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Abstract: A microbial consortium named Y4 capable of producing biopolymers was isolated from 
petroleum-contaminated soil in the Dagang Oilfield, China. It includes four bacterial strains: Y4-1 
(Paenibacillus sp.), Y4-2 (Actinomadura sp.), Y4-3 (Uncultured bacterium clone) and Y4-4 (Brevibacillus 
sp.). The optimal conditions for the growth of the consortium Y4 were as follows: temperature about 46 °C, 
pH about 7.0 and salinity about 20.0 g/L. The major metabolites were analyzed with gas chromatography-
mass spectrometry (GC-MS). A comparison was made between individual strains and the microbial 
consortium for biopolymer production in different treatment processes. The experimental results showed 
that the microbial consortium Y4 could produce more biopolymers than individual strains, and the reason 
might be attributed to the synergetic action of strains. The biopolymers were observed with optical 
and electron microscopes and analyzed by paper chromatography. It was found that the biopolymers 
produced by the microbial consortium Y4 were insoluble in water and were of reticular structure, and 
it was concluded that the biopolymers were cellulose. Through a series of simulation experiments with 
sand cores, it was found that the microbial consortium Y4 could reduce the permeability of reservoir 
beds, and improve the efficiency of water flooding by growing biomass and producing biopolymers. 
The oil recovery was enhanced by 3.5% on average. The results indicated that the consortium Y4 could 
be used in microbial enhanced oil recovery and play an important role in bioremediation of oil polluted 
environments. 
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1 Introduction
Microbial plugging technology is used for enhanced oil 

recovery by using microbes and their metabolites, which 
could adjust the profi le of absorbing water so as to improve 
the oil recovery efficiency of the mature oilfield. With 
this technique microbes were injected into reservoirs, and 
their growth was stimulated with nutrients. The growth of 
bacteria in the oil-bearing formation and the production 
of biopolymers could change the pathway of injection 
water and force oil into new channels to become part of 
the produced fluid, and improve the sweep efficiency of 
the water flooding operation. This technique has been 
proven to be effective in residual oil recovery from mature 
fields, in which the conventional production and recovery 
mechanisms are ineffective. The conventional water fl ooding 
processes employ polymers or surfactants to recovery 
residual oil (Cui et al, 2004), but these processes leave a 
lot of oil in productive strata, and can pollute strata and the 
ground surface of the oilfi eld at the same time. However, as 
a technique of microbial enhanced oil recovery (MEOR), 
microbial plugging has many advantages (Soudmand-asli et 

al, 2007). It is a simple process with low investment, quick 
effect, more fl exibility, and no pollution to the environment. 
Since reservoir conditions of anaerobiosis, temperature, 
pressure and salinity can not be manipulated, it is necessary 
to find appropriate bacteria which can produce the desired 
metabolites under formation conditions. Bacteria that can 
produce lots of biopolymers under harsh reservoir condition 
are little known. Some bacillus species that could produce 
biopolymers are not affected by increasing pressure, but 
decrease greatly with increasing NaCl (Yakimov et al, 1997). 
currently, most researchers focus on the effect of a single 
bacterium on MEOR. However, effective microorganisms 
(EM) (Jin et al, 2005) may show good effect on production of 
biopolymers and their adaptability under reservoir condition 
due to the synergetic action of strains. A microbial consortium 
Y4 was isolated from petroleum-contaminated soil from the 
Dagang Oilfi eld, North China in our laboratory, and it could 
produce biopolymers using crude oil as sole carbon and 
energy source, making them potentially useful for MEOR. 
This work investigated experimentally the characteristics 
and growth of the bacterial strains and their adaptability to 
different environments and their influence on enhancing oil 
recovery (core fl ooding) by producing biopolymers. 

Study of a plugging microbial consortium using 
crude oil as sole carbon source
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2 Materials and methods

2.1 Materials 
Crude oil was taken from the Daqing Oilfield in 

Heilongjiang province, China. All the other reagents were 
analytical-reagent grade. All the experimental materials and 
crude oil were sterilized.

2.2 Enrichment and isolation of the biopolymer-
producing microbial consortium

Mineral salt medium (MSM) was used as the culture 
medium and Daqing crude oil was used as a single carbon 
and energy source. MSM has the following composition (in 
g/L-distilled water): K2HPO4·3H2O, 1; KH2PO4, 0.5; NaCl, 
0.5; (NH4)2SO4, 0.1; MgSO4·7H2O, 0.025; Daqing crude oil, 
20. The medium pH was around 6.9. An oil polluted soil 
sample (10 g) from the Dagang Oilfi eld was suspended in 50 
ml of sterilized distilled water.  Ten mL soil suspension was 
supplemented with 100 mL MSM as enrichment substrate 
and incubated with shaking at 120 rpm and 46 °C. After two 
weeks, turbidity was observed and there were a few round 
biopolymers suspended in the flask. Then, an aliquot of 4 
mL enriched culture was inoculated into another 250 mL 
conical flask containing 100 mL fresh MSM for the second 
enrichment.

After four consecutive enrichments, the cultures with 
a series of concentration gradient were inoculated on the 
nutrient agar (with a nutrient composition of 0.3 g beef 
extract, 1 g peptone, 0.5 g NaCl per 1L distilled water) plates, 
respectively, to obtain enriched consortium Y4 and separated 
biopolymer-producing microorganisms. The isolation and 
purification of the bacterial consortium were carried out on 
nutrient agar plates with conventional spread plate technique. 

2.3 Identifi cation of the microbial consortium 
The isolated species was first identified by color and 

morphology of individual colonies, then by traditional 
biochemical tests (The Group of Bacteriology Classifi cation 
of the Institute of Microbiology, Chinese Academy of 
Sciences, 1978). Further, the purifi ed bacterium was identifi ed 
by the sequence of 16S rDNA in variable regions V6-V8 
after amplification of the gene by PCR using the universal 
set of primers 960f-GC1 [5’-AAC GCG AAG AAC CTT 
AC-3’] and 1392r (5’-ACG GGC GGT GTG TAC A-3’). The 
amplification fragments were V6-V8 regions of 16S rDNA 
(Liu et al, 1996). The PCR reaction mixture (final volume 
= 25 μl) was prepared in a single tube as follows: 1×PCR 
buffer, 2 mM MgCl2, 0.1 mM dNTPs, 0.1μM of each primer, 
about 30 ng genomic DNA from isolates, and 0.625 U Taq 
DNA polymerase. Thirty-fi ve thermal cycles were performed 
in a FTGENE5D DNA Engine (Techgene Ltd.) as follows: 94 
°C for 1min, 54 °C for 1min and 72 °C for 1min. Purifi cation 
and DNA sequencing of PCR products (about 432 bp) were 
conducted by Shanghai Sangon Biological Engineering 
Technology & Services Co., Ltd. (Shanghai, China).

The obtained partial DNA sequences (about 450 bp) were 
initially submitted to Genbank database of National Center of 

Biotechnology Information (NCBI, http://www.ncbi.nlm.nih.
gov) and were checked by using the Basic Local Alignment 
Search Tool (BLAST) algorithm to roughly determine 
their phylogenetic affiliation. The partial sequences with a 
difference less than 3% were considered to belong to the 
same phylotype.  

2.4 Growth characteristics of the microbial 
consortium 

The growth of the microbial consortium Y4 was measured 
with the dilute plate method in a condition of 46 °C, 120 
rpm. Based on the growth curve of Y4, we can know its 
logarithmic phase and stationary phase. Through this method, 
the effect of temperature, initial pH and salinity on the growth 
of the consortium was investigated in the stationary phase.

2.5 Extraction and analysis of the major metabolites 
and residual oil

To extract the major metabolites, 50 mL of cell suspension 
was harvested after 7 days culture. Extraction was conducted 
twice, first with equal volumes of petroleum ether, then 
with half volumes of dichloromethane. Dichloromethane 
and petroleum ether solvents were evaporated at room 
temperature.  Then both residues were dissolved in 
dichloromethane again to be mixed together. The mixed 
extracts were evaporated to less than 1mL for GC-MS 
analysis (Xie et al, 1999). At the same time, the upper oil of 
the system and the oil adhered to biopolymers were analyzed 
by GC-MS, respectively.

GC-MS analysis was performed with Thermo-Finngan 
Trace DSQ by the Analytical Services Center of State Key 
Laboratory of Heavy Oil Processing, China University of 
Petroleum (Beijing).

2.6 Separation and analysis of biopolymers
To extract microbial consortium metabolites, 100 mL 

of culture medium was harvested after 4, 12, 16, 20 days 
respectively of culture in four fl asks at  46 °C and 120 rpm. 
Extraction and weighing were conducted in three steps as 
follows: Firstly, fi lter paper was oven-dried, and then put into 
a desiccator and weighed when it reached room temperature. 
Secondly, the crude oil free culture medium was fi ltered by 
using a dried fi lter paper. Finally, the fi lter paper containing 
biopolymers was treated as in the fi rst step. The control fl ask 
was treated in the same way. Biopolymers were observed by 
optical microscopy and scanning electron microscopy. 

Biopolymers were analyzed in the following steps by 
using paper chromatography (Cao, 1986): After being rinsed 
by sterile water several times, biopolymers were put in an 
ampoule containing 2 mol/L H2SO4 and hydrolyzed at 100 °C 
for 10 hours, then excessive BaCO3 was added and the 
suspension centrifuged. The upper solution, the product 
of hydrolysis, was taken and analyzed by using paper 
chromatography and compared with control solution (glucose, 
xylose, mannose and lactose). 

2.7 Core fl ooding experiments
Before the microbial consortium was used in the oilfi eld,  
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simulation experiments with sand cores were conducted 
to investigate the enhanced oil recovery by the microbial 
consortium. The detailed processes are as follows. 

In order to simulate inhomogeneous formations, 80-100 
mesh quartz sand was wet-process fi lled into a stainless steel 
core tube which was 30 cm in length and 2.5 cm in diameter. 
The porosity of the core was measured by weighing the sands. 
A specifi c concentration of brine was prepared, and injected 
into the core tube to saturate the core of quartz sands until 
the pressure was stable. The velocity of the peristaltic pump 
was adjusted to 4 mL/min at 46 °C in the whole simulation 
process. Oil was injected into the core until oil flowed out, 
when the pressure was stable, and the original oil saturation 
of the core was calculated. The core model was left overnight 
to saturate with oil before the first water flooding was 
conducted. Brine was injected into the core for the fi rst water 
fl ooding until the water content of effl uent was above 98%. 
The recovered volume of crude oil by the fi rst water fl ooding 
was used to calculate the oil recovery. Then 2 pore-volumes 
(pv) culture of the microbial consortium was injected to the 
core and the core model was placed in oven at 46 °C for a 
specific period of time. Finally, brine was injected into the 
core for the second water fl ooding until the water content of 
effl uent was above 98%. In the whole process, the pressure of 
the model core was monitored with computer to analyze the 
effect of water fl ooding on oil recovery. 

3 Results and discussion

3.1 Isolation of the biopolymer-producing consortium
A microbial consortium named Y4 was isolated after 

4 weeks of enrichment and selected by repeated section 
of subcultures. It consisted of 4 bacterial strains: Y4-1, 
Y4-2, Y4-3 and Y4-4(Fig.1), which use crude oil as the 
sole carbon and energy source. After 7 days growth of the 
microorganisms, their biopolymers product appeared in the 
liquid medium.

3.2 Identifi cation of microbial consortium Y4
Y4-1,  Y4-2,  Y4-3 and Y4-4 were  ident i f ied as 

Paenibacillus sp., Actinomadura sp., Uncultured bacterium 
clone and Brevibacillus sp., respectively, on the basis of 
16S rDNA sequence in combination with morphological, 
transmission electron micrographs, and physiological and 
biochemical tests (Tables 1 and 2).

Flagella were found on the cell surface of Y4-1 and Y4-4, 
and it might be crucial for growth of these strains in oil. At 
the same time, cilia were found on the cell surface of Y4-3. 
These fl agella and cilia were postulated to enable these strains 
to adhere to the surface of the mixture of hydrophobic and 
biopolymers, for using energy and resisting harsh conditions.

Experiments
 for strains Y4-1 Y4-2 Y4-3 Y4-4 

Gram stain - - - -

Acid-fast stains - - - -

Glucose oxidation + + + +

Ethanol oxidation - + - -

Catalase + + + -

Citrate growth + - - +

Methyl-red - - - -

Oxidase + - - -

Levan + - - -

Urea enzyme + + - +

Denitrifi cation - + + +

Starch hydrolysis - ++++ +++ ++

Nitrate deoxidize + + - -

Nitrite deoxidize + + + +

Glucose oxidation
Zymolysis

Zymolysis 
type

oxidation 
type

Zymolysis 
type

oxidation 
type

Table 1 Physiological & biochemical characteristics of microbial 
consortium Y4

Notes: The experiments is marked by plus sign “+” when the change in 
growth was observed; and marked by minus sign “–” when no change 
in growth was observed. The number of the plus signs indicates reaction 
intensity.

Fig. 1 Morphological characteristics of microbial consortium Y4 in optical microscope images

Y4-3 (100x)  Y4-2(100x) Y4-1(100x) Y4-4(100x)
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3.3 Effect of temperature, pH, and salinity on growth 
of consortium Y4

A typical growth curve of the consortium Y4 in batch 
cultivation is shown in Fig. 2. Y4 could adapt to the 
environment well. There was a short lag phase of 2 hours 
and the growth reached a steady phase about 12 hours 
later. Twenty-four hours growth of bacteria was adopted in 
experiments to investigate the effect of temperature, initial 
pH, and salinity on the growth of the consortium Y4.

The main factors influencing bacterium growth and 
metabolism are temperature, initial pH, and salinity. Our 
work was aimed at the optimal parameters for the consortium 
Y4. The optimal temperature for the consortium was around 
46 °C (Fig. 3). The relationship between the growth of 
the consortium Y4 and initial pH is shown in Fig. 4. The 
optimal pH was about 7.0, and the growth of Y4 decreased 
sharply when pH was less than 7.0. The infl uence of different 
salinities of culture medium ranging from 5.0 to 25.0 g/L was 
investigated and the results are presented in Fig. 5. With the 
increase of the salinity from 15.0 to 20.0 g/L, the growth of 
Y4 increased greatly. The optimal salinity was found to be 
about 20.0 g/L, indicating that the consortium Y4 can adapt 
to high salinity.

The pH of the system decreased continuously with 
cultivation time. After a week, pH was stable at about 6.0 
(Fig. 6). It could be concluded that biological oxidation 
reactions took place and organic acids were produced during 
metabolism of oil by the consortium Y4. However, another 
experiment (not yet published) showed that initial pH 9 
was optimum for the consortium Y4, possibly, because the 
microbial consortium Y4 could secrete organic acids, which 
reduced the pH.

Microorganism Length of 16S rDNA
V6-V8 fragments, bp

Source of the most similar
genbank sequence

Alignment, %
similarity

Y4-1 441 Paenibacillus sp. SAFN-016 99%

Y4-2 444 Actinomadura echinospora 98%

Y4-3 445 Uncultured bacterium clone BFS-7 98%

Y4-4 439 Brevibacillus sp. 682-2 99%

Table 2 Lists of sequenced microorganisms and corresponding species in Genbank

Fig. 2 Growth curves of microbial consortium
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Fig. 3 Effect of temperature on growth of consortium

30 40 50 60 70

Temperature, °C

C
on

ce
nt

ra
tio

n 
of

 c
on

so
rt

iu
m

, c
el

ls
/m

L

0

500

1000

1500

2000

2500

Fig. 4 Effect of pH on growth of consortium
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Fig. 5 Effect of salinity on growth of consortium
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3.4 Analysis of major metabolites of microbial 
consortium Y4

When the extracts were subjected to GC-MS analysis 
(Fig. 7; Table 3), the major metabolites were identified as 
phthalates, with retention time being 18.37 min, 19.32 min 
and 24.49 min, respectively. It indicated that Y4 might 
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Fig. 6 pH value of the system with change of cultivation time 

degrade polycyclic aromatic hydrocarbons (PAHs) via 
o-phthalic acid to CO2 and H2O (Wang et al, 2006). At the 
same time, acids, aldehydes and esters were also major 
metabolites with retention time being 10.81, 8.69, 23.05, 5.88, 
14.99, 16.23 and 19.74 min, respectively. It indicated that Y4 
was capable of utilizing oil as both carbon and energy sources. 
After analyzing major metabolites, it could be concluded that 
aliphatic and aromatic hydrocarbon might be used as carbon 
and energy source at the same time.

Most substrates promoting microbial growth need to 
undergo cellular uptake or attachment to become accessible 
by the catabolic machinery of the cells. Here, cell contact 
with hydrophobic substrates is crucial, because the initial 
step in utilizing aliphatic and aromatic hydrocarbons is 
often mediated by oxidation reactions catalyzed on cell-
surface-associated oxygenases (Wentzel, et al, 2007). Two 
mechanisms for accessing these substrates are generally 
considered for bacteria: 1) Interfacial adsorption by 
direct contact of the cell with the hydrocarbon and 2) 
Biosurfactant-mediated accessing by cell contact with 
emulsified hydrocarbons (Wentzel et al, 2007). Considering 
that the microbial consortium Y4 could use hydrocarbon as 
sole carbon source, it may have a relation with producing 
biosurfactants including fatty acid, esters and so on (Table 3) , 
which could emulsify oil. 

3.5 Separation and analysis of biopolymers
The characteristics of biopolymers including their 

physical structure were determined. Biopolymers were 
composed of microbial cells which in the latter stages of the 
growth cycle were embedded in an exopolymer matrix. It 
was speculated that there were several steps in the formation 
of biopolymers: initial adhesion, substrate attachment, and 

microcolony formation, leading to mature biopolymers 
consisting of cells, oil droplets and exopolymer matrix. They 
were observed by using scanning electronic microscopy and 
were found to be reticular structures (Fig. 8). The Y4 system 
showed a remarkable ability to survive and grow in spite of 
most growth-limiting factors, including high salinity, high 
temperature, and nutrient deficiency. Exopolymers have 

Fig. 7 GC-MS analysis of extra cellular intermediates of Y4
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