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Assessing the Feasibility & Performance of
Anaerobic Benzene Bioremediation

Hydroxylation Carboxylation

Easier said than done...

‘OH  Benzene €O,
» Benzene degrades slowly in the e

absence of O, & 2 O
OH o
» >1 metabolic pathway catalyze ©/ E

anaerobic benzene degradation, and
Phenol Benzoate

most are not well understood \ : /

» No biomarker is 100% diagnostic of “ o

benzene degradation at all sites
CHs
SCoA
— — —_— —> CO,

----- > = Unknown or unverified reaction Toluene Benzoyl-CoA



Example Biomarkers Used to Monitor
Anaerobic Benzene Degradation

Hydroxylation Carboxylation

Functional Genes
'OH'.. Benzene “COZ

’¢

» abcA (anaerobic benzene el %
carboxylase, catalytic subunit) “ 6‘3@’\ P Ty i
OH : :
: O
» Gmet 0231 (putative hydroxylation ©/ 5 O)L
gene in Geobacter metallireducens) Phenol : Benzoate
» bamA, bcrA (benzoyl-CoA reductase, \ /
BCR) " v O

CHj
SCoA
— — —_— —> CO,
BCR

----- > = Unknown or unverified reaction Toluene Benzoyl-CoA



Example Biomarkers Used to Monitor

Anaerobic Benzene Deqgradation

-+ Enrichment culture Cartwright-NQ;- Peptococcaceae clone (KJ522755) @
- CFB Borden Thermincola ASV1 @

Structural Genes (16S rRNA)

Substrate

@ Benzene

A PAH

Electron-accepting

growth condition
O Fe¥*

@ NO;
O S0.*
@ CO,

Toth et al. 2021 (Environ Sci Technol 55)

Firmicutes

ﬁ//;

Desulfobacterota

0.1

- CFB Borden Thermincola ASV3 @

- Enrichment culture N49 Peptococcaceae clone NaFeb6 (JF820825) A
- Enrichment culture N49 Peptococcaceae clone NaFe50 (JF820824) A

Enrichment culture clone SHRa-h65 {ABT?1443}.

Enrichment culture BF Peptococcaceae clone HS07Ba20 (EU016424) ©
Enrichment culture BF Peptococcaceae clone HS07Ba15 (EU016420) O

CFB Borden Thermincola ASV4 @
Thermincola

CFB Borden Thermincola ASV2 @

Bioreactor enrichment culture clone 2_71 (JN366539) @

ermincola sp.

- Thermincola carboxydiphila strain 2204 (AY603000)

Enrichment culture Peptococcaceae clone scv11-9_41 (FJ459802) ©

- Enrichment culture Cyrptanaerobacter clone ZZ-S1C7 (EF613398) ©
- Pelotomaculum schinkii strain HHT (X91170)

Enrichment culture BPL Pelotomaculum clone (Dong et al. 2017) O

- Pelotomaculum propionicicum (AB154390)

- Geobacter sulfurreducens strain PCA (NR_075009)

~- Geobacter metallireducens strain GS-15 (NR_075011)©

- (Geobacter sp. Ben (JQ799138) ©

- Enrichment culture clone BznS295 (EF644357) O

-+ Enrichment culture clone SB-21 (AF029045) ©

- Delta protecbacterium NaphS2 (AJ132804) A
- Enrichmenlcullure N47 clone 1 fGUOBODSQ}ﬁ

Enrichment culture clone Hasda-A (AB291810) @
DGG-B Sva0485 clade Deltaproteobacteria ASV2 @
Enrichment culture clone SHRa-h11 (AB771440) @
Enrichment culture OR clone ORM2b (KT025834) @
Enrichment culture OR clone ORM2a (KT025833) @
Enrichment culture Cartwright-CH, clone (MT984447) @
DGG-B Sva0485 clade Delta roteabactena AS\H @

Candidatus
Benzovorax




Gaps in Biomarker Coverage

A better understanding of benzene activation reactions may help us close these gaps

Substrate

@ Benzene

A PAH

Electron-accepting
growth condition

O Fe¥*
@ NO;
O SO*
@ CO;

76

Desulfobacterota

0.1

- Enrichment culture Cartwright-NQ; Peptococcaceae clone (KJ522755)@
- CFB Borden Thermincola ASV1 @

- CFB Borden Thermincola ASV3 @

- Enrichment culture N49 Pepiococcaceae clone NaFe50 (JF820824) A

Enrichment culture BF Peptococcaceae clone HS07Ba20 (EU016424) ©
Enrichment culture BF Peptococcaceae clone HS07Ba15 (EU016420) ©
CFB Borden Thermincola ASV4 @
CFB Borden Thermincola ASV2Z @

Thermincola
& abcA

Bioreactor enrichment culture clone 2_71 {JN366539) @

Thermincola sp. JR (GUB15244)

- Tharminanls anrhavdinhila cteain 2904 (AYENTNNNY

Enrichment culture Pepa‘ococcaceae clone scvll- 9 41 (FJ459802) O
Enrichment culture Cyrptanaerobacter clone ZZ-S1C7 (EF613398) O : ?

- Pelotomaculum schinkii strain HHT (X91170) |

Enrichment culture BPL Pelotomaculum clone (Dong et al. 2017) O

Gmet 0231

~ Pelotomacuium pmp:omc:cum {Atﬂ b4dHU}

- Enrichment culture clone BznS295 (EF644357) O
- Enrichment culture clone SB-21 (AF029045) O ?
- Delta proteobactenum NaphsZ (AJ132804) A "

- Enrichment culture N47 clone 1 (GU080089) A

- Enrichment culture clone PhedA (EF46?1?9}&

Enrichment culture clone Hasda-A [AB291-310) @
DGG-B Sva0485 clade Deltaproteobacteria ASV2 @
Enrichment culture clone SHRa-h11 (AB771440) @
Enrichment culture OR clone ORM2b (KT025834) @
Enrichment culture OR clone ORM2a (KT025833) @
Ennchment culture Carmrnght CH, clone (MTQEMM?} @

] U4 de Ueltaproteobacte

Ca. Benzovorax

: mu abcA



Anaerobic Benzene Cultures Under Investigation

DGG-B i % NRBC
- Benzene C
-~ A
A= - : \ o
? I Benzoate
~ |
Ca. Benzovorax ~~_ —Y P .
* ORM?2 o | Benzoyl-CoA o Thermincola *
S/CoA
Fatty acids, *
Alcohols Target
Svntrobh Nitrate-Reducing biomarker
yntrophs 1 | Bacteria (qPCR)
H,, Formate, NO.-
Meth Acetate 3
ethanogens
9 NO,, N,
CH,, CO, co,
abcA = Anaerobic benzene carboxylase gene 7

bzIA = Benzoyl-CoA ligase gene



Searching for a
Needle in a
Haystack

» Metagenomic sequences of
DGG-B were used to
reconstruct ORM2 genome

» No abcA, Gmet 0231, or any
other known hydrocarbon
activation genes

@ = GC content ( , )
@ = GC skew (+, -)
@) = Genes identified

Toth et al. 2023 (Microbiol Resour Announc 12)
Toth et al. (data in preparation)
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Proteomics enabled us to close in on ORM2 protein-encoding genes
that may be involved in anaerobic benzene activation

# ORM2 genes = 3173

(1 box = 100 genes) _ ORM2 proteins that are also
ORM2 proteins detected found in other methanogenic,
1Ll during benzene

sulfate-reducing benzene

. . . . cultures = 38
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Toth et al. (data in preparation)

degradation = 278




A complete benzoyl-CoA degradation pathway (Bam) is encoded in the
ORMZ2 genome. Corresponding proteins were IDed for most genes.

NADH + H*
SCoA A SCoA SCoA NAD* SCoA SCoA NADH + H* SCoA
O 2 H20 HO

COOH COOCH

111228-37 111238 11809 112917 111263

BamB [ BamR BamQ BamA
111262
. Acetyl-CoA
o SCoA NADH+H" SCoA ETFred
NAD ETF
CoA SCoA

2 Acetyl-CoA el D Foo"

112833 112832 112831 11647

123 = Gene ID O
‘ = Protein detected
A = Protein not detected 10



Proteomics enabled us to close in on ORM2 protein-encoding genes
that may be involved in anaerobic benzene activation

# ORM2 genes = 3173
(1 box =100 genes)

EEEE — EEF —

Toth et al. (data in preparation)

ORMZ2 proteins that are also
found in other methanogenic,
sulfate-reducing benzene
cultures = 38

ORMZ2 proteins detected
during benzene
degradation = 278

B
(ORMZ proteins with no\ l

known function = 11 ORM2 proteins with a
r known function = 27

_ The fun stuff! p
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The (Putative) Needle in the Haystack

The most abundantly expressed gene cluster in ORM2.
The presence of BamQ hints at a possible role in benzene activation.

G Acetyl-CoA synthetase
G Acyl dehydratase

- CaiB-like acyl-CoA transferase
- Hypothetical

- Acyl dehydratase
<: Acetyltransferase

- Transposon
<: Hypothetical

FAD/FMN FeS FAD/FMN
Dehydrogenase Oxidoreductase Dehydrogenase

‘ = Protein detected
A = Protein not detected i% BamQ 19



Homologous gene clusters (and proteins) are present in other
anaerobic benzene-degrading enrichment cultures.

» Cart (methanogenic, contains Ca. Benzovorax)
» BPL (sulfate-reducing, contains a benzene-degrading firmcute, Pelotomaculum)

FAD/FMN
Dehydrogenase

FeS
Oxidoreductase

FAD/FMN
Dehydrogenase

<: Acetyl-CoA synthetase
G Acyl dehydratase

- CaiB-like acyl-CoA transferase
- Hypothetical

@ Acy! dehydratase
<: Acetyltransferase

- Transposon
<: Hypothetical
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OK, But What’s the Benzene Activation
Mechanism?

» The biochemistry is complicated

(P > Machine Learning tools have
offered few insights into gene /
protein functions

» We’re now trying enzyme assays
; to ID genes / proteins (stay
< tuned...)

D[!_mj_mu 100 > Any ideas? Want to help us out?

Please email Courtney!
14



Biomarker Testing

1.0E+08
» Despite not knowing its '

exact function, the FeS
oxidoreductase is a
compelling biomarker

I Ca. Benzovorax

» Development of a gPCR
assay is underway

» Preliminary gPCR tests
Indicate this assay can

Biomarker gene copies/mL

detect methanogenic (CH,)

1.0E+07 Bl FeS oxidoreductase
B abcA

1.0E+06 n.d. Not detected

1.0E+05

1.0E+04

1.0E+03 l
e e

1.0E+02 - —

\ \\ \ (L\ \ rb e

i - 2\
and SO,2-reducing @ @ (@ \\‘ \\@e@ et
benzene degraders in situ e © & 066%06(‘9”‘ N\ 6@%
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Take Home Messages

1. There is no single biomarker that will detect anaerobic benzene
degradation at all sites

»abcA, Thermincola = iron- and nitrate-reducing sites
» Ca. Benzovorax = methanogenic sites

2. A putative benzene activation gene cluster has been identified in
methanogenic & sulfate-reducing, benzene-degrading cultures

3. Testing of a gPCR functional gene assay is underway
»FeS oxidoreductase = methanogenic and sulfate-reducing sites

16
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