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Abstract:［Objective］Oil pollution poses a severe threat to ecosystems，and bioremediation is considered as a safe and
efficient alternative to physicochemical． ［methods］ for eliminating this contaminant． In this study，a gram-negative
bacteria strain SJTD-2 isolated from oil-contaminated soil was found capable of utilizing n-alkanes and crude oil as sole
energy sources． The efficiency of this strain in degrading these pollutants was analyzed． ［Methods］ Strain SJTD-2 was
identified on the basis of its phenotype，its physiological features，and a comparative genetic analysis using 16S rＲNA
sequence． Growth of strain SJTD-2 with different carbon sources ( n-alkanes of different lengths and crude oil) was
assessed，and the gas chromatography-mass spectrometry method was used to analyze the degradation efficiency of strain
SJTD-2 for n-alkanes and petroleum by detecting the residual n-alkane concentrations． ［Ｒesults］ Strain SJTD-2 was
identified as Pseudomonas aeruginosa based on the phenotype，physiological features，and 16S rＲNA sequence analysis．
This strain can efficiently decompose medium-chain and long-chain n-alkanes (C10 -C26 )，and petroleum as its sole carbon
sources． It preferred the long-chain n-alkanes (C18 -C22 )，and n-docosane was considered as the best carbon source for its
growth． In 48 h，500 mg /L n-docosane could be degraded completely，and 2 g /L n-docosane was decomposed to
undetectable levels within 72 h． Moreover，strain SJTD-2 could utilize about 88% of 2 g / L crude oil in 7days． Compared
with other alkane-utilizing strains，strain SJTD-2 showed outstanding degradation efficiency for long-chain n-alkanes and
high tolerance to petroleum at elevated concentrations． ［Conclusion］ The isolation and characterization of strain SJTD-2
would help researchers study the mechanisms underlying the biodegradation of n-alkanes，and this strain could be used as
a potential strain for environmental governance and soil bioremediation．
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Petroleum contamination from oil spills or
underground storage tank leaks present a severe threat
to ecosystems and result in significant environmental
problems ［1］． In April 2010，The“Deepwater Horizon”
drilling platform located in the Gulf of Mexico
exploded; the oil leak caused the world’s largest
accidental release of oil，and the resulting pollution
belt stretched over 100 km ［2］． Despite considerable
efforts，a substantial portion of the oil still remains in
the coastal ecosystem．

As the dissolution of hydrocarbons from crude oil
in water is extremely difficult，natural remediation or
chemical treatment is not sufficient to clean the oil
pollution． Bioremediation， which is pollution
remediation by microorganisms with oil-degrading
ability， has become a very important alternative
technology because of its high efficiency，low cost，and
minimal secondary contamination to the environment in
the elimination of oil contaminants ［2］． Several
researchers have tried to build efficient and stable
biocatalysts to remove oil residues，and a large number
of microorganisms with bioremediation potential have
been reported．

Petroleum hydrocarbons include mono-aromatic
hydrocarbons such as toluene， polynuclear aromatic
hydrocarbons，and aliphatic hydrocarbons such as the
n-alkanes ［3］． Saturated n-alkanes are very important
components in crude oil，accounting for approximately
20% － 50% of the total oil，and are considered as the
major pollutants． As alkanes are non-polar molecules
with very low chemical activity， their utilization by
microorganisms faces significant challenges，owing to
factors such as low water solubility，high degree of
accumulation in cell membranes，and higher activation
energies［4］． However， hydrocarbon-degrading
microorganisms are ubiquitous in the environment，and
degradation of n-alkanes by microorganisms is a very
common phenomenon［5 － 9］． On the other hand， n-
alkanes could be important carbon and energy sources
for the growing microorganisms and could be transformed
into pollution-free substances． Several microorganisms
capable of degrading n-alkanes of varying lengths have

been reported， including Alcanivorax［10］，
Marinobacter［11］， Cycloclasticus［12］， Ｒhodococcus［13］，
Acinetobacter［14］，andPseudomonas［15］; however，most
of them can only utilize a narrow range of substrates．
For example，A． borkumensisAP1，SK2，and SK7 can
only utilize alkanes ranging from C6 to C16

［16］． Many
strains can utilize the short-chain or medium-chain n-
alkanes; however， they have difficulties in breaking
down the long-chain n-alkanes present in refractory oil
residues［17］．

In this study， a new Pseudomonasaeruginosa
strain，namely， SJTD-2，was isolated from the oil-
polluted soil，and its hydrocarbon utilization capability，
n-alkane breakdown efficiency and crude oil tolerance
were investigated．

1 Materials and Methods

1. 1 Chemicals and media
The chemical n-decane ( ＞ 99% pure ) was

purchased from Alfa Aesar Organic Co．， Inc
( Tianjing，China ); n-dodecane， n-tetradecane， n-
hexadecane，and n-octadecane ( all ＞ 99% pure )
were purchased from Sangon ( Shanghai，China); and
n-pentadecane， n-eicosane， n-docosane， n-
tetracosane，n-triacontane，and n-hexane ( of HPLC
gradient grade ) were purchased from Sigma-Aldrich
(St． Louis，MO，USA) ． All other reagents used in
this study were analytical grade reagents．

Luria-Bertani (LB) medium ( tryptone 10. 0 g /L，
yeast extract 5. 0 g /L，NaCl 10 g /L) and basal salt
medium (BSM) (K2HPO4 3. 815 g，KH2PO4 0. 5 g，
( NH4 ) 2HPO4 0. 825 g， KNO3 1. 2625 g， Na2 SO4

0. 2 g，CaCl2 0. 02 g， FeCl3 0. 002 g， and MgCl2
0. 02 g /L) were used in this study． To examine the
utilization of n-alkanes by strain SJTD-2，both liquid
and solid alkanes were maintained at room
temperature． The C10 － C18 alkanes were first dissolved
in n-hexane to form 500 mg /mL alkane-hexane
solutions， and the concentration of the C20 － C24

alkane-hexane solutions was adjusted to 100 mg /mL．
These solutions were then added to the BSM medium to

657



徐静等: 铜绿假单胞菌 SJTD-2 降解长链烷烃与原油的特性(英文) ． /微生物学报(2015)55(6)

attain various concentrations． The n-hexane was
neither toxic to the strain，nor was it utilized by the
strain．
1. 2 Strain isolation and enrichment

The oil-contaminated soil from Daqing Oil Field，
China was used for bacterial enrichment． No specific
permissions were required，as this work did not involve
any endangered or protected species． Approximately
5 g of the soil sample was inoculated into a 500 mL
flask with 100 mL BSM liquid medium containing 2 g /
L n-docosane，and the culture was shaken at 180 r /
min for seven days at 30℃ ． A 5 mL culture was then
inoculated into 100 mL of fresh BSM liquid medium
with n-docosaneand cultured as described above． After
several rounds of enrichment，the cultures were diluted
and plated onto BSM agar plates pre-coated with n-
docosane． Bacterial colonies with varying morphologies
were tested for their n-alkane-utilizing capabilities．
One strain that exhibited the fastest growth rate was
purified and designated as SJTD-2．
1. 3 16S rＲNA gene analysis and phylogenic tree
construction

The morphological， physiological， and
biochemical properties of strain SJTD-2 were analyzed
according to the standards listed in Bergey’s Manual of
Determinative Bacteriology［18］． Next，we extracted the
genomic DNA of strain SJTD-2 with standard molecular
biology techniques［19］，and amplified the 16S rＲNA
gene using Bacterial 16S rDNA Kit ( TaKaＲa
Biotechnology Co．，Ltd． Dalian，China) ． DNA was
denatured at 94℃ for 5 min，followed by denaturation
at 94℃ for 1 min，annealing at 55℃ for 1 min，and
elongation at 72℃ for 1. 5 min for 30 cycles，and then
elongation at 72℃ for another 5 min． Subsequently，
the fragments were sequenced with primers 16S-seq-F /
Ｒ ( 16S-seq-F: 5'-GAGCGGATAACAATTTCACACAG
G-3' and 16S-seq-Ｒ: 5'-CGCCAGGGTTTTCCCAGTC
ACGAC-3') ． The 16S rＲNA gene sequence of strain
SJTD-2 was deposited into GenBank ( Accession No．
JQ951927. 1) ． A phylogenic tree based on the 16S
rＲNA sequence of strain SJTD-2 and other bacteria
strains was analyzed by MEGA 5. 0 using the Neighbor

Joining method with 1000 replicates． The genetic
distances were calculated with the Kimura two-
parameter distance model．
1. 4 The growth curve determination of strain
SJTD-2 in different carbon sources

A single colony of strain SJTD-2 was inoculated
into 100 mL LB broth in a 500 mL baffled flask，and
cultured in a rotary shaker at 30℃ overnight． The cells
were harvested by centrifugation for 5 min at
8000 r /min and washed thrice with sterilized water
followed by re-suspension in BSM medium to OD600≈
2. 0 to form the inoculums． Subsequently， the cell
pellets were inoculated into 200 mL BSM medium
supplemented with pure n-alkanes ( C10 -C24 ) of
different concentrations in a 1000 mL flask． The initial
cell concentration at OD600 was 0. 1． All n-alkanes were
prepared as n-hexane solutions． Cultures without n-
alkanes and those containing n-alkanes without
inoculum were used as controls． All the cultures were
incubated at 30℃ with constant shaking at 120 r /min
for seven days． The cell densities were measured by
OD600 readings every 12 h． All experiments were
repeated thrice，and the results shown were the average
values of three replicates， along with the standard
errors．
1. 5 Analysis of SJTD-2 degradation ofpure n-
alkanes as its sole carbon source

The degradation efficiencies of strain SJTD-2 for
n-alkanes of different carbon lengths (C10 － C24 ) were
determined according to the loss of substrate， as
previously described［20］． The SJTD-2 cell inoculum
was prepared as described above． The cells were
distributed in flasks containing 100 mL BSM medium，
amended with 500 mg /L of C10 － C18 n-alkanes or
100 mg /L of C20 － C24 n-alkanes as the sole carbon
source，and then were cultured for seven days at 30℃
in the shaker． The initial OD600 was 0. 1． Flasks
without cells were used as blanks to assess the abiotic
loss． The cultures were taken out at different time
points to estimate the cell concentrations and the
alkane residues． For the residual analysis of alkanes，
1 mL of cell culture was collected and divided into two
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1. 5 mL Eppendorf tubes，and subsequently extracted
with 250 μL n-hexane． The mixtures were shaken
vigorously for 2 min，and centrifuged at 12000 r /min
for 2 min． Then the organic layer was collected and the
aqueous layer was extracted three more times，with
250 μL n-hexane each time． The organic extracts were
pooled together to a final volume of 1 mL and dried
with anhydrous sodium sulfate． For each sample，n-
pentadecane ( 100 mg /L ) was added before the
extraction and used as an internal standard． All
extractions were performed in triplicate，and the results
were expressed as average values with standard errors．

The degradation efficiencies of strain SJTD-2 for
n-docosane of various concentrations ( 250 mg /L，
500 mg /L，1000 mg /L，and 2000 mg /L) were also
analyzed as above． After strain SJTD-2 was cultured for
1 － 7 days，the residual n-hexadecane was extracted at
different time points with three replicates each．
1. 6 Analysis of n-alkane concentration

The concentrations of n-alkanes were determined
by the gas chromatography-mass spectrometry ( GC-
MS) technique，using a GC /MS system (7890A GC /
5975C MS， Agilent Technologies， USA ) equipped
with a fused DB-5 MS capillary column (0. 25 mm ×
30 m × 0. 25 μm)［20］． The GC program was listed as
below． Helium was used as the carrier gas with a
constant flow rate of 1. 0 mL /min． The split ratio was
10: 1， and the injector and connector temperatures
were 270℃ and 280℃，respectively． The temperatures
of the ion source and the quadrupole were 230℃ and
150℃， respectively． The column oven temperature
was maintained at 150℃ for 2 min，then increased to
200℃ at a rate of 5℃ /min，followed by an increase to
290℃ at a rate of 30℃ /min，and at an isotherm of
290℃ ． The ionization mode was set as EI +，70 eV，
and the voltage of the detector was 1388 V． The GC-
MS spectra were analyzed with ChemStation software，
and the relative abundance of different hydrocarbon
residues was calculated by the ratio of the peak area of
each hydrocarbon to the peak area of n-pentadecane in
the GC chromatograph． The residue ratio of n-alkanes
was calculated with the equation Ｒ =［S］/［I］，where

Ｒ，［S］，and ［I］ represent the alkane residue ratio，
the residual n-alkane concentrations in the samples，
and the concentration before inoculation，respectively．
The results were expressed as mean values with
standard deviations． The cell-free controls were
incubated and analyzed in the same manner．

2 Ｒesults and Discussion

2. 1 Isolation and identification of oildegradation
strain SJTD-2

Strain SJTD-2， a rod-shaped gram-negative
bacterium， was isolated by enriching the oil-
contaminated soil． Its growth pH ranged from 3. 5 to
9. 5，and optimal growth occurred at pH 7. 0 to 8. 0．
After growing on LB agar at 30℃ for 24 h，the cells
formed yellow to green， round，moist， and glossy
colonies，approximately 1. 0 mm in diameter． Strain
SJTD-2 was able to utilizen-alkanes from n-dodecane
( C10 ) to n-triacontane ( C26 ) as its sole carbon
sources． Although SJTD-2 failed to grow in the
presence of shorter length n-alkanes，its growth was not
inhibited by short-chain n-alkanes such as n-hexane．
The 16S rＲNA gene sequence of strain SJTD-2
(GenBank Accession No． JQ951927. 1 ) was 99%
identical to that of P． aeruginosa PAO1
( GenBankAccession No． DQ777865. 1 )， and the
corresponding phylogenetic analysis supported a close
relationship between SJTD-2 and members of the genus
Pseudomonas sp． (Figure 1) ． Therefore，SJTD-2 was
classified as a P． aeruginosa strain．
2. 2 Growth curve analysis of strain SJTD-2 with
n-alkanes as its sole carbon source

The utilization capability and efficiency of strain
SJTD-2 with regard to n-alkanes was studied by
monitoring the cell growth for seven days in BSM
medium with 500 mg /L of differentn-alkanes ( C10 －
C24 ) ． The growth plot showed the cell densities at
different time points (Figure 2) ．

From the growth curve， we found that strain
SJTD-2 utilized the long-chain n-alkanes more
efficiently than the medium-chain and short-chain n-
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Figure 1． Phylogenetic tree based on 16S rDNA gene sequences indicating the SJTD-2 position． The Kimura two-parameter distance model

was used and bootstrap analysis was performed with 1000 replicates using MEGA 5. 0 software． Numbers in parentheses represent the

sequences’accession number in GenBank． The number at each point is the percentage supported by bootstrap． Bar，0. 5% sequence

divergence．

Figure 2． Growth curves of strain SJTD-2 in 500 mg /L n-alkanes．

Strain SJTD-2 was cultured in BSM supplemented with 500 mg /L

n-alkanes of different length for seven days at 30℃ ． Data are

expressed as means and standard deviations．

alkanes． It preferred to use n-eicosane，n-docosane and
n-tetracosane; n-docosane resulted in the highest cell
density，followed by n-eicosane，n-tetracosane，and n-
octadecane． Thus，n-docosane appeared to be the best
available carbon source for strain SJTD-2 in this set of
experiments． The cell utilization efficiency was low in
case of n-alkanes with less than 14 carbons ( Figure
2 ) ． With the long-chain n-alkanes， SJTD-2 cells
started multiplying approximately 24 h after
incubation，and most cultures reached the exponential
growth phase between days 2 and 5． The maximum
OD600 reached 1. 0，0. 8，and 0. 78，respectively，with
n-docosane，n-eicosane，and n-tetracosane，although
n-tetracosane required more time to develop ( Figure
2) ． Although strain SJTD-2 grew well with long-chain
n-alkanes，it still required a longer duration time to
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utilize the very long-chain n-alkanes． An advantage of
strain SJTD-2 in the degradation of long-chain n-
alkanes is that is can utilize crude oil as a carbon
source，making it a potential bioremediation strain for
environmental oil pollution．
2. 3 Degradation efficiency of strain SJTD-2 in
alkanes and crude oil

To determine the highest concentration of n-
alkanes that strain SJTD-2 could tolerate and utilize for
growth，we analyzed its degradation efficiency forn-
docosane ( concentrations ranging from 250 mg /L to
2. 0 g /L) by detecting the concentration of residual n-
docosane through GC-MS analysis，asn-docosane was
considered its best carbon source． As shown in Fig． 3，
n-hexadecane was completely degraded in three days．
Additionally，99% of the 250 mg /L and 500 mg /L of
n-docosane were degradedwithin 48 h． Approximately
one more day was required for the complete degradation
of 1. 0 g /L and 2. 0 g /L n-docosane，and about 70%
and 35% of n-docosane at these two concentrations
could be utilized in the first 48 h． Therefore， we
concluded that strain SJTD-2 could tolerate and
completely biotransform 2. 0 g /L n-docosane in just
three days and produce a relatively large amount of
biomass，implying its high degradation efficiency of
long-chain alkanes．

Figure 3． Degradation efficiency of strain SJTD-2 in n-docosane of

different concentrations． The strain was cultured in BSM

supplemented with n-docosaneof different concentrations at 30℃ for

seven days． Standard errors were calculated from three independent

determinations．

Furthermore，we analyzed the utilization efficiency
of strain SJTD-2 with 2. 0 g /L crude oil as carbon
source． Although the degradation in the first 24 h was
slow，about 88% of the crude oil was transformed
completely by this strain in seven days ( Figure 4 ) ．
These results proved that strain SJTD-2 could tolerate
long-chain n-alkanes and crude oil of high
concentrations and that it biotransformed them
efficiently．

Figure 4． Quantitative estimation of the efficiency of strain SJTD-2

to utilize 2 g /L crude oil． Strain SJTD-2 was cultured in BSM

supplemented with 2g /L crude oil for seven days and the residual

oil concentration was detected． Crude oilwithout cells was used the

abiotic controls． Standard errors were calculated from three

independent determinations．

In the past 30 years， at least sixty genera of
aerobic bacteria， such as Pseudomonas ［15］，
Acinetobacter［14］，Ｒhodococcus［13］ and Dietzia［21］，and
five genera of anaerobic bacteria have been reported to
possess the ability to degrade aliphatic hydrocarbons．
Among them，Pseudomonas was found in soil as well as
in aqueous environments［22］． Several Pseudomonas
strains are known to use aliphatic hydrocarbons as their
sole carbon sources ［23 － 25］． P． aeruginosa ＲＲ1 and P．
fluorescens CHA0 degrade n-alkanes ranging from C12 to

C34
［26 － 27］，and P． aeruginosa DQ8 can grow in the

presence of n-tetrodecane，n-docosane，n-triacontane，
and n-tetrocontane［28］． Although several strains have
been reported to utilize hydrocarbons，a majority of
them can use only a narrow range of substrates．
Indeed，very few strains，including Acinetobacterbaylyi
ADP1 and Thermussp． C2，can degrade a wide range
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of hydrocarbons． The genetic characteristics of these
bacteria，however，remain elusive，and not much is
known about the mechanisms by which these
microorganisms break down long chain alkanes present
in refractory oil residues［17，29］．

In this study，we determined a novel n-alkanes-
degrading bacteria strain that could efficiently utilize
the medium-chain n-alkanes， the long-chain n-
alkanes，and crude oil as its sole carbon source． We
observed that this strain preferred to utilize the long-
chain n-alkanes such as n-eicosane，n-docosane and n-
tetracosane，and n-docosane as its best carbon sources
for growth． In 48 h，500 mg /L n-docosane could be
degraded completely， while 2 g /L n-docosane was
decomposed to undetectable levels within 72 h．
Moreover，strain SJTD-2 could biotransform about 88%
of the 2 g /L crude oil in seven days． Although a
relatively narrower substrate range of C10 － C26

supported a sustainable growth of strain SJTD-2， it
showed outstanding degradation efficiency and
utilization speed for the long-chain n-alkanes． Thus，
n-docosane followed by n-eicosane，n-tetracosane，and
n-octadecane were assimilated as preferential carbon
sources for this strain． Compared with other alkane-

utilizing strains，strain SJTD-2can efficiently degrade
many more n-alkanes withmuch longer carbon chains in
a shorter time (Table 1) ． Only this strain was found to
be capable of completely degrading 500 mg /L of n-
docosane in 48 h． The best carbon sources of most of
the alkane-consuming strains are the medium-chain n-
alkanes (≤ C18 )，and compared with strain SJTD-2，
these strains mineralize the equivalent amounts of n-
alkanes at a much slower rate and require a much longer
degradation time ( Table 1 ) ． In the similar culture
conditions， Alcanivorax sp． 2B5 consumed only
16. 07% of the 500 mg /L of n-octadecane in 48 h． P．
aeruginosa DQ8 utilized 100 mg /L of n-octadecane in
seven days with the addition of other carbon sources．
Although another P． aeruginosa strain SJTD-1 was
reported as capable of utilizing 500 mg /L of n-
octadecane in 36 h，the efficient utilization of n-alkanes
(≥ C20 ) by this strain was difficult，and only about
48% of the 500 mg /L of n-docosane was decomposed in
96 h (Liu et al．，2014) ． Compared with strain Dietzia
DQ12-45-1b，strain SJTD-2 exhibited rapid adaptation
to the very high concentration of n-octadecane
(≥ 2 g /L)， showing much faster degradation and
greater utilization efficiency (Table 1) ．

Table 1． Comparison of n-alkanes degradation efficiencies of different bacteria strains

Strains n-alkanes Ｒate Sources
P． aeruginosa SJTD-2 C22，500 mg /L ＞ 99% in 48 h Present study

C22，2. 0 g /L ＞ 96% in 72 h
P． aeruginosa SJTD-1 C22，500 mg /L 48% in 96h ［20］
P． aeruginosa DQ8 C22，100 mg /L ＞ 99% in 7 d* ［28］
Alcanivorax sp． 2B5 C18，500 mg /L 16. 07% in 48h ［30］
Acinetobacter C16，400mg /L ＞ 99% in 60h ［31］
DietziaDQ12-45-1b C20，2. 5g /L 8. 9% in 21d ［21］

* added with 0. 005% yeast extract in medium．
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铜绿假单胞菌 SJTD-2 降解长链烷烃与原油的特性
徐静，刘环，刘建华，梁如冰 *

微生物代谢国家重点实验室，上海交通大学生命科学技术学院，上海 200240

摘要:【目的】石油污染严重威胁生态系统和生物圈，微生物修复被认为是一种安全有效可代替物化方法来
治理石油污染的办法。本文对我们从石油污染土壤中分离获得的一株可分解正烷烃和原油的革兰氏阴性菌
SJTD-2 的理化性质和降解效能进行了研究。【方法】利用菌株表型和生理性质、16S rＲNA 序列比较分析与
进化树绘制，确定新分离菌株 SJTD-2 的种属;测定菌株 SJTD-2 的生长曲线，确定其利用不同长度烷烃和原
油为单一碳源的效能;利用 GC-MS 检测烷烃类物质的残留量，确定菌株 SJTD-2 降解烷烃和原油 SJTD-2 的
降解效率和降解周期。【结果】菌株表型与 16S rＲNA 序列比较及进化树比对分析结果显示，菌株 SJTD-2 与
假单胞菌属的亲缘关系十分接近，为铜绿假单胞菌。菌株 SJTD-2 可有效分解 C10到 C26的中链和长链烷烃及
原油，利用它们作为其单一碳源生长;该菌株对长链烷烃(C18 － C22 )的利用效果较中链烷烃好，其中正二十
二烷被认为是其最佳碳源。48 h 内，该菌株可完全降解 500 mg /L 正二十二烷;72h 后，2 g /L 的正二十二烷
可几乎被菌株全部分解利用。此外，菌株 SJTD-2 在 7 d 内可将 2 g /L 的原油分解 88%以上。【结论】与现
有其它烷烃降解菌相比，铜绿假单胞菌 SJTD-2 具有突出的长链烷烃与原油降解效能及耐受能力，该菌株的
发现与研究将有助于烷烃降解机制的研究和环境修复的进程。
关键词:生物降解，铜绿假单胞菌，长链烷烃，原油，生物修复
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