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= IBlobal Change Biology

RESEARCH ARTICLE

Identification and widespread environmental distribution of a
gene cassette implicated in anaerobic dichloromethane
degradation

é * Conserved genes for anaerobic DCM biodegradation
H;_;/ ~c| identified (the “mec cassette”)
Dichloromethane, * gPCR primers for key functional genes designed and tested
a.k.a. methylene chloride

Today:
* New detections of mec cassettes in natural environments

e Location of mec cassettes in their natural hosts

* Radically different from laboratory enrichments
* What drives this?



Comparative Genetics of DCM-degraders Identifies a Highly-Conserved
Gene Cassette

Dehalobacterium formicoaceticum Vs Ca. Dichloromethanomonas elyunquensis
(Defo) ' (Diel)

The mec cassette
(“mec” = methylene chloride)
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gPCR primer assays: The same gene cassette emerges again in new anaerobic
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Developed qPCR assays targeting conserved core
dehalogenating methyltransferases mecE and mecF

Tree scale: 0.1 jey

Candidatus Bathyarchaeota archaeon RBG 13 38 9 2709132679
Unclassified archaeon JZ bin 50 2724281607
unclassified LHC4 2 C archaeon JGI MDM2 LHC4sed 1 F10 unscreened 2640020303
unclassified LHC4 1 archaeon JGI MDM2 LHC4sed 1 B18 unscreened 2643427111
unclassified LHC4 1 archaeon JGI MDM2 LHC4sed 1 B18 contamination screened 2643429047
Desulfosporosinus meridiei S10 DSM 13257 2510241862
100 Desulfovirgula thermocuniculi DSM 16036 2524281665
e Candidatus Lokiarchaeota archaeon CR 4 2741385478
Candidatus Bathyarchaeota archason BA1 2698437427
Aigarchaeota archaeon JGI MDM2 JNZ 1 K18 contamination screened 2620070857
00 Unclassified Bathyarchaeota JZ bin 32 2718416820
‘Aigarchaeota archaeon JGI MDM2 JNZ 1 N15 contamination screened 2620062711
candidate divison MSBL1 archaeon SCGC AAA253M10 2684041756
Uncultured Halobacteriaceae archaeon SG1 64 5 2795513685
Uncultured Halobacteriaceae archaeon SG1 67 5 2795483696
‘Archaeoglobi archaeon JdFR 42 2730023119
Candidatus Bathyarchaeota archaeon RBG 16 48 13 2709148959
Unclassified Bathyarchaeota JZ bin 36 1 2718418266
Unclassified Bathyarchaeota JZ bin 36 3 2718421847
Unclassified Bathyarchaeota JZ bin 14 2718414034
marine JGI24023J19991 100003885 (n=2)
marine Ga0066828 100027434 (n=14)
marine Ga0255058 100071912 (n=1)

MecF

Ca Dichloromethanomonas elyunquensis 2628142994
Dehalobacter sp UNSWDHB 2578049040
Dehalobacterium formicoaceticum DSM 2757325854
8 Ca Dichloromethanomonas elyunquensis 2628143157
s: Peptococcaceae DCMF DCMF 06005

peat Ga0116107 10025066 (n=7)

Capture diversity of genes in DCM degraders
and mec genes in peatlands with single primer
set for each gene

DCM enrichments

mecE and mecF qPCR of new DCM enrichment cultures

DCM Control New

degraders Pre-enrichment enrichments DCM enrichments
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Mec genes emerge again in 4 new DCM enrichments



DCM contaminated site groundwater samples

Prnpérty line

Plume (3 ppb)
defined by wells
of multiple strata

et =

FIGURE 1. Site aerial photograph. FIGURE 2. Site contaminant plume area.

Described in:
Advanced Field Testing to Support Monitored Natural Attention of a Dichloromethane
Groundwater Plume in Bedrock

Third International Symposium on Bioremediation and Sustainable Environmental Technologies (Miami, FL; May 2015). ISBN 978-0-9964071-0-6, Battelle Memorial Institute, Columbus, OH
David A. Marabello (marabelloda@cdmsmith.com)
Ricky Chenenko, Stephen Mirabello (CDM Smith, Edison, NJ, USA) Tamzen Macbeth (CDM Smith, Helena, MT, USA) 7
Regina Lamendella and Justin Wright (Juniata College, Huntingdon, PA, USA) Tomasz Kuder (University of Oklahoma, Norman, OK, USA)
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Biomarker quantification: Mec genes are frequent in a DCM contaminated
groundwater plume (qPCR)

A) Target Gene to B) Absolute

16S rRNA Gene Ratio Quantification
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* Fresh plume samples were assayed for DCM concentration and mecE, mecF, and 16S rRNA
gene abundances



Anaerobic DCM degradation: Methyltransferse-mediated dechlorination
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Seawater, Amundsen Gulf, . i
Peatland, Minnesota, USA (n=13) Deep Subsurface, Mt. Terri,
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found around the globe
* New highly similar mec
gene cassettes identified
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Seawater, Jervis Inlet, Canada (n=2)
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Key differences between EGGCRMES Floodplain, Riverton, Wyoming

DCM enriched microbes oo U5 -
and natural systems
* No natural mec includes y - /SN :
mec) Oil Seep, Coal Ofl Point, [ Oxygen Minimum Zone,

Eastern Pacific Ocean (n=16)
(copies per genome = 0.0056)

Santa Barbara, USA (n=2) Seawater, Tara Oceans Project (n=3)

(copies per genome = 0.0102) (copies per genome = 0.0025)
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ol SOURCE Phylum Class Order Family Genus Species
DCM-enrichment Bacillota Clostridia Eubacteriales Peptococcaceae Dehalobacterium formicoaceticum
DCM-enrichment Bacillota Clostridia Eubacteriales Peptococcaceae Ca. Dichloromethanomonas elyunquensis
DCM-enrichment Bacillota Clostridia Eubacteriales Peptococcaceae Ca. Formiminas warabiya

Thermodesulfobacterota Syntrophia Syntrophales Smithellaceae Smithella None
Bacillota Clostridia Thermoanaerobacterales Thermoanaerobacteraceae Thermacetogenium None

* In nature, the mec cassette is found in entirely
different bacterial taxa
* Smithella and Thermacetogenium are known as
anaerobes living in syntrophy with methanogens

Peatland, Minnesota, USA (n=13)
(copies per genome = 0.0096)

* Naturally-occurring mec cassettes also lack mecJ, which
encodes a pH-acclimating ion channel

Does enrichment drive the functional cassette into
a host that has better background for very high
rates of dehalogenation?



Summary N N BN N B 1 B NS

* Mec cassette encodes for anaerobic DCM degradation
* Functional gene gPCR primers give reliable signals

* Present in diverse natural environments BUT:

* |s harbored in entirely different bacterial taxa
e Lacks mecJ MecB-Co(i

Implications and
Future Work

* mecE and mecF qPCR assays are ready for
refinement and field testing

* General lesson: Taxonomy in enrichments
may not reflect natural reservoirs of
H,O functional capacity
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Co-localization of mecJ homologs with dehalogenase-encoding

genes
adjacent
Gene ID AA % ID Length  E-value Bit Score  Genome Name dehalogenase
Ca. Dichloromethanomonas
2628143161 96.5 397 9.90E-266 827 elyunquensis MEC cassette
Ca. Dichloromethanomonas
2628141546 77.6 398 2.50E-214 680 elyunquensis HADase X 2
2753034167 63.5 400 2.80E-169 551 Dehalobacter sp. FTH1 RdhA
2775644313 60.5 394 1.70E-158 521 Dehalobacter sp. KB-1_124TCB1 RdhA
2578048931 57.5 395 2.80E-155 511 Dehalobacter sp. UNSWDHB RdhA X 2
2520955686 57.5 395 2.80E-155 511 Dehalobacter sp. 11DCA RdhA X 2
2520070062 57.5 395 2.80E-155 511 Dehalobacter sp. CF RdhA X 2
2753034216 57.4 395 3.90E-153 505 Dehalobacter sp. FTH1 RdhA
2578049036 53.1 399 1.10E-146 487 Dehalobacter sp. UNSWDHB MEC cassette
2776022298 52.9 620 7.60E-145 481 Clostridiaceae bacterium mt12 none
2775643454 52.2 397 3.70E-143 476 Dehalobacter sp. KB-1_124TCB1 RdhA

Top 10 mecJ homologs
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Mec genes are expressed the DCM contaminated groundwater plume
(metatranscriptomics)

mecB > mecC > mecD >| mecE > mecF > mecG>
Amino acid identity to

Dehalobacterium 90% 95% 96% 96% 98% 99%

formicoaceticum |

J

|

Single mRNA molecule

mec gene transcripts 0 TPM F ——

were detected in core

and edge samples from
the DCM contamination | 14 .8 TPM
plume, but not outside

TPM = ‘transcripts per 9.2 TPM
million transcripts’ ™
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. . Cl , .
Dichloromethane as a Contaminant | Dichloromethane as a Natural Chemical
H")C"“'-
* Probable human carcinogen H Cl * Halomethanes form naturally
* Neurotoxin 2k, methylene shoride * Widespread, ancient energy source?

* Ozone-depleting agent

Dehalobacterium formicoaceticum Ca. Dichloromethanomonas elyunguensis
Contaminated groundwater Pristine stream sediment

WL-pathway

? _
CH,Cl, — Me-THF (1-carbon metabolism)

How dehalogenation and methyl-capture is catalyzed is unclear 19



Evidence of marine production and/or persistence well below the photic zone
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Mec genes may be more frequent in the Eastern Pacific Oxygen
Minimum Zone than indicated by metagenomics

New PCR primers for Eastern
Tropical North Pacific OMZ

DNA samples from OMZ
vertical transects

mecE and mecF detected at all
depths throughout the OMZ
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Comparative Genetics of DCM-degraders:
Many of the most similar genes are co-localized

Dehalobacterium formicoaceticum vs. Ca. Dichloromethanomonas elyunquensis 25 most similar genes

D. fprmicoaceticum: Gene::-.. ) D. elyunquensis Gene Percent IdeniBit Score E-value
- =-2812836294 uroporphyrinogen decarboxylase 2628143160 Uroporphyrinogen decarboxylase (URO-D) 99



Detection of mec cassette homologs in public metagenomes

=z (copies per genome = 0.0089) (copies per genome = 0.0022) (copies per genome = 0.0015)
| - ) - =
(IT] w [un]
] o o
= 2 2
=D
& & &
— ) —) ) ) ) ) =) —)
(copies per genome = 0.0026) (copies per genome = 0.0023) (copies per genome = 0.0017)
[aa] [Ny - *
v] g g
2 = =
a a a
(%2} v v
pra— 0 rarp— pra— > r— ra—— . rnp—
_— T — Yy _— — iy
(copies per genome = 0.0023) (copies per genome = 0.0024) (copies per genome = 0.0018)
o V) X
] w w
o o O
=2 =) >
= z =
& & 7]
" 3 3 " " : — r— N PN :— rr N v—N ::—K
(copies per genome = 0.001) (copies per genome = 0.0017) (copies per genome = 0.0037)
[a} T —| .
o] g o] B
> =) =]
oc o ac
o o a.
vy vy vy
NN | BN A " —— "
— Y L r L g Wy —
(copies per genome = 0.0096)
=
i
=2 P
[==
o
“n
o) ) ) ) -
< (copies per genome = 0.0276) = (copies per genome = 0.0011)
3 5 = eep
2] vl
= =
wy v
8 o ampami—sams |[B] = amm=—=— | Subsurface
—) ) Wy - W — — ST

(copies per genome = 0.0028)

N Y Lo
T y— Sy —

(copies per genome = 0.0028)

(copies per genome = 0.003)

Lo B I N — R —
— - LA s i i 4 Yy — — b e 4

(copies per genome = 0.003)

L g A D Ao
— y Sy —

(copies per genome = 0.0016)

) —)

(ooples per genome = 0.003)

(ooples per genome = 0.0023)

E—

- —

(copies per genome = 0.0026)

e

(copies per genome = 0.0028)

P
e e

(copies per genome = 0.0041)

“ A . Y
i iy —— Y —

(copies per genome = 0.0021)

PR
e e

(copies per genome = 0.0015)

P e
e e

(copies per genome = 0.001)

-4 ) ) -

- —)

(copies per genome = 0.0035)

(copies per genome = 0.0011)

(copies per genome = 0.004)

N P o A0 T N A . S
— — —  Sp—"p — y Y — — Y p— Y —

(copies per genome = 0.0056)

R—
- —

(copies per genome = 0.0021)

(copies per genome = 0.0027)

M-

(copies per genome = 0.0031)

L A
y -

(copies per genome = 0.0027)

b e A Al

R

(copies per genome = 0.0102)

(copies per genome = 0.0076)

(copies per genome = 0.0028)

N Ao —— — e T
—- - — - — —- - —

(copies per genome = 0.004)

Y N

y ——

(copies per genome = 0.0025)




MecA

T sl 01—

Bacillus daliensis CGMCC 1 10369 2617471570
Graciibacillus massifiensis Awa 1 2891453678
Gracilibacillus keksnsis CGMCC 110681 2671084867
Bactercides xylanolylicus DSM 3808 2738448182

Propianispora hippel DSM 15287 2687846304
Propionispara vibrioidss DSM 13305 2635237615
peat Ga0116107 1

s~ —Dehalobacter sp UNSWDHB 2578040

11 =5

Ca Dichioromathanomonas siyunquensis.
Peptococcacese DCMF DOMF 08030

8143003

| _p=Ca Dichioromethanomonas slyunquensis 2628143152
Dehalobacterium formicoacsticum DSM 2757325849

bakticus DSM 102640 2795685063
Rhodocista sp NAU 10 2774315641
Selenihalanserobacter shrifti ATCC BAA 73 2585356048
Acstohalobium arabaticum Z 7288 DSM 5501 848130801
Candidatus Frackibacter sp WG 11 2642681684
Candidatus Frackibacter sp WG12 2842617210
Candidatus Frackibacter sp WG 13 2642625813
Aneurinibacillus migulanus DSM 2095 2647240473
Aneurinibacilus migulanus Nagano 2742583504
Aneurinibacilus miguianus DSM 2895 2816831136

Aneurinibacilus migulanus NCTC 7098 2707448380
Aneurinibacilus migulanus Nagano E1 2850869032
Aneurinibacilus migulanus NCTC 7096 2830241188

MecB

Carndanss Bairyarchescta srchasan JIFR 10 2729993274
Carntelas Bahyarchuscta sichason JIFR 11 2750026567
Thermaceiogerium phaeun P0 2517030247
Thermacetopenium phiseusn PB DSM 12270 2522005100
Thermacetogenium phasun DSM 12270 2547131512
ming JG24023119991 10000396T (1=

rine Ga0066428 10002

Uncasased Denuprmoom:lmw b6 2750062263

Prevotalacees bactarum RG24 25
Prvasiacess bt RUGSIE SO0
Prevotatiacess Bactoriim RUGAE3 2800320738
Prevotatiaces Bactoriam RUGA0S 2800479808
Frovotetaceas bactorm RUGZ50 79004038674

710208
2r7vi7EESD
Unelassibod Bethysrchasola J2 bin 322715418031
1 20062179
Unchssfiod LHCA 1 arehasen JGI MOM2 LHCAsed 119 unscreened 20423621
nclassdiod LHCA 1 archsecn JGI MOM] LHCsed
nclassdiod LHCA 1 archocn JGI MOMS LHCA:

unchassdiod LHCA 1 atchiosce JGI MDMZ LHCAsod 1 H13 unseroensd 2843414356
uncissesiod LHCA 1 archascn JGI MOM2 LHCAS2d 1 19 contaminaon sereened 2641424506

MecC

Planctomycetes bacterium SM23 65 2686355435
Justris NAW 5 2789338133
marine JGI24023/19001 100003888 (n=2)
marine Ga00SBA2E 100027435 {n=14)
peat Ga0167856 10101024 (n=3)
Ca Dichloromathanomonas elyunquensis 2626142987
Ca Dichioromethanomanas elyunquensis 2628143154
Peptococcaceas DCMF DCMF 08020
peat Ga0116107 10025068 (n=5
Dehalobacter sp UNSWDHB 2578048043
Dehalobacterium formicoacaticum DSM 275732505
Unclassified archagen V4 2701348483
Arehasogiobus sp JAFR 24 2730033177
Moorella thermoacstica DSM 21364 2705916299
Sporamusa malonica DSM 5090 2623269615
Sporomusa sp KB1 2512543883
Sporamusa avats DSM 2862 2525108178
EBR 4207 DSM 1 5422
Jonquetella anthropi £3 33 E1 846118428
Jonquetela sp BV3C21 2589700178
Jonquetslla anthropi ADY 126 DSM 22815 2509035067

Hathewaya proteciytica DSM 3080 2588178450
Peptoclostricium Fiorale DSM 5388 2587855132
Peptoclostricium ierale W8 2561521678
Methanococeus maripaludis S2 2563556772
Methanococeus maripaludis X1 2511671703
Methanococcus maripaludis OF 641284325
Methanococeus maripaludis C5 640166338
Methanococcus maripaludis C7 840762567

Phylogeny of mec cassette genes

Tiw s+
‘Congis Balryachieota schaeon REG 13 359 2700132678
Uit 2 0 228281607

ipceafed 4 | s O MAG L Cld S e B4

Butyrivibrio hungatei XBD2006 2506320841
Ca Dichloromethanamonas elyunquensis 2626143155
peat Ga0118107 10025068
Dehalobacter sp UNSWDHB 2578048042
Dehalobacterium formicoaceticum DSM 2757325852
Peplococcaceae DCMF DCMF 06015

T p—

Halanaerobium ssccharolyticum MAZSS T2 2771411009
Closiridum sp KNHs214 2679842685
Peptococcaceaa bacterium SCADC1 2 3 Unscreened 257984557
Desufosporosinus sp OT 2514677737
Besulfosporosinus sp BG 2753178058

25047437
2smeman:
TBipa metabat.

2682687190

Tzt

puaereis 30142963
aE—
-

o
CoRCeticuT DSM 27573256

MecH

Desullosporosinus acidiphilus .4 DSM 22704 2607125842
Desufesporasinus sp OT 2614620723
- Desulfosporosinus orientis Singapore | DSM 765 2509273548
Desuifesporosinus sp HMPS2 2633073530
Desulfosporosinus sp Sy Desufo HCS1 2511481261
oceaceas bacterium CEB3 2640178230
LM P 214
Desufitobacterium dehalogenans JW U DC1 ATCC 61507 -
Desufftobacterium sp PCET DSM 10344 2512021068
Desufftobacterium chiororaspirans DSM 11544 2683142158
Desufftobacterium hafnienss DH 2726278985
Desufftobacterium sp LBE 2516572525
Desulfitobacterium hafniense DPT 2522700085
o Desufftobacterium hafiense Y51 637911891
Desuftobacterium hafniense DCB 2 643563231
Desufftobacterium hafniense TCE 1 2513053549
Desufosporosinus youngiae JW YJL B18 DSM 17734 2508507462
Dehalobacterium formicoacaticum DSM 2757328000
Dehalobacterium formicoacatioum DMC 2812838437
Closiridales bacterium PH28 bing8 2628919057
Ca Dichloromethanomonas slyunquensis 2628142962
Dehalobacter sp UNSWOHB 2578048038
Ca Dichloromethanomanas elyunquensis 2628143159
Dehalobacterium formicoacetioam DSM 2757325856
peat Ga0 187887 100017186 (n=

marine Ca0265048 100212402 (n=1)
marine Ga0209633 100283573
marine Ca0285058 100071814 (1

Methanasarcina sicilae C2J 2628924039
Methanosarcina siciias HI350 2645683373
Methanosarcina siciiae T4 M 2653161995

2 (ne3)
maring Ga0255058 100071915 (
marine Ga0315336 100118342 (n=2)
maring Ga00S§887 100177832 (s
marine Ga0285048 100212481 (net)

)

Peptococcacsss DGMF DOMF 050
OT 10025067 (n=9)

Ca Dichloromethanomonas shyunqusnsis 2526143156

4 Dichioramethanmonas elyunuensis 262814299
Dehalobacter sp UNSWOH 2578045041
M 2757325853

V1251 2500 peat Ga0 16107 100251
7 Finmicutes. sp dichloromethane degrading 2628143002 Ca Dichloramethanamanas elyunquensis 2628142091
e metseseTs Ca Dichloromethanamonas elyunquensis 2626142996 Poptococcacaae DCME DCMF 08000
2500457427 — Firmicutes sp dichloromethane degrading 2628142996 Dehalabacter sp UNSWDHB 2578049037
WOME Nz 1 i, . 258143150
i o Bacilus kribbensis DSM 17871 2524546443 Ca Dichioromethenomonas elyunquensis 2628143180
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All are “evolutionarily isolated’, except for mecJ

DCM degraders and peat cassette genes form tight families
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Figure S7. Simplified representation of the alignment of all genome-derived MecE homologs
demonstrating the predicted N-terminal truncation in the genome of Dehalobacter sp. strain UNSWDHB.
Sequences were aligned using MAFFT-G-ING-I with 1,000 maximum iterations. The simplified

visualization was produced using Pixel (93). Each amino acid is colored according to the Jmol
“shapely” color scheme (94).
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