proved to
be responsible for the degradation of longer hydrocarbons. The
CYP153 gene was cloned and sequenced in another accompa-
nying study with the ability to degrade n-alkanes with the chain-
length of C14 and C16." Overall, the chemical composition data
(measured by GC-MS) corroborated the extra-heavy oil degra-
dation data and carbon source utilization result, showing that
strain C-1 could use length (C13-C17) and longer length chain
(C44) n-alkanes as the sole carbon sources.

4. Conclusions

Strain C-1 belonging to the genus of Dietzia was isolated and
characterized according to its biochemical characteristics and
16S rDNA sequences. It was Gram-positive, rod-like and almost
1.29 um long. Colonies were smooth, circular convex, wet and
orange in color. It was positive for catalase and negative for acid
from glucose, oxidase, methyl red, nitrate reduction, indole
production, citrate utilization, Voges-Proskauer reaction, and
hydrogen sulfide. Strain C-1 can utilize C16 n-alkanes, C40 n-
alkanes and ethanol as sole carbon source. Strain C-1 had a high
extra-heavy oil degradation activity, and the reaction rate
constant k was 0.021 per day. In 14 days of degradation, the
strain could degrade nearly 25.58 = 0.48% of extra-heavy oil.
Four fractions and GC-MS analysis showed that strain C-1 could
degrade aliphatics. GC-MS analysis also showed that strain C-1
could effectively degrade medium length (C13-C17) chain and
longer length (C44) chain n-alkanes, but did not show obvious
degradation for the long length (including C20, C21 and C24)
chain n-alkanes. To date, it is first report that Dietzia strain is
able to degrade extra-heavy oil, especially to C44 n-alkanes.
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