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ÅHeavy oil and the deep biosphere 

ÅThemes and variations in anaerobic degradation of 

crude oil hydrocarbons 

ÅMetagenomic clues to possible alternative 

anaerobic alkane activation mechanisms? 

Microbial consortia to heavy oil 



Heavy oil and the deep biosphere 

ÅProkaryote biomass comprises around half the biomass 

carbon on the planet 

ÅMost of this is in deep subsurface sediments 

ÅBiodegraded petroleum reservoirs are one of the most 

dramatic manifestation of the deep biosphere 

Å 60 to 100% of 

plant biomass 

carbon 

Å 600 to 1000% of 

N and P present 

in plant biomass 

Whitman et al., PNAS 95, 6578-6583.  1998 
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Heavy oil and the deep biosphere 

ÅMost of the Earthôs petroleum reserves are biodegraded 

ÅSuper giant oil fields with ñconventionalò oil 

ÅGhawar ï 260 billion bbl oil in place 

ÅBurgan Complex (70 billion bbl) 

ÅBolivar Coastal (30 billion bbl) 

ÅHeavy oil fields (6 trillion bbl) 

ÅOrinoco Heavy Oil Belt (1200 billion bbl) 

ÅAthabasca (870 billion bbl) 

ÅCold Lake (270 billion bbl) 



Canadian 

Oil Sands 

ca. 108,000 km2 



Syncrude Aurora Oil Sand Mine 



A considerable proportion of energy production 

will come from heavy oil and oil sands in the 

future 



Petroleum reservoirs contain huge 
amounts of carbon and energy 
which could represent a major 
resource for deep subsurface 

microorganisms 

Are petroleum reservoirs ñhot spotsò 
in the deep biosphere? 



New paradigms for in reservoir crude oil 

biodegradation 



ÅReduced naphthoic acids and 

other metabolites found at 

high frequency in biodegraded 

petroleum systems 

ÅNot found in aerobically 

degraded oils or undegraded 

oils 
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C.M. Aitken, D.M. Jones & S.R. Larter. Anaerobic hydrocarbon 

biodegradation in deep subsurface oil reservoirs. Nature 431, 291-

294 2004  

The aerobic to anaerobic paradigm shift 

 



Methanogenesis is a key process for in situ oil 

biodegradation in petroleum reservoirs 
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Sulfate-reducing microcosm 

Methanogenic microcosms 

Un-degraded oil  

4-methylbiphenyl/3-methylbiphenyl ratio 
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Compositional changes in reservoir biodegraded oils 

are similar to changes in oil degraded under 

methanogenic conditions in the laboratory 

In-reservoir degraded oils  
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Jones, et al. Nature 2008, 451, 176-180 



Devonian 

Oil Sands 
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New paradigms for in reservoir crude oil 

biodegradation 

Head et al., 2003. Nature 426, 344-352 
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Bacchus 

What organisms can drive methanogenic 

crude oil biodegradation? 

Gray et al., 2011. The significance of the Syntrophaceae 

and syntrophic partnerships in methanogenic degradation 

of hydrocarbons. Environmental Microbiology. DOI: 

10.1111/j.1462-2920.2011.02570.x 
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Gray et al., 2011. The significance of the Syntrophaceae 

and syntrophic partnerships in methanogenic degradation 

of hydrocarbons. Environmental Microbiology. DOI: 

10.1111/j.1462-2920.2011.02570.x 
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Bacteroides fragilis (T); ATCC 25285T; X83935 S000015672  

Uncultured bacterium clone TfP20L09; EU362249 (methanogenic marine sediment microcosm)  

Uncultured epsilon proteobacterium clone KorMud-V8C120; DQ112521 intertidal mudflat sediment 

Alviniconcha aff. hessleri gill endosymbiont; AB205405 

Uncultured bacterium clone FA-PB16; AY586399 (biodegraded oil reservoir)   

Uncultured Syntrophaceae bacterium clone Alk1-5E, EU522631 (oil sands tailings)   

Uncultured bacterium clone 5S93 DQ664040 (petroleum contaminated aquifer)  
Uncultured bacterium clone 5C54; DQ663967 (petroleum contaminated aquifer)   

 Syntrophus sp.  Clone B2; AJ133795  (Alkane degraing microcosms from ditch mud ) 

Syntrophus gentianae (T); HQgoe1; X85132 
Syntrophus buswellii (T); DSM 2612; X85131 

Pelobacter sp.  clone A3b3 ;AJ271656  
Uncultured Desulfuromonas sp. clone Lupin-1130m-1-dsm1 ;EF205264 (gold mine fracture water)  

Thauera sp.  strain R-26885; AM084104 T 

Thauera phenylacetica strain b208; EU434525 

Uncultured bacterium clone B78-44;  EU287008  (arctic sediment)  

Roseobacter prionitis strain KOPRI 13477; DQ167249 (marine biofilm) 

 Uncultured bacterium clone S25_1445 ;  EF575101 (marine)  

Marinobacterium georgiense (T); IAM 1419T; AB021408 

Marinobacter sediminum (T); type strain: R65 = KMM 3657; AJ609270 
Marinobacter daepoensis (T); SW-156; AY517633 

Marinobacter hydrocarbonoclasticus (T); VT8; AJ000726 

Uncultured clone:pHAuB-A; AB072719 (anaerobic water and rock core) 

Pseudomonas fragi (T); ATCC 4973; AF094733 

Marinobacter maritimus (T); type strain: CK47; AJ704395 

Marinobacter hydrocarbonoclasticus (T); MBIC1303 (=ATCC27132); AB019148 

 Marinobacter excellens (T); KMM 3809; AY180101 

Pseudomonas plecoglossicida (T); FPC951; AB009457 
Pseudomonas sp. s2-15 DQ127531 

Hydrogenophaga taeniospiralis ATCC 49743; AF078768 

Leucothrix mucor strain LJS0601; EU025026| (algal epiphyte) 

Uncultured gammaproteobacterium clone SF_C7-E4; AY327876 (Hydrothermal Vent snail)   

Pseudomonas sp.; 46.m; NB1-h; AB013829 
Uncultured bacterium clone STU38; EU700180 (marine sediment)  

Uncultured bacterium clone 69-7G; AY955095  (petroleum reservoir) 

G
a

m
m

a 
B

e
ta 

A
lp

h
a 

D
e

lta 
E

p
silo

n 

Bacterial 

communities 

Bacchus 

Proteobacteria 
G

ra
y
 e

t a
l., 2

0
1
1
. T

h
e

 s
ig

n
ific

a
n

c
e
 o

f th
e

 S
y
n

tro
p

h
a
c
e

a
e

 

a
n

d
 s

y
n

tro
p

h
ic

 p
a

rtn
e

rs
h
ip

s
 in

 m
e

th
a

n
o
g
e
n
ic

 d
e

g
ra

d
a

tio
n
 

o
f h

y
d

ro
c
a

rb
o

n
s
. E

n
v
iro

n
m

e
n

ta
l M

ic
ro

b
io

lo
g

y. D
O

I: 

1
0

.1
1
1
1
/j.1

4
6
2
-2

9
2
0
.2

0
1
1
.0

2
5

7
0
.x

 



  
MO302F11  

MO302F3  
MO302E7  
MO302F10  

MO302D8  

MO302E4  

  

MO302C2  

100 

96 

98 

77 
98 

53 

100 

99 

100 

51 

Uncultured bacterium clone FA-PB16; AY586399 (biodegraded oil reservoir)   

Uncultured Syntrophaceae bacterium clone Alk1-5E, EU522631 (oil sands tailings)   

Uncultured bacterium clone 5S93 DQ664040 (petroleum contaminated aquifer)  

Uncultured bacterium clone 5C54; DQ663967 (petroleum contaminated aquifer)   

 Syntrophus sp.  Clone B2; AJ133795  (Alkane degrading microcosms from ditch mud ) 

Syntrophus gentianae (T); HQgoe1; X85132 
Syntrophus buswellii (T); DSM 2612; X85131 

Pelobacter sp.  clone A3b3 ;AJ271656  

Uncultured Desulfuromonas sp. clone Lupin-1130m-1-dsm1 ;EF205264 (gold mine water) 

Deltaproteobacteria 

Bacchus 

ÅSyntrophaceae, specifically Syntrophus and Smithella spp. 

are prevalent in methanogenic oil degrading systems 



NT = N0e
mt 

y = 10540 e0.019t 

m = 0.019 day-1 

0.00079 h-1 

Doubling time ca. 36 days 

What organisms drive methanogenic crude oil biodegradation? 

ÅqPCR data of key 
organisms permits kinetic 
parameters and growth 
yields to be determined 

Gray et al., 2011. The significance of the Syntrophaceae 

and syntrophic partnerships in methanogenic degradation 

of hydrocarbons. Environmental Microbiology. DOI: 

10.1111/j.1462-2920.2011.02570.x 



ÅMethanogenic consortium 
degrading toluene 

Å0.1 g cell-C/g toluene-C 

ÅMethanogenic consortium 
degrading xylene 

Å0.09 g cell-C/g xylene-C 

ÅSmithella/Syntrophus on 
crude oil alkanes 

Å0.02 g cell-C/g alkane-C 

ÅMethanogen yield in crude 
oil alkane-degrading 
consortium 

Å0.011 to 0.038 g cell-C/g 
alkane-C 

What organisms drive methanogenic crude oil biodegradation? 

Growth Yields 

Gray et al., 2011. The significance of the Syntrophaceae 

and syntrophic partnerships in methanogenic degradation 

of hydrocarbons. Environmental Microbiology. DOI: 

10.1111/j.1462-2920.2011.02570.x 



Å Although Syntrophus/Smithella are important in many systems, other 

organisms potentially involved in methanogenic hydrocarbon degradation 

Å Important role for Firmicutes (in higher temperature systems?) 

What organisms drive methanogenic crude oil biodegradation? 



Themes and variations in anaerobic 

degradation of crude oil hydrocarbons 

Å Fumarate addition; a central paradigm for anaerobic 

hydrocarbon activation 

Wilkes H, Rabus R, Fischer T, Armstroff A, Behrends A, and 
Widdel F (2002) Anaerobic degradation of n-hexane in a 
denitrifying bacterium: Further degradation of the initial 
intermediate (1-methylpentyl)succinate via C-skeleton 
rearrangement. Arch. Microbiol. 177, 235ï243. 



Å For alkane degradation alkysuccinates and 4-methyl fatty 

acids are key intermediates 

Themes and variations in anaerobic 

degradation of crude oil hydrocarbons 



Sulfate-reducing microcosm 

Methanogenic microcosms 

Un-degraded oil  

4-methylbiphenyl/3-methylbiphenyl ratio 
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Different Patterns of crude oil biodegradation under 

sulfate-reducing and methanogenic conditions 

In-reservoir degraded oils  
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ÅCrude oil degradation under sulfate-reducing conditions results 

in a suite of alkysuccinates from crude oil alkane metabolism 

ÅUnder methanogenic conditions alkylsuccinates do not 

accumulate 

ÅSyntrophic degradation of crude oil alkanes under 

methanogenic conditions is not initiated by fumarate addition 

mediated by a glycl-radical enzyme? 

ÅMethanogenic degradation of crude oil  may proceed via 

fumarate addition but alkyl succinates do not accumulate 

because methylmalonyl-CoA mutase- and carboxyltransferase-

like enzymes are much more efficient? 

Themes and variations in anaerobic 

degradation of crude oil hydrocarbons 



Alternative anaerobic alkane activation 

mechanisms? 

Widdel & Grundmann, 2010. Handbook of Hydrocarbon and Lipid Microbiology. 909  

Desulfococcus (Desulfobacterium) oleovorans Hxd3 



Alternative anaerobic alkane activation 

mechanisms? 

Ethyl benzene 
deydrogenase 

Aromatoleum aromaticum EbN1 

Uses benzylsuccinate synthetase 
for toluene activation  

Boll and Heider, 2010. Handbook of Hydrocarbon and Lipid Microbiology. 1011-1024  

C-H bond dissociation 355 kJ/mol 

Alkanes ca. 400 kJ/mol 



Metagenomic clues to anaerobic alkane 

activation mechanisms? 



Metagenomic analysis 

31 

STAMP - Statistical Analysis of Metagenomic Profiles 



Metagenome data from methanogenic 

microcosms 

ÅMetagenomic analysis conducted on DNA extracted from 

methanogenic oil degrading microcosms sampled on day 302 (3 

replicates), day 686 and no oil control microcosms on day 302 and 

day 686. 

ÅLow levels of DNA, required MDA 

ÅModest metagenome datasets obtained (454 pyrosequencing GS-

FLX and Titanium) 

Å500,111 reads 

Å169,776,056 nucleotides 

ÅAverage read length 324 bases 

 



Recruitment plot from methanogenic 

microcosm metagenome 

Fragments 

mapped 

 Features 

covered 

Total  of 

features 

1,449 721 3,262 

Fragments mapped on Syntrophus aciditrophicus SB  

The reference genome Syntrophus aciditrophicus SB 

contains 1 contig and is 3.1 Mbp.  

1,449 fragments map to 721 of 3,262 features from the 

Syntrophus aciditrophicus SB genome. The total base 

pair length of all sequences mapping to this genome in 

Methanogenic microcosm (4445831.3) is 97,400 bp, 

resulting in approximately 0.031X coverage. 
33 



Alkyl succinate synthetase (assA) genes in a 

methanogenic oil degrading metagenome? 

34 

ÅNone detected 

ÅNot annotated as assA? 

ÅArchetypal glycyl radical enzyme 

ÅPyruvte formate lyase/formate C-acetyl transferase? 

 



Alkyl succinate synthetase (assA) genes in a 

methanogenic oil degrading metagenome? 

35 

Å 6 formate C-acetyl transferase orthologues identified 

Formate C - acetyltransferase [Desulfatibacillum alkenivorans AK - 01]  

 Score = 98.2 bits (243),  Expect = 3e - 19 

 Identities = 41/66 (62%), Positives = 52/66 (78%), Gaps = 0/66 (0%)  

 Frame = +1  

 

Query  1    QACMSPCPTTKRGFQPMRMANATANCAKIIEYVFTRGFDPIVNMQIGAETPDPATFSSFD  180 

            QACMSPCPTTK G QP RMA+ATANCAK++EY    G+D +V MQ+G +T D  TF+ F+  

Sbjct  470  QACMSPCPTTKNGVQPFRMASATANCAKMVEYALHNGYDHVVGMQMGPQTGDARTFTDFE  529 

 

Query  181  QVYDAW  198  

            Q++DAW 

Sbjct  530  QLFDAW  535  

Å Is this an assA gene? 

[Desulfatibacillum alkenivorans AK-01] 



36 


