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Laboratory Themes

• Molecular and Isotopic
Tools to Quantify
Bioremediation

 Suite of Molecular Methods
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Isotope Ratio Mass Spectrometry

• Allows stable-carbon isotope ratio analysis of individual
organic compounds

• High-precision mass spectrometer used to discriminate
between molecules of similar masses

• Coupled with gas chromatography and on-line combustion
(GC-C-IRMS) to enable compound-specific isotope ratio
analysis
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• Biodegradation of
Emerging
Contaminants



Outline

• Bioremediation of solvents
• Molecular Tools to Optimize

Bioremediation
– Gene detection/quantification -

ribosomal and functional genes
– Quantification of expression
– Microarrays for transcriptomics

and community analysis



What’s the Problem?
• Leaking Underground Tanks are common -

(> 400,000 sites in US)
• Our groundwater resources have become

contaminated

Solvent plume

Long-term
Solvent source

contaminated wells
Storage tanks



One Solution -
In Situ Bioremediation

In situ Bio              Remediation

In place microbial         method to fix

Using microorganisms to clean up pollution in
the environment



How does it work?
How does in situ bioremediation clean up pollution?

Soil microbes are remarkably versatile!
They eat (electron donor) and breathe (electron

acceptor) many types of organic and inorganic
chemicals to generate energy to live.
(Gasoline, oil, chromium, iron, solvents,
perchlorate, nitrate, ammonia, MTBE, etc)

They live in complex communities 
capable of degrading contaminants 
by “bucket brigade”.

claybennett.com



Applying In Situ Bioremediation

• Natural Attenuation - biotransformation 
occurs naturally: indigenous microbes present,
substrates & nutrients present (can be MNA)

• Biostimulation - indigenous microbes 
present, substrates &/or nutrients must be added

• (a type of Enhanced Attenuation or PPT)

• Bioaugmentation - indigenous
microbes not present, organisms
must be added alken-murray.hypermart.net/clearflo.htm 



Per- & Tri- Per- & Tri- chloroethene chloroethene (PCE, TCE)(PCE, TCE)

• Suspected carcinogens
• Cause damage to kidneys, liver, lungs, central nervous

system
• Most common GW contaminants at US Superfund sites

Chemical
Processing

Paint Stripping
Cleaning and
degreasing

C C
Cl Cl

Cl Cl
C C

Cl H

Cl Cl

www.dexter.com
Dry Cleaning



Reductive Dechlorination of TCE
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Dehalococcoides
• Electron acceptors: chlorinated organics
• Electron donor: H2
• Carbon source: acetate
• Some impt. RDase genes:

 pceA and tceA from 195
 bvcA from BAV1
 vcrA from VS

Dehalobacter, Dehalospirillum,
Desulfitobacterium, Desulfomonile, etc.
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Microbial Communities Needed!
Background: Dehalococcoides spp. can

bioremediate solvents - but can’t live alone
(need hydrogen, acetate, etc.)

Goal: Apply molecular approaches to characterize,
understand and optimize chloroethene degrading
microbial communities and their activity.



TCE EtheneDehalococcoides species

Methanogens

Vitamin B12
H2

Acetate

CO2

Hydrogenotrophic
Acetogens

Fermenters

Organic Substrate (lactate/whey/molasses)

Vitamin B12
Acetate

???

Biotin

TCE degrading consortia

Microbial consortia ferment organic to hydrogen, providing
electron donor required for Dehalococcoides to respire TCE



Chromosome 

Gene (DNA)

What biomarkers can track bioremediation?

protein 

...AGCTTGGACCC...

...TCGAACCTGGG...

mRNA

gene transcription translationmRNA protein
cell

activity

TCE

Bacteria
contain
DNA,

RNA &
Proteins



What biomarkers can track bioremediation?

gene transcription translationmRNA protein
cell

activity

TCE

DNA: stable, easy to measure,
easy to ID

RNA: labile, easy to ID,
suggests activity

Proteins: stable, hard to
quantify, hard to ID,
confirms activity

Chromosome 
Gene (DNA)

protein 

...AGCTTGGACCC...

...TCGAACCTGGG...

mRNA



Molecular tools for bioremediation

• Use biomarkers based on ribosomal genes
(DNA) to measure Dehalococcoides number at
sites

• Quantify functional genes (DNA) as biomarkers
to distinguish between useful strains

• Use reverse transcription with quantitative PCR
to quantify cell mRNA expression

• Use microarrays to identify important
conditions, biomarkers and communities to
optimize growth



In Situ Bioremediation of TCE

M.D. Williams et al., 2000, 
http://www.gwrtac.org./html/conf.html#bostbionatatten

Lactate Injection



A TALE OF TWO
SITES



Solvents at 2 Sites w/ Lactate Injection

MW-25 Reductive Dechlorination Results
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Quantifying 16S genes for ID

Successful Failed



0

10

20

30

40

50

60

70

0 5 10 15 20

-80

-60

-40

-20

0

20

40

0 5 10 15 20

TCE DCE VC ethene

Co
nc

en
tra

tio
n

δ1
3 C

 (‰
)

Stable Isotopic Fractionation of Ethenes

GC C

IRMS

850°C

12C
98.89%

13C
1.11%

Compound specific
isotope analysis



δ1
3 C

 (‰
)

-60

-50

-40

-30

-20

-10

0

10

0 100 200 300 400

Time (days)

TCE

cDCE

Ethene

VC



Identified Dehalococcoides reductases

• D. ethenogenes 195

 
•Dehalococcoides Bav1

• Dehalococcoides VS

• Dehalococcoides FL2

• Dehalococcoides CBDB1

• D. ethenogenes 195 pceA tceA

 
•Dehalococcoides Bav1 bvcA

• Dehalococcoides VS   vcrA

?

etheneVCDCETCE



Quantification of Functional Genes
• Problem: even if Dehalococcoides is present, are

the needed capabilities present?
• Dehalococcoides strains have variety of

functions.
• 16S of strains highly conserved.
• How to distinguish if useful strains are present?

e.g. CBDB1, 195, BAV1, VS, FL2 etc.

Dehalo 16S

997 bp 
1492 -> 440Kpn

R854, F952

tceA

452 bp 
1057 -> 1483BamHI

F218, R285

vcrA

1487 bp 
1 -> 1487

F369, R434

bvcA

251 bp 
Qf -> 245RXbaI

R118, F186

M13 R M13FT7
mRNA

Four-gene qPCR standard plasmid



Sum of Functional and 16S genes
of Dehalococcoides in lab



Ft. Lewis treatment site

Figures courtesy of North Wind Inc. 
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Linear regression:
y = 1.41x
R2 = 0.99
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Species and genes aren’t enough!

• How do we show that the genes of
interest are not only present, but also
expressed?

• Quantify after RT-qPCR of active
samples (turn mRNA into DNA).



Exponential Decay Function of mRNA
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RT-qPCR Profile of RDases and 16S rRNA transcripts
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Microarrays to ID Community

• Dehalococcoides spp. need other Bacteria/Archaea
• How do we know if they are present?
• Use a microarray that detects ≈ 9,000 species in

single test (16S phyloarray)



The Dimensions of a GeneChip
55 ””

55””

 Up to ~6,500,000 Up to ~6,500,000
featuresfeatures  //  chipchip

1.28cm1.28cm

1.28cm1.28cm

55µµmm

55µµm      m      

*** ***

Millions of identical Millions of identical 
probesprobes  //  featurefeature



PhyloChip

One probe set for each cluster
Average 24 probe-pairs (25-mers) in each probe set
Multiple taxa can be identified simultaneously by targeting

unique regions or combinations of sequence.
8,741 clusters (OTUs) with corresponding probe sets.
Desirable: No cross-hybridization with other clusters

Central 17-mer not found in other clusters
At least 2 non-continuous loci are probed



Phylogenetic Microarrays for 16S ID

scanning hybridization

PCR
amplify

DNA
isolation

16S-
DNAcells

DNA DNA
labeling

labeled
16S-DNA

or

Overall
community
structure

Active
members gel

purify
RNA

isolation
16S-
rRNAcells

RNA RNA
labeling

labeled
16S-rRNA



Richness in groundwater samples
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What can we learn from the
entire genome - microarrays?

• Compare the entire genome of
individual species with other isolates
and more importantly, communities

• Evaluate transcriptome under different
conditions and for different cultures



Dehalococcoides ethenogenes 195
whole-genome microarrays

• Microarrays designed to include all ORFs in
D. ethenogenes 195 genome

• Probes
– ≈ 36,000 probes - 25mers
– 1,579 DHC 195 genes + 45 control genes
– 22 probes per gene

• 11 match probes per gene, 11 mismatch probes
– Extremely high specificity



Microarray whole-genome expression analysis
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Gene Expression with TCE or DCE
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Johnson, Feil, DeSantis, Andersen, Zinder, Alvarez-Cohen. In preparation

0
10
20
30
40
50
60
70
80

0 10 20 30 40 50 60 70 80 90
Time (days)

109

105

106

107

108

16S-rR
N

A genes per m
l culture

td=4.1 days;   Xmax=6x107 ml-1

0
10
20
30
40
50
60
70
80

0 10 20 30 40 50 60 70 80 90
Time (days)

td=3.3 days;   Xmax=2x108 ml-1
109

105

106

107

108
16S-rR

N
A genes per m

l culture
Closed symbols: TCE
Open symbols: 16S-rRNA genes
Green: 1 µg/L vitamin B12
Blue: 100 µg/L vitamin B12

0

20

40

60

80

100

0 5 10 15 20 25 30
Time (days)

B12 Effects on Dehalococcoides



Global expression in isolate and co-culture



Kinetic comparison of isolate and co-culture

TCE-195TCE-coculture

195 in coculuture
195 in pure culture
DVH in coculture

Hydrogen 
Lactate
Acetate



What can we learn about
bioremediation with molecular tools?

• When will biostimulation work?
– (count ribosomal genes: qPCR 16S - Who’s there, how much?)

• When is bioaugmentation necessary?
– (count functional genes: qPCR RDases etc. What can they do?)

• How to optimize growth of Dehalococcoides in complex
communities?
– (measure mRNA: RT-qPCR - Are they actually doing it?)

• How does this unusual bacteria exist in such diverse
environments - and how do we use this?
– (fundamental knowledge! microarrays, proteomics etc. How can

we learn more?)
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Biomarker Expression Cycle

-2.5

-2

-1.5

-1

-0.5

0

0.5

0 20 40 60 80
Time (days)

Lo
g2

 e
xp

re
ss

io
n 

ra
tio

Ech
Hup
Hyc
Hym
Vhu
Fdh
Nuo

-1
-0.5

0
0.5

1
1.5

2
2.5

3
3.5

0 20 40 60 80
Time (days)

Lo
g2

 e
xp

re
ss

io
n 

ra
tio

tceA
DET0173
DET0180
DET0311
DET1522
DET1535
DET1545
DET1559

d
RDases

Hydro-
genases

EE LE TR ES LS

Hup
H2ase

TceA
RDase

ATPase

H2

2H+

2e-
TCE+H+

DCE+Cl-

3H+

ATP

ADP

2e-

?

OUT IN

2H+ 2H+



July                  Aug                 Nov                  F eb                April

1

2

3
July                  Aug                 Nov                  F eb                April

1

2

3

Cluster 1 contains archaeal families from:
Methanosaetaceae; Methanosarcinaceae; 
Methanomicrobiaceae; Methanocorpusculaceae;
Methanobacteriaceae

Halobacteriaceae ; Thermococcaceae ; 
Cenarchaeaceae ; Archaeoglobaceae

Cluster 2 only contains members from the Euryarchaeota phylum

Cluster 3 contains a single member from the Crenarchaeota phylum

July                  Aug                 Nov                  F eb                April

1

2

3
July                  Aug                 Nov                  F eb                April

1

2

3

Cluster 1 contains archaeal families from:
Methanosaetaceae; Methanosarcinaceae; 
Methanomicrobiaceae; Methanocorpusculaceae;
Methanobacteriaceae

Halobacteriaceae ; Thermococcaceae ; 
Cenarchaeaceae ; Archaeoglobaceae

Cluster 2 only contains members from the Euryarchaeota phylum

Cluster 3 contains a single member from the Crenarchaeota phylum

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

M
et

ha
ne

 (m
g/

L)

`

Dynamics of archaeal populations



0

50

100

150

200

250

300

350

04/01/05 06/01/05 08/01/05 10/01/05 12/01/05 01/31/06 04/02/06 06/02/06

m
g/

L

Lactate Acetate Propionate IsoButyrate
Butyrate IsoValerate Valerate

Clostridiaceae ;
Enterobacteriaceae ;
Lactobacillaceae

0

1

2

3

4

4/1/05 6/1/05 8/1/05 10/1/05 12/1/05 1/31/06 4/2/06 6/2/06

D
O

, N
itr

at
e,

 F
er

ro
us

 Ir
on

 (m
g/

L)

0

5

10

15

20

25

30

Su
lfa

te
 (m

g/
L)

DO Nitrate Ferrous Iron Sulfate

Desulfohalobiaceae ; 
Desulfomicrobiaceae ; 
Desulfovibrionaceae

GeobacteraceaeBurkholderiaceae
Enterobacteriaceae ;
Rhodocyclaceae ; 
Shewanellaceae

0

1

2

3

4

4/1/05 6/1/05 8/1/05 10/1/05 12/1/05 1/31/06 4/2/06 6/2/06

D
O

, N
itr

at
e,

 F
er

ro
us

 Ir
on

 (m
g/

L)

0

5

10

15

20

25

30

Su
lfa

te
 (m

g/
L)

DO Nitrate Ferrous Iron Sulfate

Desulfohalobiaceae ; 
Desulfomicrobiaceae ; 
Desulfovibrionaceae

GeobacteraceaeEnterobacteriaceae ;
Rhodocyclaceae ; 
Shewanellaceae

*Based on RNA hybridization

Linking active bacterial families & geochemistry

Follow-up clone library of 16S rRNA
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Go Bears!


