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Abstract
Oil reservoirs are specific habitats for the survival and growth of microorganisms in general. Pseudomonas stutzeri which is believed to be an exogenous
organism inoculated into oil reservoirs during the process of oil production
was detected frequently in samples from oil reservoirs. Very little is known,
however, about the distribution and genetic structure of P. stutzeri in the special environment of oil reservoirs. In this study, we collected 59 P. stutzeri 16S
rRNA gene sequences that were identified in 42 samples from 25 different oil
reservoirs and we isolated 11 cultured strains from two representative oil reservoirs aiming to analyze the diversity and genomovar assignment of the species
in oil reservoirs. High diversity of P. stutzeri was observed, which was exemplified in the detection of sequences assigned to four known genomovars 1, 2, 3,
20 and eight unknown genomic groups of P. stutzeri. The frequent detection
and predominance of strains belonging to genomovar 1 in most of the oil reservoirs under study indicated an association of genomovars of P. stutzeri with the
oil field environments.

doi: 10.1002/mbo3.179

Introduction
Pseudomonas stutzeri is a nonfluorescent widely distributed species of the genus Pseudomonas belonging to the
gamma subclass of Proteobacteria (Bennasar et al. 1996;
Lalucat et al. 2006). Strains of the species have been
isolated from various environmental samples including
marine sediments, soil contaminated with crude oil
(Sikorski et al. 2002a, 2005; Mulet et al. 2011), clinical
samples (Holmes 1986; Scotta et al. 2012) and bottle
water (Papapetropoulou et al. 1994) among many

others. The species has great physiological capacities
including the ability to degrade environmental pollutants such as high-molecular-weight polyethylene glycols
and other xenobiotics (Criddle et al. 1990; Chauhan
et al. 1998; Coates et al. 1999) and the cleavage of C–N
bonds in oil compounds (Kilbane et al. 2003). It also
has been considered of relevance as a possible
environmental reservoir of antibiotic resistance genes
(Garcıa-Valdes et al. 2010) and in applications related
to microbial enhanced oil recovery (EOR) (Keeler et al.
2013).
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Diversity within the species is not limited to physiological properties but is also reflected at the genetic level.
Previously, strains of P. stutzeri were classified into at
least 21 genomovars (Rossell
o et al. 1991; Scotta et al.
2013). The 16S rRNA gene, the internally transcribed
spacer region 1 (ITS1), the genes coding for gyrase B
(gyrB), and the D subunit of the sigma factor (rpoD) have
been confirmed to be relevant for the phylogenetic affiliation of the species P. stutzeri (Bennasar et al. 1996; Sikorski et al. 2002b, 2005; Cladera et al. 2004). Additionally,
fragments of the each locus could serve as excellent data
sets to differentiate and establish the genetic diversity and
population structure of the species of P. stutzeri (Yamamoto et al. 2000; Rius et al. 2001 and Cladera et al. 2004;
Mulet et al. 2010, 2011).
In general, undisturbed oil reservoirs have low redox
potentials and contain little oxygen and hence only strict
anaerobes can be considered as truly indigenous (Magot
et al. 2000). In this regard, members of the Pseudomonas
sp. were not considered as indigenous to oil reservoirs
(Orphan et al. 2000; Magot 2005) yet at least 10 studies of
microbial community in samples from oil reservoirs
reported its presence in these environments (Table S1). It
is, therefore, important to note that due to drilling and oil
recovery processes, producing oil reservoirs are dynamic
environments that experience changing geochemical conditions such as the introduction of sulfate and oxygen
ultimately resulting in changes to the indigenous microbial
community structure (Youssef et al. 2009).
In such environments, local microorganisms may be
continually introduced and those possessing exceptional
survival abilities such as P. stutzeri can gain a lead in the
formation of new ecological systems different to the original traits within surviving indigenous microbes (Youssef
et al. 2009; Zhang et al. 2012). It is also well known that
P. stutzeri possesses high physiological and genetic diversity which results from high rate genetic mutations, transpositions, and recombinations easily occurring in local
natural environments (Ginard et al. 1997; Rius et al.
2001). Sikorski et al. (2002b) reported such complex
composition, robust strain diversity, and directional selection in P. stutzeri population from marine sediment and
soils while Scotta et al. (2012) demonstrated that most of
the clinical strains of P. stutzeri belonged to genomovar 1.
However, very little is known about the distribution and
the genetic structure of P. stutzeri in the special environment of oil reservoirs.
Strains of P. stutzeri isolated through culture-dependent
methods may provide information on the morphological,
physiological, and chemical characteristics of the species in
addition to the diversity of the species in the local populations. However, such information solely obtained from cultivable P. stutzeri strains does not provide a complete
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picture of the species compositional distribution in a given
environment. The use of a culture-independent molecular
method of construction of a clone library based on 16S
rRNA gene, a widely accepted tool for molecular identification in bacterial community, therefore, became an informing supplement. 16S rRNA gene sequences of P. stutzeri
consequently have been frequently detected in oil reservoirs
without the need for culture isolation (Table 1).
The main aim of this study was to determine the distribution and the genomovar assignment for P. stutzeri in
the oil reservoirs environment by grouping 16S rRNA
gene sequences of P. stutzeri, obtained using both culturedependent and culture-independent methods.

Materials and Methods
Reference sequences collection
References that reported microbial communities of oil
reservoirs were screened and oil reservoirs in which clones
of P. stutzeri were reported were selected. 16S rRNA gene
sequences of the different P. stutzeri clones were retrieved
from the GenBank database of the National Center for
Biotechnology Information (NCBI) (http://www.ncbi.
nlm.gov) using the accession numbers reported in the references. The main characteristics of these reservoirs are
listed in Table 1.
Another part of 16S rRNA gene reference sequences
was obtained from strains which have been grouped into
genomovars 1–22 of P. stutzeri and were also retrieved
from NCBI using the accession numbers reported in literatures (Bennasar et al. 1996; Sikorski et al. 2002a; Sikorski et al. 2005 Cladera et al. 2004).

Sampling from oil reservoirs
Mixed oil/water liquids were retrieved directly from wellheads of production wells and injection wells and stored
in sterile plastic bottles filled completely and transported
to the laboratory for cultural and molecular analyses.
Numerous samples were collected from different oil fields
including those subjected to water and polymer flooding.
As we focused on the species of P. stutzeri, only samples
that contained P. stutzeri were used in this study. Characteristics of oil reservoirs in which sequences of P. stutzeri
were detected are shown in Table 1.

16S rRNA clone library construction and
taxonomic classification and phylogenetic
analysis
All samples from oil reservoirs were subjected to DNA
extraction following the manufacturer’s protocol for the
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Bokor

Schrader bluff
Potiguar
Shengli
Shengli
Shengli
Huabei
Huabei
Kalamay
NA
Xinjiang
Dagang

Henan

Arabian
Minami-Aga
Sagara

Qinghai
Jianghan
Tuha
Dagang

Shengli

Daqing

Malaysia

Alaska
Brazil
China
China
China
China
China
China
China
China
China

China

Middle east
Japan
Japan

China
China
China
China
China
China
China

China

N2

Gasi
Wangxie
Qiuling
Yangerzhuang
Yangcong
Kongdian
Gudao

NA
NA
NA

V4

GMR75
NA
Gudao
Menggulin
Baologe
Block M
Block B
Block Q
Qinghuang
No. 6
Kong 2

104SS

104SL

Oil reservoir

Water-flooded (NA)
Water-flooded (1973)
Water-flooded (1995)
Water-flooded (1975)
Water-flooded (1975)
Water-flooded
Water-flooded (1983)
Polymer-flooded (1993)
Water-flooded (1978)
Polymer-flooded
(1995–2003)

NA
NA
NA

Water-flooded (1977)

97%

70%
86%
87%
95%
94.1%
93%
96%

NA
NA
NA

95%

NA
80–90%
95%
95%
78%
NA
NA
NA
NA
69.5%
94.9%

70–80%

40–45

55
80
35
55
50
50–60
70

NA
NA
NA

70

27
42.2
69
37
58.4
37
58.4
32
65
25
55

47

50

70–80%

Gas lift with CO2
and CH4 (NA)
Gas lift with CO2
and CH4 (NA)
Water-flooded
NA
Water-flooded (1974)
Water-flooded (1989)
Water-flooded (2001)
Water-flooded (NA)
Water-flooded (NA)
Water-flooded (1974)
Water-flooded (2003)
Water-flooded (1973)
Water-flooded (1975)

Temp (°C)

Water-cut

(Year)

1300

2200
1500 1800
2600–2800
1800
2000
1300–1400
1100–1240

NA
NA
>600

1355

1000
535.5–540.5
1173–1230
806
1380
NA
NA
NA
1100–1300
800
1400

619–706

733–751

Depth (m)

Reservoir characteristics

EOR practiced1

7.9

7.6
7.9
7.5
7.2
7.3
7.2
7.6

NA
NA
NA

7.3

7.4–7.7
NA
7.2–7.5
8.2–8.6
8.4–9.2
6.7
7.2
7.6
7.1–7.6
7.5
7.2

7.5

7.5

pH

525

91425
150513
5346
4761
5024
5362
3875

NA
NA
NA

7995

6141
30000
3138
NA
NA
502.5
507.8
4550
NA
3012
4617

13200

13500

Cl (mg/L)

PW (3)

PW (1)
PW (1)
IW (2)
PW (2)
PW(2)
PW (2)
PW (1)

PW(1)
FW (1)
PW (1)
FW (1)
PW(1)
PW (1)
PW (1)
PW (1)
PW (2)
PW (1)
PW (1)
PW (1)
PW (1)
IW (1)
PW(1)
IW (1)
PW(1)
IW (1)
Oil (1)
Oil (1)
Core (7)

Samples

64.4, 50, 39.3

6.38
5.26
25.26
20.68
NA
0.76
66.7
6.7
55.5, 82.6
8.8
8.1
3.7
NA (<1)
3
50
0.9
3.7
0.8
5.3
5.2
100, 22.2,
100, 4.3,
6.3, 7.7, 26.3
3.7
3.1
62.8, 34.4
31, 12.2
60.5, 61.2
48.2, 85.6
71.1

Relative
abundance2 (%)

study
study
study
study
study
study
study
This study

This
This
This
This
This
This
This

Yamane et al. (2008)
Yamane et al. (2008)
Nunoura et al. (2006)

Zhang et al. (2012)

Pham et al. (2009)
Silva et al. (2013)
Ren et al. (2011)
Tang et al. (2012)
Tang et al. (2012)
Zhao et al. (2012)
Zhao et al. (2012)
Zhao et al. (2012)
Li et al. (2007)
Zhang et al. (2012)
Zhang et al. (2012)

Li et al. (2012)

Li et al. (2012)

Reference

NA, Characteristics of petroleum reservoirs surveyed in this study were collected from literature or supplied by oilfield operators. In many cases the information was incomplete. Where data could
not be obtained an NA has been recorded; PW, samples collected from production wells; FW, samples formation water; IW, samples from injection wells.
1
EOR presents methods of enhanced oil recovery.
2
Relative abundance presents the relative abundance of P. stutzeri in each clone library constructed from each sample collected.

Oil field

Location

Table 1. Chemical and physical characteristics of the oil reservoirs surveyed for the presence of Pseudomonas stutzeri in literatures and in this study.
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FastDNA Spin Kit for Soil (Qbiogen, Carlsbad, CA) as
previously described (Zhang et al. 2010, 2012). The bacterial 16S rRNA gene in the bulk DNA was amplified with
the universal bacteria-specific primers of 27F and 1492R
(Zhang et al. 2010). The PCR reacting system (25 lL)
contains 2.5 lL of 10 9 PCR buffer (Mg2+ plus),
10 nmol of deoxynucleotide triphosphates, 10 pmol of
each primer, 1 U Taq DNA polymerase (TakaRa, Dalian,
China), and 1 lL of template DNA. The thermal cycling
conditions were as follows: an initial denaturation at
94°C for 5 min, 40 cycles of 94°C for 30 sec, 56°C for
60 sec, 72°C for 90 sec, and a final extension step of
72°C for 10 min. Amplified fragments were ~1450 bp.
After being purified with an Agarose Gel DNA Purification Kit (TianGen Biotech, Beijing, China), amplicons of
16S rRNA genes were cloned into Trans1-T1 competent
cells (TransGen Biotech, Beijing, China) using PGEM-T
Easy Vector (Promega, Madison, WI). Overall, 150
putative clones (white) from each plate were chosen randomly. A reamplification, with sets of vector-specific
primers T7/SP6, was taken to determine positive clones.
PCR products of positive clones were clustered into
different operational taxonomic units (OTUs) using
amplified ribosomal DNA restriction analysis (ARDRA)
with HinfI and HaeIII (TaKaRa). An ABI PRISM 3730
DNA sequencer (SinoGenoMax Co., Ltd., Beijing, China)
was used to gain sequences of the representative clones.
All detected sequences in clone libraries were manually
trimmed and edited using DNAMAN version 5.2.2.0. The
obtained sequences were submitted to NCBI for Basic
Local Alignment Search Tool (BLAST) algorithm of
nucleotide to determine their phylogenetic affiliations.

Isolation and identification of Pseudomonas
stutzeri from samples of oil reservoirs
Pseudomonas stutzeri strains were isolated from environmental samples of oil reservoirs, using a culture enrichment
procedure in two liquid media SW-DAN (seawater medium for aerobic denitrifiers with ammonia as an additional
source of nitrogen) and SW-DNN (seawater medium for
aerobic denitrifiers with nitrate as the sole nitrogen
source). SW-DAN medium supplemented with, per liter,
0.5 g (NH4)2SO4, 5.95 g sodium succinate and SW-DNN
supplemented with, per liter, 2 g KNO3, 18.7 g sodium
succinate (Mulet et al. 2011) in an artificial seawater medium (SW) which contained per liter, 24 g NaCl, 10.5 g
MgSO47H2O, and 0.11 g NaHCO3 (Sikorski et al. 2002b).
The pH was adjusted to 7.5–8.0, and for SW-DAN and
SW-DNN plate cultures 20 g agar was added.
Five milliliter of original mixed oil/water liquid was
inoculated into 30 mL of liquid SW-DAN and SW-DNN
medium and incubated aerobically at 30°C on an orbital
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shaker at 150 rmp/min for 4 days. After three successive
subculturing on both media, 200 lL of culture at 10 3,
10 4 and 10 5 obtained by 10-fold dilution method was
plated on the same solid media and incubated at 30°C for
4 days. Colonies with different morphology were streaked
twice on SW-DAN and SW-DNN for single colony isolation. Cells of the purified isolates were inoculated into
5 mL of liquid SW-DAN and SW-DNN and incubated at
30°C at 150 rmp/min overnight. All cultures obtained
were tested for identification of P. stutzeri.
A quantity of 1 mL culture of purified isolate was centrifuged at 10000g for 8 min for cell collection. DNA in
the pellet cells was extracted following the manufacturer’s
protocol for the DNA Extraction Kit (TianGen Biotech).
The DNA obtained was detected using agarose gel electrophoresis. Amplification of 16S rRNA gene from genomic
DNA was carried out as described previously (Zhang
et al. 2010). Amplified fragments were purified with
agarose Gel DNA Purification Kit (TianGen Biotech) and
were sequenced and identified as described above. All
sequences affiliated with P. stutzeri (99%, identity) were
identified and used in analysis of genomovar distribution.

Phylogenetic analysis
The retrieved 16S rRNA gene sequences of genomovars
1–22 were aligned using computer program of the Clustal
W with a number of bootstraps of 1000 in the software
of the BioEdit (version7.0.9). Dendrograms were generated by neighbor-joining method included in the software
of the MEGA 5. Phylogenetic tree based on these 16S
rRNA gene sequences of the established P. stutzeri genomovars of 1–22 is displayed in Figure 1.
In order to establish the genetic diversity and population structure of P. stutzeri detected in samples from oil
reservoirs, the 16S rRNA gene sequences of P. stutzeri
cited in literature, detected in clone libraries and obtained
from isolates in this study were aligned together. The
alignment and construction of phylogenetic tree followed
the steps above.
On the basis of the 16S rRNA gene sequences retrieved
from reported literatures, 37 reference strains representing
the established genomovars 1–22 were integrated into a
dendrogram (Fig. 1). In this dendrogram, notably, the former genomovar 6 was excluded as it has been reclassified
to as a species of Pseudomonas balearica (Bennasar et al.
1996). The sequence diversity characteristic of the species
displayed in the dendrogram confirmed previous studies
that phylogenetic tree based on 16S rRNA gene sequences
correlated well with the subgroups termed genomovars
(Bennasar et al. 1996; Sikorski et al. 2002a, 2005; Cladera
et al. 2004; Scotta et al. 2013). These reference strains were
isolated mainly from marine, clinical, and soil environment
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Figure 1. Phylogenetic tree of all 37 Pseudomonas stutzeri strains representing the established genomovars 1–22 based on the analysis of 16S
rRNA gene. The evolutionary distances were computed using the Maximum Composite Likelihood method. The bootstrap test (1000 replicates)
are shown next to the branches. Dendrograms were generated using neighbor-joining method. Clone of K1032-3 is clustered to gv 20 clearly.

and not a single strain was reported from the environment
associated with oil reservoirs (Table S1).

Nucleotide sequence accession number
The nucleotide sequences detected in this study were submitted to the GenBank database under the following
accession numbers: KC796755–KC796783 (detected
sequences of P. stutzeri in this study) and KC796784–
KC796794 (isolates of P. stutzeri). The accession numbers
of the 16Sr RNA gene sequences of the reference strains
are listed in Table S1.

Results
Pseudomonas stutzeri detected in produced
oil reservoirs
We obtained 29 P. stutzeri sequences, detected in 28 samples from 17 oil reservoirs by researchers worldwide

ª 2014 The Authors. MicrobiologyOpen published by John Wiley & Sons Ltd.

through their 16S rRNA gene clone libraries, and used as
reference sequences in this study. Additionally, in our laboratory 30 sequences of P. stutzeri were detected in 14
samples from eight oil blocks. These sequences affiliated
to P. stutzeri were reported/detected in samples collected
from production wellheads, injection wells, crude oils,
and cores of oil reservoirs in Malaysia (Li et al. 2012),
Alaska (Pham et al. 2009), Brazil (Silva et al. 2013), Middle East (Yamane et al. 2008), Japan (Nunoura et al.
2006; Yamane et al. 2008) and China (Li et al. 2007; Ren
et al. 2011; Tang et al.2012; Zhang et al. 2012; Zhao et al.
2012). The main characteristics of these reservoirs and the
enhanced oil recovery process (EOR) practiced are listed
in Table 1. These reservoirs had an in situ temperature
range of 25–80°C, depth range of 535.5–2800 m, pH of
produced fluids range of 6.7–9.2, and a Cl range concentration of 502–150513 mg/L. Most of these oil reservoirs
have been subjected to water-flooding for decades to
enhance oil recovery with the fraction of water being coproduced with oil ranging from 70% to 97%. Exceptionally,
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the oil reservoir in Bokor oil field in Malaysia was subjected to gas lift with CO2 and CH4, and Gudao and N2
oil reservoirs in Shengli and Daqing oil fields, respectively,
had undergone polymer flooding with polyscrylamide.
The relative abundance of P. stutzeri-related sequences
from the total 43 clone libraries reported in literature and
constructed within this study varied from 0.76% to 100%
(Table 1).

Compositional distribution and genomovar
assignment of Pseudomonas stutzeri in oil
reservoirs
Phylogenetic relationships of the 16S rRNA gene
sequences of P. stutzeri collected in the clone libraries
reported in literature and detected in this study and
belonging to genomovars 1–22 are shown in Figure 2. On
the basis of the dendrogram, twenty-four 16S rRNA gene
sequences of P. stutzeri (10 from references and 14 from
this study) were grouped into genomovar 1. These 24
sequences were from 16 samples (Fig. 3); eight from literature and eight from this study obtained from production
wells collected in oil reservoirs of Shengli, Daqing, Tuha,
Qinghai, Qinghuang, Kalamay, Dagang, Henan, Potiguar,
and Schrader bluff oil fields, and two samples of crude
oils collected in Middle East and Japan. Two 16S rRNA
gene sequences of D004023G12 and V4I-18 detected in
samples from oil reservoirs of Henan and Schrader bluff
oil field, respectively, were affiliated closely with genomovar 3. Three Sequences of clones of SOB-31, N6I-18,
and K1002-1 detected in core samples collected in Sagara
oil reservoir, an injection well in Xingjiang oil field and a
production well in Dagang oil field, respectively, belonged
to genomovar 2. Sequence of K1032-3 could not be identified in Figure 2 but showed closer relationship to the
strains PE (gv 20) in Figure 1.
Twenty-nine detected 16S rRNA gene sequences of P.
stutzeri (15 from references and 14 from this study) were
grouped outside the established genomovars and were
assigned into eight clusters (A H) within this study
(Fig. 2). Cluster A included two sequences detected in
samples from Dagang and one sequence from Shengli oil
field. Cluster B, E, and F each had only one representative
sequence from Dagang, Shengli, and Huabei oil field,
respectively. Cluster C was composed of four sequences

F. Zhang et al.

detected in samples from in Shengli oil field. Cluster D
seemed to be the largest and included 15 detected
sequences from Shengli, Daqing, and Hubei oil field.
Cluster G contained only sequences from Dagang oil
reservoir, and cluster H contained only sequences from
Bokor oil field (Fig. 3).
Additionally, in this study, three mixed oil/water liquids
in which P. stutzeri was detected were subjected to the isolation procedure for P. stutzeri in SW-DAN and SW-DNN.
Two liquids were from water-flooded wells of Zhuang 7
(DG1) and K1002 (DG2) in Dagang oil field and one
liquid was from a polymer-flooded well of D2 (DQ) in
Daqing oil field. A total of 17 isolates with different color
and morphology were obtained. Fifteen strains (88.2% of
the total isolates) were identified as P. stutzeri based on
algorithm of 16S rRNA gene sequence by the BLAST in
GenBank database of NCBI. Twelve strains were isolated
from Dagang oil field and five from Daqing oil field. Not a
single strain of P. stutzeri was isolated from the sample collected from Daqing oil field when the medium of SWDNN was used. Two strains isolated from Daqing oil field
using the medium of SW-DAN were not affiliated with P.
stutzeri but were Acinetobacter sp.
On the basis of the 16S rRNA gene sequences, 11 representative isolates were also integrated into the dendrogram of all 16S rRNA gene sequences used in this study
(Fig. S1). Six strains of DG2DNN-2, DG2DNN -1,
DG1DNN -1, DG1DNN -2, DG1DAN-2, and DG1DAN-3
belong to genomovar 1. Four strains of DG2DAN-1,
DG2DAN-3, DQDAN-1, and DQDAN-2 were grouped in
cluster D and one strain of DG1DAN-4 was grouped in
cluster G both of which not assigned to any known
genomovars. The distribution and the genomovar assignment of P. stutzeri isolated in oil reservoirs by culturedependent method were roughly consistent with those of
the genus detected by culture-independent method.
It is important to note that in this study strains
grouped into genomovar 1 contained isolates using both
media for denitrifiers; however, strains grouped into cluster D were all isolated in SW-DAN medium for denitrifiers metabolizing with ammonia nitrogen, which was
consistent with that P. stutzeri grouped into cluster D
were mainly from oil reservoirs undergone polymerflooding with polyacrylamide which can produce ammonium through hydrolysis.

Figure 2. Phylogenetic tree of all 107 Pseudomonas stutzeri strains based on the analysis of 16S rRNA gene. The evolutionary distances were
computed using the Maximum Composite Likelihood method. The bootstrap test (1000 replicates) are shown next to the branches. Dendrograms
were generated by neighbor-joining method. Location information of all clones are included. Sequences clustered into A–H groups are proposed
as new genomovars. The clones colored red were P. stutzeri detected in oil reservoirs from literatures, the clones in bold black were new
P. stutzeri detected in this study, and the strains recorded with ★ are new P. stutzeri isolated in this study, while the strains recorded with ● are
P. stutzeri represents the established genomovars 1–22.
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Figure 3. Results from 59 Pseudomonas stutzeri clones detected in
42 clone libraries constructed from oil reservoir samples were
evaluated for the genomovar assignment of P. stutzeri in number. The
bars colored red represent the numbers of the clone library in which
P. stutzeri was detected, and the bars in black represent the numbers
of P. stutzeri clone. Overall P. stutzeri affiliated with genomovar 1 (24
clones from 16 clone libraries) is the most frequently detected group
in the oil field environments.

Discussion
Pseudomonas stutzeri habited a wide range of oil reservoirs with different characteristics. Oil recovery processes
seemed to be the main factor for its appearance in oil reservoirs. Two studies of phylogenetic diversity of microbial
community in the non-flooded oil reservoirs in Niibori
oil field in Japan (Kobayashi et al. 2012) and the Troll C
platform (Dahle et al. 2008) showed no single clone of
P. stutzeri detected. It is important to note that oil recovery processes could not be considered as an absolute indicator for the existence of P. stutzeri in oil reservoirs.
Other complex, correlative, and invisible characteristics of
the producing oil reservoirs need to be taken into consideration, which may account for the many perplexing
appearances of phylogenetic diversity of microbial communities. For example, P. stutzeri had high abundances in
some samples but was not detected in others which were
collected from oil wells in the same oil reservoir after
undergoing water-flooding (Ren et al. 2011; Tang et al.
2012).
This is the first study on the compositional distribution
and the genomovar assignment of P. stutzeri in the environments of oil reservoirs. On the basis of 16S rRNA
gene sequence analysis of numerous P. stutzeri detected in
the oil reservoirs under this study, P. stutzeri inhabited in
these oil reservoirs included sequences affiliated with four
known genomovar 1, 2, 3, and 20 and eight genomic
groups that may represent new genomovars which require
further taxonomic studies involving DNA–DNA hybrid-

8

F. Zhang et al.

ization, sequencing of internally transcribed 16S–23S
rRNA gene spacer region (ITS1), and basic physiological
properties (Sikorski et al. 2005). There were complex
diversity associated with P. stutzeri detected in oil reservoirs and those belonging to genomovar 1 were detected
in almost all of the oil reservoirs. The results obtained
show an association of genomovars of P. stutzeri with the
particular geographical environment of oil reservoirs as
the genomovar three members preferentially exist in marine and the genomovar seven members mainly in soil
habitats contaminated by petrochemicals or other pollutions (Sikorski et al. 2002a).
While interpreting the existence of complex diversity of
P. stutzeri in the environment of oil reservoirs, we should
take into account two main factors. The first one is the
origination of P. stutzeri strains in oil reservoirs. Notably,
it was suggested that they are exogenous organisms which
were introduced to oil reservoirs during drilling and oil
recovery procedures and survived gradually (Magot et al.
2000; Orphan et al. 2000; Youssef et al. 2009). Therefore,
their origin may be derived from inoculation of oil reservoirs with surface P. stutzeri within the injecting water
and recycled water after being exposed to surface conditions. Cells of some genomovars (genomovar 1 in this
study) might be physiologically flexible which allows them
to successfully occupy the habitat of oil reservoirs and
survive (Sikorski et al. 2002a). Alternately the second factor may be based on the special stresses in oil reservoirs
including abiotic factors or community-related conditions
which increase mutation frequencies (Finkel and Kolter
1999; Radman 1999) and transposition speed (Oliver
et al. 2000) of P. stutzeri, which may enhance the selection chance of mutant strains (Papadopoulos et al. 1999).
These kinds of gene variation mechanisms may frequently
occur in P. stutzeri which is a species with high rearranged chromosomes and no long-range conservation of
genetic map (Ginard et al. 1997). Moreover, P. stutzeri is
capable of natural transformation resulting in genomic
diversification by recombination (Carlson et al. 1983;
Sikorski et al. 2002a,b).
Our results indicate that P. stutzeri belonging to
genomovar 1 predominates appearing most frequently in
oil reservoirs with different geographical locations
(Table 1). Although strains of genomovar 1 were isolated
from soil as well as aquatic habits, their frequent appearance in oil reservoirs attracted our attention to the common geological characteristics of oil reservoirs. When
strains of P. stutzri are introduced into oil reservoirs with
injected fluids, the physico-chemical characteristics of oil
reservoirs, such as temperature, pH, and electron donors
and acceptors would surely have an effect on their survival, abundance, and diversity. In addition to the likelihood of originating from injected liquids, common
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geological characteristics of oil reservoirs must be taken
into account to interpret the frequent detection of P. stutzeri strains belonging to genomovar 1.
Oil reservoirs are mainly subsurface environments with
low redox potentials due to isolation from surface water
(Magot et al. 2000). This means the available electron
donors can be limited to hydrogen, volatile fatty acids
(Fisher 1987), petroleum hydrocarbons, and inorganic
electron donors (e.g., sulfide) while electron acceptors
minimally include sulfate, carbonate, and iron (III),
moreover, nitrate and oxygen are limiting in most oil
reservoirs unless added with injected fluids (Youssef et al.
2009). It appears members belonging to P. stutzeri
genomovar 1 may possess a greater ability to acclimatize
to the special niches of oil reservoirs or have higher
advantages to be able to achieve such capacity than other
genomovars of P. stutzeri.
Members of different genomovars of P. stutzeri from
the similar geographical environment belong to different
ecological subpopulations inhabiting own ecological
niches and constitute different evolving units (Palys et al.
1997). Our results showed sequences of P. stutzeri only in
respective oil reservoirs which could be considered to be
evolving units in own ecological niches. Cluster H (Fig. 1)
included two sequences from Bokor oil field which is an
oil reservoir not being subjected to water-flooding but gas
lift with CO2 and CH4. Cluster G comprising sequences
only from Dagang oil field. Notably, cluster C and D
mainly consisted of sequences from oil reservoirs subjected to polymer flooding with polyacrylamide. Cluster
B, E, and F, each, only contained one sequence. All these
representative sequences seemed to associate with some
unusual characteristics in these producing oil fields. These
unusual characteristics, therefore, may act as the special
stress factors for the evolution of P. stutzeri in the natural
habitats, resulting in the genomic diversity of the species
in the environment of oil reservoirs.
In this study, strains of P. stutzeri isolated in our laboratory were grouped into genomovar 1, cluster D and G,
which seemed roughly to be consistent with the distribution of P. stutzeri in the oil fields of Dagang and Daqing.
Notably, not a single strain of P. stutzeri was isolated
from the sample of D2 collected from Daqing oil field
where P. stutzeri of genomovar 1 was noticed to be dominant in the clone library constructed from the sample of
D2. This demonstrated the belief that compositional distribution of microorganisms in natural habits could not
be solely established based on culture-dependent methods
as it does not take into account the discrepancies in
growth environments between nature and laboratories
(Ward et al. 1990; Singleton et al. 2001) leading to
detectable microorganisms not yet cultured. Although culture-dependent methods are not sufficient to obtain a full
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picture of microbial ecology, further investigation of
microbial metabolism activity and determination of the
genomovars of the unassigned groups must depend on
these isolates.
Our results were based on the analysis of 16S rRNA
gene sequences of P. stutzeri in 16S rRNA gene clone
libraries. Although 16S rRNA gene sequences of P. stutzeri
do not provide high resolution of all genomovars as
would using special genes of P. stutzeri such as the rpoD
(Cladera et al. 2004; Mulet et al. 2011; Scotta et al. 2012,
2013), our results show that using of 16S rRNA gene
sequences seemed to be applicable for the purpose due to
the following reasons: (1) with the studies in microbial
ecology of oil reservoirs, more 16S rRNA gene data of
microbial community detected in oil reservoirs were
reported, which provided a good resource for us to collected information worldwide. (2) 16S rRNA gene clone
library, showing a clear picture of a microbial community
of bacteria (Palys et al. 1997), can provide information
concerning the relative abundance of different bacterial
groups. In this study, P. stutzeri was dominant in some
samples and were slight in others, which easily demonstrated relative abundance perception of P. stutzeri in oil
reservoirs. (3) 16S rRNA gene sequences used in the study
were obtained by culture-independent methods, which
reflect the microbial community more realistically than
would culture-dependent methods due to uncultivable
characteristic of microbes in laboratories.

Acknowledgments
This study was sponsored by the 863 Program (No.
2013AA064402) of the Ministry of Science and Technology and the National Natural Science Foundation
(No.50974022 and No. 51074029) in P. R. China. The
authors thank the technical personnel in the oil fields
under study for kindly collecting samples and providing
geological information of the oil reservoirs.

Conflict of interest
None declared.
References
Bennasar, A., R. Rossell
o-Mora, J. Lalucat, E. R. Moore.
1996. 16S rRNA gene sequence analysis relative to
genomovars of Pseudomonas stutzeri and proposal of
Pseudomonas balearica sp. nov. Int. J. Syst. Bacteriol.
46:200–205.
Carlson, C. A., L. S. Pierson, J. J. Rosen, and J. L. Ingraham.
1983. Pseudomonas stutzeri and related species undergo
natural transformation. J. Bacteriol. 153:93–99.

9

Pseudomonas stutzeri in Oil Reservoirs

Chauhan, S., P. Barbieri, and T. K. Wood. 1998. Oxidation of
trichloroethylene, 1,1-dichloroethylene, and chloroform by
toluene/o-xylene monooxygenase from Pseudomonas stutzeri
OX1. Appl. Environ. Microbiol. 64:3023–3024.
Cladera, A. M., A. Bennasar, M. Barcel
o, J. Lalucat, and
E. Garcıa-Valdes. 2004. Comparative genetic diversity
of Pseudomonas stutzeri genomovars, Clonal
structure, and phylogeny of the species. J. Bacteriol.
186:5239–5248.
Coates, J. D., U. Michaelidou, R. A. Bruce, S. M. O’Connor,
J. N. Crespi, and L. A. Achenbach. 1999. Ubiquity and
diversity of dissimilatory (per) chlorate-reducing bacteria.
Appl. Environ. Microbiol. 65:5234–5241.
Criddle, C. S., J. T. DeWitt, D. Grbic-Galic, and P. L.
McCarty. 1990. Transformation of carbon tetrachloride by
Pseudomonas sp. strain KC under denitrification conditions.
Appl. Environ. Microbiol. 56:3240–3246.
Dahle, H., F. Garshol, M. Madsen, and N. K. Birkeland. 2008.
Microbial community structure analysis of produced water
from a high-temperature North Sea oil-field. Antonie Van
Leeuwenhoek 93:37–49.
Finkel, S. E., and R. Kolter. 1999. Evolution of microbial
diversity during prolonged starvation. Proc. Natl. Acad. Sci.
USA 96:4023–4027.
Fisher, J. B. 1987. Distribution and occurrence of aliphatic
acid anions in deep subsurface waters. Geochim.
Cosmochim. Acta 51:2459–2468.
Garcı́a-Valdés, E., M. Mulet, and J. Lalucat. 2010. Insights into
the life styles of Pseudomonas stutzeri. Pp. 177–198 in J. L.
Ramos and A. Filloux, eds. Pseudomonas. Volume 6,
molecular microbiology, infection and biodiversity. Vol. 6,
Springer Press, New York, NY.
Ginard, M., J. Lalucat, B. Tummler, and U. Romling. 1997.
Genome organization of Pseudomonas stutzeri and resulting
taxonomic and evolutionary considerations. Int. J. Syst.
Bacteriol. 47:132–143.
Holmes, B. 1986. Identification and distribution of
Pseudomonas stutzeri in clinical material. J. Appl. Bacteriol.
60:401–411.
Keeler, S. J., R. D. Fallon, E. R. Hendrickson, L. L. Hnatow,
S. C. Jackson, and M. P. Perry. 2013. Identification,
characterization, and application of Pseudomonas stutzeri
(LH4:15), using in microbially enhanced oil release. US
Patent 8,357,526
Kilbane, J. J. II, C. M. S. Ribeiro, and M. M. Linbares. 2003.
Bacterial cleavage of only organic C-N bonds of
carbonaceous materials to reduce nitrogen content. US
patent 6,541,240.
Kobayashi, H., K. Endo, S. Sakata, D. Mayumi, H. Kawaguchi,
M. Ikarashi, et al. 2012. Phylogenetic diversity of microbial
communities associated with the crude-oil,
large-insoluble-particle and formation-water components of
the reservoir fluid from a non-flooded high-temperature
petroleum reservoir. J. Biosci. Bioeng. 113:204–210.

10

F. Zhang et al.

Lalucat, J., A. Bennasar, R. Bosch, E. Garcı́a-Valdés, and
N. J. Palleroni. 2006. Biology of Pseudomonas stutzeri.
Microbiol. Mol. Biol. Rev. 70:510–547.
Li, H., S. Z. Yang, B. Z. Mu, Z. F. Rong, and J. Zhang. 2007.
Molecular phylogenetic diversity of the microbial community
associated with a high-temperature petroleum reservoir at an
offshore oilfield. FEMS Microbiol. Ecol. 60:74–84.
Li, D., D. J. Midgley, J. P. Ross, Y. Oytam, G. C. Abell, H.
Volk, et al. 2012. Microbial biodiversity in a Malaysian oil
field and systematic comparison with oil reservoirs
worldwide. Arch. Microbiol. 194:513–523.
Magot, M. 2005. Indigenous microbial communities in oil
fields. Pp. 21–34 in B. Ollivier and M. Magot, eds.
Petroleum microbiology. ASM, Washington, DC.
Magot, M., B. Ollivier, and B. K. C. Patel. 2000. Microbiology of
petroleum reservoirs. Antonie Van Leeuwenhoek 77:103–116.
Mulet, M., J. Lalucat, and E. Garcıa-Valdes. 2010. DNA
sequence-based analysis of the Pseudomonas species.
Environ. Microbiol. 12:1513–1530.
Mulet, M., Z. David, B. Nogales, R. Bosch, J. Lalucat, and
E. Garcıa-Valdes. 2011. Pseudomonas diversity in
crude-oil-contaminated intertidal sand samples obtained
after the Prestige oil spill. Appl. Environ. Microbiol.
77:1076–1085.
Nunoura, T., H. Oida, N. Masui, F. Inagaki, K. Takai, S.
Hirano, et al. 2006. Culture-dependent and independent
analyses of subsurface microbial communities in oil-bearing
strata of Sagara oil reservoir. Island. Arc. 15:328–337.
Oliver, A., R. Canton, P. Campo, F. Baquero, and J. Blazquez.
2000. High frequency of hypermutable Pseudomonas
aeruginosa in cystic fibrosis lung infection. Science
288:1251–1254.
Orphan, V. J., L. T. Taylor, D. Hafenbradl, and E. F. Delong.
2000. Culture-dependent and culture-independent
characterization of microbial assemblages associated with
high temperature petroleum reservoirs. Appl. Environ.
Microbiol. 66:700–711.
Palys, T., L. K. Nakamura, and F. M. Cohan. 1997. Discovery
and classification of ecological diversity in the bacterial
world: the role of DNA sequence data. Int. J. Syst. Bacteriol.
47:1145–1156.
Papadopoulos, D., D. Schneider, J. Meier-Eiss, W. Arber,
R. E. Lenski, and M. Blot. 1999. Genomic evolution during
a 10,000-generation experiment with bacteria. Proc. Natl.
Acad. Sci. USA 96:3807–3812.
Papapetropoulou, M., J. Iliopoulou, G. Rodopoulou,
J. Detorakis, and O. Paniara. 1994. Occurrence and
antibiotic-resistance of Pseudomonas species isolated from
drinking water in southern Greece. J. Chemother. 6:111–116.
Pham, V. D., L. L. Hoatow, S. Zhang, R. D. Fallon, S. C.
Jackson, J.-F. Tomb, et al. 2009. Charactering microbial
diversity in production water from an Alaskan mesothermic
petroleum reservoir with two independent molecular
methods. Environ. Microbiol. 1:172–187.

ª 2014 The Authors. MicrobiologyOpen published by John Wiley & Sons Ltd.

F. Zhang et al.

Radman, M. 1999. Enzymes of evolutionary change. Nature
401:866–867.
Ren, H. Y., X. J. Zhang, Z. Y. Song, W. Rupert, G. J. Gao, S.
X. Guo, et al. 2011. Comparison of microbial community
compositions of injection and production well samples in a
long-term water-flooded petroleum reservoir. PLoS One 6:
e23258.
Rius, N., M. C. Fuste, C. Guasp, J. Lalucat, and J. G. Loren.
2001. Clonal population structure of Pseudomonas stutzeri, a
species with exceptional genetic diversity. J. Bacteriol.
183:736–744.
Rossell
o, R. A., E. Garcıa-Valdes, J. Lalucat, and J. Ursing.
1991. Genotypic and phenotypic diversity of Pseudomonas
stutzeri. System. Appl. Microbiol. 14:150–157.
Scotta, C., M. Mulet, D. Sánchez, M. Gomila, A. Ramırez,
A. Bennasar, et al. 2012. Identification and genomovar
assignation of clinical strains of Pseudomonas stutzeri. Eur.
J. Clin. Microbiol. Infect. Dis. 31:2133–2139.
Scotta, C., M. Gomila, M. Mulet, J. Lalucat, and E.
Garcı́a-Valdés. 2013. Whole-cell MALDI-TOF mass
spectrometry and multilocus sequence analysis in the
discrimination of Pseudomonas stutzeri populations: three
novel genomovars. Ecol. Microb.. doi: 10.1007/
s00248-013-0246-8
Sikorski, J., M. M€
ohle, and W. Wackernagel. 2002a.
Identification of complex composition, strong strain
diversity and directional selection in local Pseudomonas
stutzeri populations from marine sediment and soils.
Environ. Microbiol. 4:465–476.
Sikorski, J., N. Teschner, and W. Wackernagel. 2002b. Highly
different levels of natural transformation are associated with
genomic subgroups within a local population of
Pseudomonas stutzeri from soil. Appl. Environ. Microbiol.
68:865–873.
Sikorski, J., J. Lalucat, and W. Wackernagel. 2005.
Genomovars 11 to 18 of Pseudomonas stutzeri, identified
among isolates from soil and marine sediment. Int. J. Syst.
Bacteriol. 55:1767–1770.
Silva, T. R., L. C. L. Verde, E. V. Santos Neto, and V. M.
Oliveira. 2013. Diversity analyses of microbial communities
in petroleum samples from Brazilian oil fields. Int.
Biodeterior. Biodegradation 81:51–70.
Singleton, D. R., M. A. Furlong, S. L. Rathbun, and
W. B. Whitman. 2001. Quantitative comparisons of 16S
rRNA gene sequence libraries from environmental samples.
Appl. Environ. Microbiol. 67:4374–4376.

ª 2014 The Authors. MicrobiologyOpen published by John Wiley & Sons Ltd.

Pseudomonas stutzeri in Oil Reservoirs

Tang, Y. Q., Y. Li, J. Y. Zhao, C. Q. Chi, L. X. Huang,
H. P. Dong, et al. 2012. Microbial communities in
long-term, water-flooded petroleum reservoirs with different
in situ temperatures in the Huabei oilfield, China. PLoS
One 3:e33535.
Ward, D. M., R. Weller, and M. M. Bateson. 1990. 16S
ribosomal-RNA sequences reveal uncultured inhabitants of a
well-studied thermal community. FEMS Microbiol. Rev.
75:105–115.
Yamamoto, S., H. Kasai, D. L. Arnold, R. W. Jackson,
A. Vivian, and S. Harayama. 2000. Phylogeny of the genus
Pseudomonas: intrageneric structure reconstructed from the
nucleotide sequences of gyrB and rpoD genes. Microbiology
146:2385–2394.
Yamane, K., H. Maki, T. Nakayma, T. Nakajima, N.
Nomura, H. Uchiyama, et al. 2008. Diversity and
similarity of microbial communities in petroleum crude
oils produced in Asia. Biosci. Biotechnol. Biochem.
72:2831–2839.
Youssef, N., M. S. Elshahed, and M. J. McInerney. 2009.
Microbial process in oil field: culprits, problems, and
opportunities. Adv. Appl. Microbiol. 66:141–251.
Zhang, F., Y. H. She, S. S. Ma, J. M. Hu, I. M. Banat, and
D. J. Hou. 2010. Response of microbial community
structure to microbial plugging in a mesothermic petroleum
reservoir in China. Appl. Microbiol. Biotechnol. 88:1413–
1422.
Zhang, F., Y. H. She, L. J. Chai, I. M. Banat, X. T. Zhang,
F. C. Shu, et al. 2012. Microbial diversity in long-term water
flooded oil reservoirs with different in situ temperatures in
Chian. Sci. Rep. 2:760.
Zhao, L., T. Ma, M. Gao, P. Gao, M. Cao, X. Zhu, et al. 2012.
Characterization of microbial diversity and community in
water flooding oil reservoirs in China. World. J. Microbial.
Biotechnol. 28:3039–3052.

Supporting Information
Additional Supporting Information may be found in the
online version of this article:
Table S1. Information of 107 sequences of strains or
clones of Pseudomonas stutzeri that have been grouped
into established genomovars 1–22 (37), were detected in
samples from oil reservoirs (59) and were isolated from
oil reservoirs (11) used this study.

11

