Cometabolic Biodegradation of 1,4-Dioxane
by Psychrophilic Propanotrophs Enriched
with a New Cluster of Group-6 Soluble
Di-iron Monooxygenases

Jose Manuel Diaz Antunes, Dr. Mengyan L.i
June 6, 2024

Mew Jersey Institute of Technology



In Situ Bioremediation of 1,4-Dioxane

» Dioxane forms large dilute plumes

* Dioxane can migrate far and quickly due to chemical

characteristics

* Low 10-° lifetime cancer risk <0.35 ug/L




Why look for new bacteria®?
* Most bacteria isolated to date have been isolated at mesophilic
temperatures >20 oC
* Ground water temperature in the USA can range from 2 - 25 °C,

* Temperatures below the ideal growth temperature correlate with lower
growth of bacteria and lower catalytic efficiency of enzymes

(modified from: https://www.powerequipmentdirect.com/manuals/8aac12f937dcfe115b55b6e2cc1fd03d.pdf)



Goals:

CAH Removal SDIMOs

* Aquifer « Cooccurring * Which ones are
relevant with dioxane there?
temperature: * Inhibit dioxane » How many are
14 oC biodegradation there?

* Dioxane * What is their
removal role?

* Propane as the
primary carbon
source



Initial Enrichment

Ammonia
Mineral Salts
(AMS)

Nitrate
Mineral Salts
(NMS)

(https://www.generatorsource.com/blog/May-2021-(1)/Emergency-generators-keep-water-districts-ready-to.aspx)



Both consortia were capable of dioxane
removal when amended with propane at 14 oC
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* Despite removing dioxane at similar rates the AMS consortia
was more efficient dioxane in terms of propane concentration
« 5.573+£0.302 vs 4.152+0.092 mg dioxane/L/mg propane



Who's present in our consortia?

100%
* 16S rRNA amplicon
80% sequencing was
performed on the
60% V3-V4 variable
using lllumina
40%  Highlights genera
level presence
20%
0%
AMS NMS
" Other W Actinomycetes

M Cold Tolerance/Psychrophilicity Aerobic Nitrate Useage 7



Actinomycetes

* Actinomycetes have been

100% :
found to harbor dioxane
80% degrading bacteria and
SDIMOs
0
00% * Particularly
0 Mycobacterium (PH-06)
40%
and Rhodococcus
20% (Ruber s. 219) are
associated with known
0% dioxane degraders
AMS NMS
B Rhodococcus ™ Nocardioides B Aquihabitans
M Tetrasphaera B Mycobacterium 8




Cold Tolerance and Psychrophilicity

100%

80%

60%

40%

20%

0%

AMS NMS

B Runella I Dyadobacter B Flavobacterium
M Chryseobacterium [ Ancylobacter M Devosia

B Poloromonas B Simplicispira M Solitalea

B Pedobacter

* These genera
have been found
to house species
capable of
growing between
4 and 14 oC



Aerobic Nitrate Usage

100% * Despite the same seed
sludge, the microbial
80% communities are different
* Likely due to the difference
60% In nitrogen source
40% . Zoogloe_a IS also
responsible for the key
20% physical difference among
o .
the consortia, large flocs
0% which were only present in

AMS NMS the NMS

B Zoogloea M Brevundimonas M Prosthecobacter
10



Goals:

* Aquifer » Cooccurring * Which ones are
relevant with dioxane there?
temperature: » Inhibit dioxane » How many are
14 oC biodegradation there?

* Dioxane * What is their
removal role?

* Propane as the
primary carbon
source



CAHs Cooccur With Dioxane

* Dioxane was mainly used as a stabilizer for 1,1,1-TCA

Cl
S QR
Cl
- Dioxane contamination often cooccurs with other CAHs © Cl Cl
and their degradation products fCI
Cl

& * CAHs are highly inhibitory to dioxane biodegradation




Both Consortia can tackle key CAHs

CAHs AMS Consortia NMS Consortia
1,1-DCE 95.09 + 31.14 113.61 + 39.96
1,2-c-DCE 37.90 + 3.10 77.60 £ 13.90
TCE 58.96 + 30.71 13.78 £ 4.73
VC 68.01 + 5.40 81.10 £ 4.20
1,2-DCA 31.70 £ 4.10 31.50 + 2.30
1,1-DCA 10.70 £ 2.00 11.00 £ 1.50
TCA - -
1,2-t-DCE - -

(nmol/h/mg protein)

* Three of the most inhibitory CAHs for dioxane removal
* 1,1-DCE, 1,2-c-DCE, and TCE



Goals:

CAH Removal SDIMOs

* Aquifer « Cooccurring * \Which ones are
relevant with dioxane there?
temperature: * Inhibit dioxane » How many are
14 oC biodegradation there?

 Dioxane  \What is their
removal role?

* Propane as the
primary carbon
source



Soluble Diiron Monooxygenase?

» Soluble diiron monooxygenases (SDIMOs) are multicomponent bacterial
enzymes found across multiple phyla

* Non-heme diiron center that incorporates one atom from O, into many
substrates:

» Alkanes, alkenes, aromatic hydrocarbons, and chlorinated solvents, among others
iIncluding environmental pollutants like dioxane

15
(https://lippardlab.mit.edu/research/mono/bacterial-multicomponent-monooxygenases-diiron-modeling)



« Component Arrangement

« Key substrate

SDIMO Grouping

* |dentity
* Number of components
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a — hydroxylase
B — hydroxylase

Y — hydroxylase
C — coupling protein

R — reductase

X — unknow% function
F — ferredoxin component



Group-6 SDIMOs

« Can initiate dioxane biodegradation
* Propane induces the same enzyme
» Capable of overcoming many inhibitory chlorinated solvents

* Widespread

17



What SDIMOs are present?

« SDIMOs were targeted using degenerate nested PCR

* Primers were designed by Coleman - target the highly conserved region around
the diiron centers across all SDIMO groups

First 52t of Primers First Set of Primers
(Extermal) [External)
_ Fr——
a B _ Second Set of Primers 1 Second Set of Primers
{Internal) {Internal)
1860 bp 1380 bp 600bp 1140 bp |
4200 bp
m— J— 1,100 bp

!

 Amplicons were sent off for lllumina sequencing

18
(d0i:10.1111/j.1462-2920.2006.01015.x, doi.org/10.1016/B978-0-12-814264-6.00014-1)



SDIMOs were detected belonging to three groups

Relative Abundance
AMS%, NMS%
MmoX Methylococcus capsulatus Bath
G-3 MmoX Methylomonas sp. KSPIII
B MmoX Methylosinus trichosporium OB3b
—— SmoX Mycolicibacterium rhodesiae NBB3
— PrmA Mycobacterium sp. ENV421 Il
G-6 B _{PrmA Mycobacterium dioxanotrophicus PH-06 72.4%, 70.6%
PrmA Mycobacterium marinum E11
EtnC Nocardioides sp. JS614
G4 EtnC Mycolicibacterium chubuense NBB4
EtnC Mycobacterium sp. JS623
ThmA Pseudonocardia dioxanivorans CB1190
ThmA Pseudonocardia sp. ENV478
G-5 i PmoA Gordonia sp. TY-5
PmoA Rhodococcus jostii RHA1
— MOA Zhongshania sp.
G-7 L ZmoC Solimonas soli
MOA Nevskia sp.
— TmoA Pseudomonas mendocina KR1
G-2 — TmoA Azoarcus sp. DD4
XamoA Xanthobacter autotrophicus Py2
— PhhN Pseudomonas putida P35X
G-1 —m . — AphN Comamonas testosteroni TA441 19
0.50 — PoxD Ralstonia eutropha E2

0%, 7.4%

26.6%, 20.9%




Group-6 — Propane Monooxygenase

G-3 mG-5 nG-6

— S

7.4%

81 .33"& 6?.7‘% NMS

26.6% 72.4% AMS 70.6%

20.9%
18.7% 32.3%

— caschscm

— PrmA Mycobacterium dioxanotrophicus PH-06
PrmA Mycolicibacterium vanbaalenii strain JOB5
—ISDIMO3..... oo ittt 8.8%, 14.8%
PrmA Rhodococcus opacus strain DSM 43205
| PrmA Rhodococcus aetherivorans sp. BCP1
O DM . e e 4.8%, 7.9%
_PrmA Rhodococcus sp. WAY2
PrmA Mycobacterium sp. ENV421 | .
— _PrmA Mycolicibacterium alkanivorans isolate ANDRS
.- PrmA Mycolicibacterium fluoranthenivorans strain 2A
1 PrmA chof{c:_bacrer{um chubense NBB4
PrmA Mycolicibacterium sphagni strain ENV482

Cluster |

PrmA Mycobacterium marinum strain NCTC2275

PrmA Mycobacterium marinum E11_

Cluster I PrmA Mycobacterium marinum strain HO1 )
PrmA Mycobacterium ulcerans subsp. shinshuense strain ATCC 33728
PrmA Mycobacterium sp. 012931
PrmA Mgcobaqtenqm pseudoshottsii JCM 15466

PrmA Mycobacterium intracellulare strain CSURP8077

' PrmA M1ycobacterfum sp. ENV421 Il
SDIMOT. .o 58.9%, 47.7%
Cluster llI

PrmA M%/coﬁcfbacterfum mageritense
SDIMO10........... et et e e et a et e e et a e enaaas 0.0%, 0.3%
PrmA Mycobacterium sp. TY-6

‘ — PrmA ycolicibacterium_alkanivorans
- PrmA Mycobacterium lentiflavum
0.20 ~ PrmA Mycobacterium gordonae strain 1245752.6

« G6 PRM have been found to

degrade dioxane, propane and
cVOCs, which in combination
with the high relevant
abundance highlight them as
key enzymes in these consortia

Of particular interest is the
clustering we observe in the
phylogenetic tree, this is of
high interest as it is at the
amino acid level in the subunit
which houses the catalytic
diiron center

To date most studies have
been performed on the
archetypic G6 PH-06 from the
phylogenetically distinct

Cluster |
20



Is this unique to the alpha subunit?

Mycobacterium dioxanotrophicus PH-06

Mvycobacterium marinumEg11

Mycobacteriumsp. ENV421 _lI

M. PH-08
M. ENV421 1
M. NEE4
M. 2A
M. JOBS
R. BCP1
R. DSM43205
M. ENV482
M. ANDRS
R. WAY2
M. E11
MM HO1
M. NCTC2275
M. JCM15466
M. 012931
M. CSURF8077
M. ATCC33728
M. ENV421 I
M. 12457526
M. lentiflavum
MTYS
M. alkanivorans
M. mageritense

Nucleotide Sequence Identi Amino Acid Sequence |denti
[o% Toon [ ao% Lo TAORNNNNEE = [ 0% [ oo% | ao% I eo% S

* High intracluster identity - >85%, >76% and >81% in 3, C, and R subunits

* Intercluster identity is high between clusters | and Il, than with Il (>79%, >70% and >77% vs <46%,
<47%, and <45%) in 3, C, and R subunits

21



Amino Acid Alignment Reveals Psychrophilic
Character of G6 Cluster Il

NNSAQAEPRFME
NNSAQAEPRFME
NNSAQAEPRFME
NNSGQAEPRFME

M. PH-06
M. ENV421_1
M. CSURPBOTT
M. NBB4
M. 2A
M. JOBS
R. BCP1
R. DSM43205
M. ENV482
M. ANDRS

* 55 residues up and down
stream of the diiron
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Group 3 — Butane monooxygenase

- Mmo Methylocystis sp. M  SDIMO9 is 96.9% identical to

L Mmo Methylocystis sp. WI14

|—Mmo Methylosinus trichosporium OB3b BmOA In Th au er a
Mmo Methylococcus capsulatus Bath buta n I VO ra n S
I Mmo Methylomonas sp. KSPIII .
HMW Methylomonas sp. KSWII » Can consume linear alkanes of
SDIMO Q..o 0.0%, 7.4% 3 - 6 carbons
ﬁ Bmo Thauera butanivorans ° Can degrade Several CVOCS

LF Bmo Azoarcus sp. DD4

L Bmo Brachymonas petroleovorans

* 1,1-DCE, 1,2-c-DCE, 1,1,1-TCA,
VC, 1,1-DCA, 1,2-DCA

—— Mmo Mycobacterium sp. ENV421

——— Mmo Mycolicibacterium rhodesiae NBB3

—l L Mmo Mycolicibacterium chubuense NBB4
0.10

Prm Mycobacterium dioxanotrophicus PH-06

23



Group 5 — Propane and Tetrahydrofuran
monooxygenase

SDIMO 2. 19.0%, 8.2%
LSDIMO Moo 0.0%, 0.2%
LSDIMO 5. 4.2% 4.0%

Pmo Rhodococcus sp. RR1
| Pmo Rhodococcus jostii RHA1

SDIMO 7.t v 1.1%, 0.5%
-SDIMO 6...... e e 1.6%, 7.7%
Pmo Mycolicibacteriumsp. 120266

Pmo Mycobacterium paraintracellulare
- Pmo Gordonia sp. TY-5
|- sDIMO 12.................

* A majority of detected G5
SDIMOs were PMQOs

known to degrade propane
but not dioxane

e Some PMOs like the one in
Azoarcus DD4 have been

found to degrade cVOCs
like VC

‘[Gordomafangen'na co DOREEE e SDIMOS IS hlghly Identlcal

0.10

L SDIMO 13,0t eeeeenn..0.0%, 0.1%
 Thm Pseudonocardia dioxanivorans CB1190
Rhodococcus ruber YYL
[SDIMO B e .....0.6%, 0.0%

Thm Pseudonocardia tetrahydrofuranoxydans sp. K1
Thm Pseudonocardia sp. ENV478
Thm Pseudonocardiasp. N23

Prm Mycobacterium dioxanotrophicus PH-06

to ThmAin P CB1190

« THM have been found to be
highly specific to cyclic
ethers and alkanes

* Likely involved in dioxane

degradation but not propane
or cVOCs

24



Takeaways

« Two consortia were enriched capable of removing dioxane and key CAHs
when amended with propane at 14 oC

» Key SDIMOs were detected in Groups 3, 5 and 6

* Group 6 was the dominant SIDMO group likely involved in propane consumption,
dioxane removal, and CAH removal

» Group 6 shows three distinct subclusters, with divergences at the amino
acid level around that active site which are likely functional
(psychrophilicity), as well as in other subunits

* M. PH-06 has been thoroughly explored of cluster |, leaves room for the exploration
of other clusters
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