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Abstract: Crude oil-degrading microbial consortia were
enriched from three oil-contaminated sites to achieve the
efficient biodegradation of crude oil, especially its refractory
residues. The gravimetric method was used to analyze the
degradation efficiency of the enriched consortia and changes in
the fractions of the crude oil. The effects of changes in
environmental factors were also studied to determine the
optimal oil-reducing conditions and assess the dominant
Results show that all three
consortia exhibit reliable crude oil-biodegradation abilities and

bacteria of the mixed flora.

that their mixture results in biodegradation rate are as high as
(48.0 £3.5)% over 30 d of incubation. The consortium
mixture can degrade 11. 1% of the refractory resins, 79. 7%
of the saturated hydrocarbons, and 45.7% of the aromatics in
crude oil. Neutral pH, an incubation temperature of 30 C,
and low mineral salt concentrations (0. 8% to 4. 0% ) are
optimal for crude oil biodegradation. The dominant genera in
the consortium mixture include Pseudomonas,
Stenotrophomonas, Brucella, Serratia, Brevundimonas, and
Achromobacter. The richness and diversity of the microbial
community in the consortium remain stable during crude oil
degradation. Therefore, microbial enrichment from multiple
sources may be performed to construct a mixed consortium
for crude oil pollution bioremediation.
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rude oil pollution endangers humans, and the reme-
diation of contaminated environments is an urgent
undertaking'". Crude oil can be classified into four frac-
tions, namely, saturates, aromatics, resins, and asphalt-
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enes (SARA) ™. Heavy oil contains a high percentage of
resins and asphaltenes and generally shows low bioavail-
ability on account of its low fluidity and high viscosity"" .
Unfortunately, knowledge of the most effective functional
microbes with stable degradation performance and the un-
derlying mechanisms is lacking.

Bioremediation approaches are generally preferred over
other types of pollution-management approaches, and
over 200 types of bacteria are known to degrade crude oil
components”] .
of bacterial consortia to improve the efficiency of crude
oil biodegradation have been reported””™ .
studies on the application of mixed microbial consortia to

The recent development and application
However,

degrade crude oil containing heavy components are
scarce.

The efficiency of crude oil degradation is strongly af-
fected by external environmental parameters'”, including
temperature, pH, and inorganic salt concentration. How-
ever, these parameters are often individualized for differ-
ent bacteria. Thus, parameter optimization is crucial to
enhance the synergistic degradation efficiency of microbi-
al consortia.

In the present study, three microbial consortia with
high oil-degradation efficiencies were isolated and en-
riched directly from heavy crude oil-contaminated soil.
The effects of various environmental factors on the per-
formance of the obtained crude oil-degrading microbial
consortia were then determined. Finally, the structure of
the enriched crude oil-degrading mixed microbial commu-
nity was analyzed, the dominant functional species were
investigated, and the relevant degradation mechanisms
were explored.

1 Materials and Methods
1.1 Samples and media preparation

The crude oil used in this study was procured from Sin-
opec Group, Shandong, China. Three types of crude oil-
contaminated soils were collected from the provinces of
Shandong, Jiangsu, and Gansu, China.

The mineral salt medium ( MSM), which contained
1.0 g¢/L K,HPO,, 1.0 g/L KH,PO,, 1.0 g/L NH,ClI,
0.5 g/L NaCl, 0.5 g/L MgSO,, 0.1 mg/L CaCl,, 0.1
mg/L FeSO,, 0.02 mg/L CuSO,, 0.02 mg/L ZnSO,,
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and 0. 02 mg/L MnSO,, was adjusted to neutral pH. The
nutrient broth medium contained 10.0 g/L peptone, 3.0
g/L beef extract, and 5.0 g/L sodium chloride (pH 7.2
+0.2). The enriched medium was composed of a mix-
ture of MSM and crude oil at a ratio of 200: 1. The selec-
tive medium was composed of enriched medium amended
with 15 g/L agar.

1.2 Crude oil-degrading consortium enrichment

Ten grams of each soil sample was transferred to a 250
mL conical flask and then added with 100 mL of enriched
medium at 30 C and 150 r/min. Each culture was sup-
plemented with 0.5 g of crude oil every 10 d. After 50
d, the solution was centrifugated at 8 000 r/min for 5
min, and the cell pellet was collected. This pellet was re-
suspended. Then, 200 L of the resuspended culture was
spread onto the selective medium and cultured at 30 C
for 16 h. Microorganisms that grew on the selective me-
dium were considered a member of the potential crude oil-
degrading consortia.

1.3 Determination of biodegradation activity

Each microbial consortium was inoculated in sterilized
nutrient broth medium amended with 0. 5% crude oil for
proliferation until the OD,,, (optical density for the sus-
pension at 600 nm) of the solution reached 0. 6. Next, 5
mL of the culture, 95 mL of MSM, and 0.5 g of crude
oil were added to flasks and incubated at 150 r/min.
Triplicate flasks were established and sampled every 3 d.
The control with no consortium inoculation was used to
quantify the abiotic oil loss. The residual crude oil was
measured using the gravimetric method' . The percentage
of crude oil degraded was calculated as follows:

m, —m
0 1
P =

x 100% (1)

0

where m, is the mass of the original crude oil and m, is
the mass of the remaining oil after incubation.

The crude oil was separated, and changes in its SARA
fraction were determined by column chromatography ac-
cording to the Chinese industrial standard SY/T 5119—
2016"".

1.4 Determination of optimal environmental condi-
tions for biodegradation

The pH of the reaction media was adjusted to 6.0 to
8.0, and incubation temperatures of 20 to 40 C were
tested to assess their effects on crude oil biodegradation at
the optimal pH. The inorganic salt concentration was ad-
justed to 0.8% to 12% while maintaining the same pro-
portion of components described in MSM. For each reac-
tion, the remaining oil in the flask was measured by the
gravimetric method.

1.5 Analysis of the microbial consortium structure

The incubation solution was collected and passed
through 0. 22 pm filters ( Millipore, USA). The filters
were then subjected to DNA extraction by using a Qiagen
DNA Kit. Polymerase chain reaction was performed to
amplify the 16S rRNA gene using the bacterial primers
338F (5’ -ACTCCTACGGGAGGCAGCAG-3’) and 806R
(5’ -GGACTACHVGGGTWTCTAAT-3"). A DNA library
was constructed and loaded onto the Illumina Miseq
PE300 platform at Majorbio Bio-pharm Technology Co. ,
Ltd. (Shanghai, China).

2 Results and Discussion

2.1 Development of the crude oil-degrading consortia

The three microbial consortia were named GS, JS, and
SD according to their retrieval sources. These consortia
were further mixed at a biomass ratio of 1:1:1 to form a
new functional microbial consortium. Each functional mi-
crobial consortium was inoculated, and the crude oil-bio-
degradation activity of each sample was determined. After
incubation, oil droplets formed and dispersed in the liquid
phase of the flask, and the oil sheen on the surface of the
medium faded (see Fig. 1). The appearance of dispersed
oil droplets suggests the presence of biodegradation activi-
ty. Such phenomena were not observed in the control,
which revealed a total oil loss rate of only approximately
6.1% after 30 d of incubation. The overall oil-degrada-
tion rates of the consortia GS, JS, and SD and their mix-
ture after 30 d of incubation were (31.4 +3.2) %, (26.4
+2.8)%, (29.4+£1.1)%, and (48.0 +3.5)%, re-
spectively (see Fig.2). Therefore, all retrieved consortia
display oil-degradation potential, with their mixture pos-
sessing the highest oil-degradation ability. The optimal a-
bility of the consortium mixture to degrade heavy crude
oil efficiently may be attributed to microbial cooperation
and synergy, which could increase extensive enzymatic
capacities for the utilization of oil.

(b)
Fig.1 Crude oil-containing flasks for 30 d at 30 C with the
microbial consortia. (a) Before incubation; (b) After incubation
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Fig.2 Crude oil-degradation rate curves of the microbial
consortia GS, JS, and SD and their mixture

2.2 Degradation efficiencies for crude oil SARA frac-
tions

Changes in the SARA fractions of the crude oil were
monitored, and results indicated that saturates, aromatics,
and resins, but notasphaltenes, were efficiently degraded
by the consortium mixture (see Fig.3). The saturated hy-
drocarbon level in the flasks continuously decreased over
the course of incubation by 79.7% . The concentration of
aromatics declined by 35.9% within the first 15 d of incu-
bation, but only another 9. 7% reduction was achieved
from day 15 to day 30. The resin content remained similar
to the initial mass within the first 15 d of incubation and
decreased by 11.1% from day 15 to day 30.
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Fig.3 Changes in the crude oil SARA (saturates, aromat-
ics, resins, and asphaltenes) fractions during biodegradation
by the consortium mixture

The above results confirm that the consortium mixture
possesses a promising ability to degrade heavy crude oil
but not asphaltenes. Because of their simple structures
and low hydrophobicity, saturated hydrocarbons in crude
oil are preferentially degraded'"”. When mononuclear ar-
omatics and PAHs with low molecular weights are de-
graded, the residuals of the aromatics are generally ther-
modynamically stable and fairly refractory''"!, leading to
a low degradation rate from day 15 to day 30 of the incu-
bation period.

The biodegradation of resins andasphaltenes in this

work was very slow and time consuming, likely because
of the high viscosity and density and poor fluidity of these
substances'””. Some evidence suggests that the molecular
structures of these molecules could change during incuba-
tion but without complete mineralization'”’. The slight
decrease in the mass of resins and the stability of asphalt-
enes indicate that these refractory components may eventu-
ally be biodegraded but require a longer incubation time.

2.3 Optimal environmental conditions for crude oil
biodegradation

The consortium mixture was cultured under different re-
action conditions for 10 d, and biodegradation efficiency
tests indicated that high crude oil-biodegradation efficiency
((10.4 £2.8)%) could be obtained under neutral pH
conditions (see Fig.4(a)). An incubation temperature of
30 C was verified to be optimal for crude oil degrada-
tion, and the highest degradation rate ((19.6 £3.3)%)
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Fig.4 Crude oil-degradation rates of the consortium mixture

after 10 d of incubation. (a) Different pH values; (b) Different tem-
peratures; (c) Different mineral salt concentrations
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was obtained under this temperature (see Fig. 4(b)). A
low range of mineral salt concentrations (0. 8% to
4.0% ) exerted negligible effects on the crude oil-degra-
dation efficiency of the consortium mixture ( see Fig. 4
(c)). However, a lower crude oil-biodegradation rate of
(2.3 £1.0)% was obtained when the salt concentration
reached twice the original value.

Neutral conditions have been verified to benefit the bio-
degradation process. The consortium in this work was
sensitive to pH changes, likely because biological proces-
ses, such as enzymatic reactions and the utilization of
electron acceptors and nutrients, are affected by pH'"*.
Changes in temperature could change the solubility, vis-
cosity, diffusion, and transformation of hydrocarbons,
thereby affecting the bioavailability of oil'”'. High salinity
inhibited the consortium’s biodegradation efficiency, likely
because this condition leads to unfavorably high osmotic
pressures and altered sorption of toxic or essential ions'"” .
2.4 Variations in microbial community diversity dur-

ing incubation

The richness and diversity indices of the consortium
mixture communities before and after incubation were an-
alyzed. The observed OTU number of the day-30 sample
was close to that of the day-0 sample. No significant
difference between the ACE indices of these samples was
noted (P =0.87). The Shannon and Simpson indices of
the day-30 sample were not significantly different from
those of the day-0 sample (P >0.05; see Tab.1).

Tab.1 Species richness and diversity indices of different sam-
ples at the OTU level

Species richness indices

Species diversity indices

Samples -
Observed ACE Shannon Simpson

Day-0 131 131.06 2.08 0.22

Day-30 139 134.48 2.27 0.16

The genera Pseudomonas, Stenotrophomonas, Brucel-
la, Serratia, Brevundimonas, Achromobacter, Macelli-
bacteroides, and Citrobacter were dominant ( see Fig.5).
Whereas the abundances of Pseudomonas, Stenotroph-
omonas, and Brevundimonas decreased by 24.7%,
11.2%, and 2.4% , respectively, after 30 d of culture,
the proportions of Brucella, Serratia, Achromobacter,
and Macellibacteroides increased from the day-0 sample
to the day-30 sample.

The relatively stable microbial composition observed in
the mixed consortium in this study suggests that the domi-
nant species in the enriched consortium play important
roles in crude oil degradation. Pseudomonas is widely re-
ported to biodegrade saturates efficiently, and some mem-
bers of this genus could produce biosurfactants to increase
the bioavailability of oil components!” .

omonas, Citrobacter and Brevundimonas could degrade
[18—19]

Stenotroph-

some aromatics
cella, Serratia, and Achromobacter could be related to
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Fig.5 Dominant genera in the consortium mixture

the cleavage and modification processes of PAHs and aro-
(2021 - Although Macellibacteroides is
rarely mentioned in the biodegradation of crude oil, it has
a close phylogenetic relationship with Dysgonomonas ( see
Fig. 6), which could degrade phenol and dimethylphe-
2! " The phylogenetic tree also showed that some
dominant genera, such as Pseudomonas, Brucella, and
Serratia, are not close to each other in terms of evolu-
tionary relationships.

matic cores in resins

nol

This finding suggests the impor-
tance of the cooperation of multiple functional microbes
for crude oil degradation. Therefore, enhancements in the
crude oil-degradation activities of the mixed consortium
may probably be attributed to the increase in oil bioavail-
ability and cooperation of diverse microbial species in
multiple biological metabolic pathways.

3 Conclusions

1) All of the enriched and isolated consortia could bio-
degrade crude oil. Among the samples tested, the consor-
tium mixture showed the highest degradation rate((48.0
+3.5) %) after 30 d of incubation. The consortium mix-
ture could degrade 79.7% of the saturated hydrocarbons,
45.7% of the aromatics, and 11. 1%
crude oil; asphaltenes were not observably degraded by
this sample.

2) A neutral pH, culture temperature of 30 ‘C, and sa-

of the resins in

linity of no more than double the original MSM concen-
tration could promote crude oil biodegradation.

3) The dominant genera of the consortium mixture
were Pseudomonas, Stenotrophomonas, Brucella, Serra-
The propor-
tions of these bacteria showed some variations over the
course of incubation, but the richness and diversity of the
microbial communities were stable.

tia, Brevundimonas, and Achromobacter.
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