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Abstract: Several pyridine derivatives including the pesticide nitrapyrin [2-chloro-6-
(trichloromethyl) pyridine] are strong inhibitors of methane monooxygenase, a key enzyme of
aerobic methane (CHi) oxidation. In this study we examined the effects of 2-chloro-6-
methylpyridine (2C6MP) concentration on aerobic CHi oxidation and the development of
populations of putative methanotrophs in sediment from Old Woman Creek, a freshwater estuary
in Huron Co., Ohio. Experimental systems were prepared in serum bottles containing minimal
medium with a headspace containing 20% O: and 10% CHa. The microcosms were spiked with
2C6MP to achieve concentrations of 0, 0.1, 1, or 10 mM and inoculated with sediment. When
headspace CHas concentrations decreased from 10% to < 2%, subsamples were taken for DNA
extraction and sequencing of 165 rRNA gene amplicons. There was minimal effect of 2C6MP on
CHas oxidation at concentrations of 0.1, and 1 mM, but complete inhibition for > 20 months was
observed at 10 mM. ANOSIM of weighted UniFrac distances between groups of triplicate samples
supported a primary distinction of the inoculum relative to the enrichments (R=0.999) and a
secondary distinction between bottles containing 2C6MP versus those without (R=0.464 [0.1 mM];
R=0.894 [1 mM]). The inoculum was dominated by members of the Proteobacteria (49.9£1.5%), and
to a lesser extent by Bacteroidetes (8.8£0.2%), Acidobacteria (8.9£0.4%), and Verrucomicrobia
(4.4+0.3%). In enrichments with or without 2C6MP, Proteobacteria expanded to comprise 65-70% of
the total. In the absence of inhibitor, members of the Methylococcaceae and Methylophilaceae
increased in relative abundance from < 0.1% of the inoculum to 8.5+1.0% and 13.4+2.3%, of the
total community respectively. At both 0.1 and 1 mM concentrations of the inhibitor, the
Methylococcaceae were much less abundant, representing 3.3+0.5% and 2.8+3.3% respectively. No
inhibition of the Methylophilaceae was seen at the lower concentration of 2C6MP, but at the higher
concentration this taxon was only 7.8+1.1% of the total. In contrast, members of the Crenotrichaceae,
another group of methane oxidizers, increased in relative abundance with greater amounts of
inhibitor, representing 8.6+3.6% of the total at 0.1 mM and 12.0+4.5% at 1 mM, compared to only
4.1+0.4% when no inhibitor was present. These results clearly show changes in the populations of
putative aerobic methanotrophs relative to the amount of 2C6MP present.
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1. Introduction

An improved understanding of the global terrestrial C cycle has become a policy imperative,
both domestically and internationally, and is crucial in efforts to model, predict, and potentially
mitigate the effects of increasing concentrations of greenhouse gasses on global climate. Although
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not as prevalent in the atmosphere as carbon dioxide (CO:), methane (CH4) is an important
greenhouse gas that accounts for ~20% of human-induced radiative forcing. Atmospheric CHs
concentrations have increased by nearly 160% since 1850, largely due to human activities relating to
large-scale land management and agricultural practices (e.g., wetland rice production, raising of
ruminant livestock, and mining operations). Moreover, increased CHi emissions due to the
warming of Arctic permafrost have been identified as a potentially significant factor resulting from
(and contributing to) global climate change.

The formation (methanogenesis) and consumption of CHs (methane oxidation) in soils and
sediments are the result of highly specialized microorganisms [1]. Methanogenesis is carried out by
a group of archaea called methanogens, which are obligate anaerobes in the domain Archaea. In
most anoxic environments (e.g., saturated soils, wetlands, lacustrine and marine sediments)
methanogenesis is the final process in the anaerobic degradation of organic carbon. Most
methanogens use CO: as the terminal electron acceptor in anaerobic respiration, reducing it to CHa
(hydrogenotrophic methanogenesis) [2]. However, a limited number of methanogens can generate
CH: from acetate fermentation (acetoclastic methanogenesis) [3]. Methane formed during
methanogenesis can be oxidized to carbon dioxide via aerobic CH4 oxidation by methanotrophic
bacteria—obligate aerobes that use CHa as a sole C and energy source. Aerobic methanotrophs are
found in a diverse range of aquatic and terrestrial environments including lacustrine, estuarine, and
marine waters/sediments and soils ranging from arctic to tropical regions, and many are adapted to
environments with extremes in pH (1-11), temperature (0-72 °C), and salinity (up to 30%) [4].
Despite the wide range in habitats, aerobic methanotrophic bacteria are not broadly distributed
taxonomically, clustering primarily into two groups that differ with respect to phylogeny,
ultrastructure, lipid composition, biochemistry, and physiology; type I methanotrophs are found
within the Gammaproteobacteria in the family Methylococcaceae and type II methanotrophs are found
within the Alphaproteobacteria in the family Methylocystaceae. Recently, a third group of aerobic
methanotrophs have been identified comprising a single phylogenetic subcluster within the
phylum Verrucomicrobia [5]. In addition to their role in C cycling via CH4 oxidation, aerobic
methanotrophs also play a role in N cycling via ammonium oxidation and N: fixation.

The pesticide nitrapyrin [2-chloro-6-(trichloromethyl) pyridine] is used to minimize the loss of
nitrogen fertilizer (as ammonium) from soil by inhibiting ammonia monooxygenase (AMO), a key
enzyme in the oxidation of ammonia to nitrate by nitrifying bacteria. However, AMO shares many
similarities with methane monooxygenase (pMMO), a key enzyme of aerobic CHs oxidation, and
nitrapyrin has been shown to directly inhibit aerobic CHi oxidation [6-8]. In this study we
examined the effects of the nitrapyrin analog 2-chloro-6-methylpyridine (2C6MP) (Figure 1) on
aerobic CHs oxidation and microbial community development in freshwater wetland sediment.
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Figure 1. Molecular structure of nitrapyrin (left) and 2-chloro-6-methylpyridine (2C6MP) (right).

2. Materials and Methods

Overlying water and sediment (0-5 cm depth) were collected from Old Woman Creek, a
freshwater estuary on the southern shore of Lake Erie in Huron Co., Ohio (41°22'35.472"N
82°30°29.999"W). The Old Woman Creek watershed encompasses 7,000 hectares, of which over 66%
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is agricultural land. The sediment and water were combined to create a slurry, that was used to
inoculate the experimental systems described below.

A defined minimal medium (DMM) consisting of 20 mM PIPES buffer, 20 mM HEPES buffer, 1
mM NH4Cl, 1 mM KC], 1 mM CaClz, 1 mM MgClz, 10 uM phosphate, 10 mL of trace metal solution
[9], adjusted to pH 7.5, was sterilized by filtration through a 0.22 pm filter. The experimental
systems were prepared in sterile 160-mL serum bottles containing 50 mL of DMM with a headspace
consisting of 70% argon (Ar), 20% oxygen (O2), and 10% CHa, with 40 umol of xenon (Xe) (as an
internal standard), and sealed with butyl rubber plug stoppers and aluminum crimp caps. The
microcosms were spiked with neat 2C6MP (99%, Sigma-Aldrich) to achieve concentrations of 0, 0.1,
1, or 10 mM (4 replicate microcosms at each concentration) and inoculated with 5 mL of sediment
slurry. The microcosms were incubated at 30 °C in the dark and monitored for evidence of CHa
oxidation using gas chromatography to measure changes in CHs and O: concentrations in the
headspace over time. The concentrations of CHs, and O:2 were measured by analyzing a 200 pL
sample of headspace with an Agilent 7890A gas chromatograph equipped with a Supelco Carboxen
1010 Plot column (30 m x 0.35 mm) and a thermal conductivity detector, using Ar as the carrier gas
(2.68 mL min') and a temperature program of 60-100 °C at 5 °C min", 100-230 °C at 40 °C min’,
and held at 230 °C for 3.4 min. The system was calibrated by equilibrating known masses of analyte
(CHs and O2) and internal standard (Xe) in serum bottles having the same ratio of aqueous phase to
vapor phase as the experimental systems, thereby accounting for water-vapor partitioning. When
headspace CHa concentrations decreased from 10% to < 2%, a 10 mL sample of suspension was
collected from each experimental system and frozen at -80 °C for subsequent DNA extraction and
sequencing; samples for DNA extraction were not collected from the 10 mM 2C6MP treatments due
to complete inhibition of CH4oxidation.

Samples were mixed prior to removing 0.5 mL of suspension for transfer to extraction tubes.
DNA extraction was then performed using the MOBIO PowerSoil DNA Isolation kit according to
the manufacturer’s protocol. All DNA quantitation was performed using the Qubit assay
(Invitrogen). The V4 region of the 16S rRNA gene (515F-806R) was PCR amplified as detailed in
Caporaso et al. [10] to survey the total bacterial community in the extracted samples using the Earth
Microbiome  Project barcoded primer set adapted for the Illumina MiSeq
https://earthmicrobiome.org/protocols-and-standards/16s/. Amplicons were then sequenced on a
151bp x 12bp x 151bp MiSeq run using customized sequencing primers and procedures as
described by Caporaso et al. [11]. Triplicate libraries were prepared and sequenced for each sample
as technical replicates. A total of 1.5 million paired sequences were generated (37,536 + 16,323 per
amplicon library) and then merged followed by downstream processing using QIIME [12]. Briefly,

singletons were removed, de novo OTU picking with uclust was used to cluster sequences at 97%
similarity, and Greengenes (4feb2011) was used to assign taxonomies. For analyses of beta
diversity, the total number of sequences in each library was normalized to the amount in the library
containing the least number of sequences (7,168).

3. Results and Discussion

3.1. Inhibition of Methane Oxidation by 2C6MP

In the absence of 2C6MP, >80% of the CHs was oxidized within 11 days (Figure 2). The
presence of 0.1 or 1 mM 2C6MP resulted in a limited inhibition of CHs consumption relative to the
control without 2C6MP. However CH4 oxidation was completely inhibited for > 20 months in the
presence of 10 mM 2C6MP. In all systems, O2 consumption tracked with CH4 depletion, consistent
with aerobic CH4 oxidation. Our results are similar to those of Megraw and Knowles [13] showing
~60% inhibition of CHs oxidation by Methylosinus trichosporium OB3b in liquid culture containing 4
mM 2C6MP. However, Topp and Knowles [6] reported that concentrations of 2C6MP as low as 43
UM completely inhibited CH4 oxidation by M. trichosporium OB3b. The higher concentration of
2C6MP needed for inhibition of CH4 oxidation in our experimental systems compared to the pure
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culture studies of Megraw and Knowles, and Topp and Knowles, may be due to uptake of 2C6MP
by the wetland sediment, as sorption of nitrapyrin to soil has been shown to limit its effectiveness
[14].
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Figure 2. Changes in CHs and Oz levels in the microcosm headspace over time.

Besides nitrapyrin and 2C6MP, other pyridine derivatives (as well as pyridine itself), have
been studied as potential inhibitors of CHs oxidation. At a concentration of 1 mM, pyridine
inhibited CHs oxidation by ~60% in pure cultures of M. trichosporium OB3b [15]. Picolinic acid
(pyridine-2-carboxylic acid) inhibited > 90% of CHai oxidation by M. trichosporium OB3b at a
concentration of 40 uM, but nicotinic acid (pyridine-3-carboxylic acid) and isonicotinic acid
(pyridine-4-carboxylic acid) were largely ineffective (only 5.5% and 4.8% inhibition, respectively)
[13]. These results highlight the significance of ring constituents and their location on the ring on
the inhibition of microbial CHs4 oxidation. Although relatively high concentrations of 2C6MP were
needed to completely inhibit CHs oxidation in our study, the effect was long lasting (> 20 months)
compared to picolinic acid, which was readily degraded in soil, resulting in the loss if its
inhibiotory effects within 4 days [13], and nitrapyrin, which has a reported half-life of 5-42 days in
soils [14].

In addition to pyridine, pyridine derivatives, and other aromatic N-heterocycles (e.g., 8-
hydroxyquinoline) [15,16], a diverse range of compounds have been shown to inhibit CH4 oxidation
[17], including C2 hydrocarbons (e.g., ethene and acetylene) [8,18,19], halogenated aliphatic
hydrocarbons (e.g., fluoromethane, difluoromethane, and 1,3-dichloropropene) [18,20-23], and
dimethyl sulfoxide [24].
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3.2. Microbial Community Dynamics

Analysis of similarity (ANOSIM) of weighted UniFrac distances between groups of triplicate
samples supported a primary distinction of the inoculum relative to the enrichments (R=0.999) and
a secondary distinction between microcosms containing 2C6MP versus those without (R=0.464 [0.1
mM]; R=0.894 [1 mM]) (Figure 3).

PC2 (20%)

PC1 (32%)

PC3 (12%)

Figure 3. Principal coordinates analysis (PCoA) of microbial communities in Old Woman Creek
inoculum and microcosms based on 165 rRNA amplicon libraries using the Illumina MiSeq
platform. Distance between each data point is proportional to the weighted UniFrac distance.
Triplicate DNA extractions were taken from each sample and are plotted separately.

The inoculum was dominated by members of the Proteobacteria (49.9%), and to a lesser extent
by Bacteroidetes (8.8%), Acidobacteria (8.9%), and Verrucomicrobia (4.4%). In all microcosms, with or
without 2C6MP, Proteobacteria expanded to comprise 65-70% of the total. In the absence of inhibitor,
members of the Methylococcaceae and Methylophilaceae increased in relative abundance from < 0.1%
in the inoculum to 10.8% and 18.1%, of the total community respectively (Figure 4). At both 0.1 and
1 mM concentrations of the inhibitor, the Methylococcaceae were less abundant, representing 7.9%
and 8.4% respectively. No inhibition of the Methylophilaceae was seen at the lowest concentration of
2C6MP, but at 1 mM this taxon was only 11.4% of the total. In contrast, members of the
Crenotrichaceae, which includes methanotrophs [25] that posess an “unusual’ pMMO [26], increased
in relative abundance with greater amounts of inhibitor, representing 8.6% of the total at 0.1 mM
and 12.3% at 1 mM, compared to only 4.1% when no inhibitor was present. Interestingly, members
of Rhodobacteraceae were also more abundant in the presence of 0.1 (9.6%) and 1 mM (8.6%) 2C6MP
than in the control (< 0.2%). Further differentiation in the relative abundance of dominant
populations as a function of 2C6MP concentration is apparent at the genus level (Figure 5).
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Figure 4. Bar graphs represent average family-level compositions for each treatment. Highlighted
are key Proteobacteria families that increase in abundance relative to the inoculum.

A
Taxon & ’LC’N?Q A @‘“fs“‘&o

c__Alphaproteobacteria;o__Rhodobacterales;f _Rhodobacteraceae,g__Rhodobacter : . [ ] [
c__Betaproteobacteria;o__Burkholderiales;f__Comamonadaceae;g__[Unclassifed] . L] .

c__Betaproteobacteria;o__Methylophilales;f__Methylophilaceae;g__[Unclassified] : ® o [ ]

c__Betaproteobacteria;o__Methylophilales;f__Methylophilaceae;g__Methylotenera : . . .

¢__Gammaproteobacteria;o__Methylococcales;f__Crenotrichaceae;,g__Crenothrix . U [ [ ]

c__Gammaproteobacteria;o__Methylococcales;f__Methylococcaceae;g__Methylomonas : [ ] . .

Scale: 3% 6% 12.5% 25%

Figure 5. Taxonomy and average relative abundance of selected taxa in original Old Woman Creek
inoculum and microcosms. Sequences were classified to the genus level of the Greengenes
taxonomy using QIIME. The area of each circle is proportional to the average relative abundance of
each genus.

3.3. Conclusions

At the highest 2C6MP concentration tested (10 mM), CHs oxidation was completely inhibited
for >20 months. Although lower concentrations of 2C6MP (0.1 mM and 1 mM) exhibited similar
levels of inhibition of CHs oxidation, there were distinct changes in the populations of putative
aerobic methanotrophs relative to the amount of 2C6MP present. Though not as toxic as some other
inhibitors of microbial CHs oxidation (i.e., higher concentrations of 2C6MP are needed for compelte
inhibiion), 2C6MP may provide long-term inhibition and may therefore be useful as a CHa
oxidation inibitor in laboratory studies.


https://doi.org/10.1101/2022.10.13.512149
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.13.512149; this version posted October 14, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

7 of 9

Author Contributions: Conceptualization E.J.O.; Formal analysis D.A.A and T.M.F; Funding acquisition E.].O;
Investigation E.J.O, J.C.K, and S.M.O; Resources K.K.A; Project administration E.J.O; Visualization D.A.A and
T.M.F; Writing-original draft E.J.O; and Writing -review & editing E.J.O, D.A.A, KK.A, TMF, J.CK, and
S.M.O. All authors have read and agreed to the published version of the manuscript.

Funding: This manuscript is based upon work supported by Laboratory Directed Research and Development
(LDRD) funding from Argonne National Laboratory, provided by the Director, Office of Science, of the U.S.
Department of Energy under Contract No. DE-AC02-06CH11357. Manuscript preparation was funded by the
Wetlands Hydrobiogeochemistry Scientific Focus Area (SFA) at Argonne National Laboratory, supported by
the Environmental System Science Program, Office of Biological and Environmental Research (BER), Office of
Science, U.S. Department of Energy (DOE), under contract DE-AC02-06CH11357. Argonne National
Laboratory is a U.S. Department of Energy laboratory managed by UChicago Argonne, LLC.

Acknowledgments: The authors thank the Old Woman Creek National Estuarine Research Reserve for access
to the site.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision
to publish the results.

References

1. Kallistova, A.Y.; Merkel, A.Y.; Tarnovetskii, L.Y.; Pimenov, N.V. Methane formation and oxidation by
prokaryotes. Microbiology 2017, 86, 671-691, doi:10.1134/50026261717060091.

2. Guerrero-Cruz, S.; Vaksmaa, A.; Horn, M.A,; Niemann, H.; Pijuan, M.; Ho, A. Methanotrophs:

Discoveries, Environmental Relevance, and a Perspective on Current and Future Applications.
Frontiers in microbiology 2021, 12, 678057, doi:10.3389/fmicb.2021.678057.

3. Conrad, R. Importance of hydrogenotrophic, aceticlastic and methylotrophic methanogenesis for
methane production in terrestrial, aquatic and other anoxic environments: A mini review. Pedosphere

2020, 30, 25-39, doi:10.1016/51002-0160(18)60052-9.

4. Dunfield, P.F. Methanotrophy in extreme environments. In Encyclopedia of Life Sciences, Timmis, K.N.,
Ed. John Wiley & Sons, Ltd., Chichester, 2009; 10.1002/9780470015902.a0021897pp. 1-10.
5. Op den Camp, HJ.M,; Islam, T.; Stott, M.B.; Harhangi, H.R.; Hynes, A.; Schouten, S.; Jetten, M.S.M.;

Birkeland, N.-K.; Pol, A.; Dunfield, P.F. Environmental, genomic and taxonomic perspectives on
methanotrophic  Verrucomicrobia.  Environmental — Microbiology — Reports 2009, 1, 293-306,
doi:10.1111/j.1758-2229.2009.00022.x.

6. Topp, E.; Knowles, R. Effects of nitrapyrin [2-chloro-6-(trichloromethyl)pyridine] on the obligate
methanotroph Methylosinus trichosporium OB3b. Applied and Environmental Microbiology 1984, 47, 258-
262.

7. King, G.M. Dynamics and controls of methane oxidation in a Danish wetland sediment*. FEMS

Microbiology Letters 1990, 74, 309-323, d0i:10.1111/j.1574-6968.1990.tb04078 .x.
8. Bronson, K.F.; Mosier, A.R. Suppression of methane oxidation in aerobic soil by nitrogen fertilizers,

nitrification inhibitors, and urease inhibitors. Biology and Fertility of Soils 1994, 17, 263-268,

doi:10.1007/bf00383979.

9. O'Loughlin, E.J. Effects of electron transfer mediators on the biodegradation of lepidocrocite (y-
FeOOH) by Shewanella putrefaciens CN32. Environ. Sci. Technol. 2008, 42, 6876-6882,
doi:10.1021/es800686d.

10. Caporaso, J.G.; Lauber, C.L.; Walters, W.A.; Berg-Lyons, D.; Lozupone, C.A.; Turnbaugh, P.J.; Fierer,

N.; Knight, R. Global patterns of 16S rRNA diversity at a depth of millions of sequences per sample.


https://doi.org/10.1101/2022.10.13.512149
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.13.512149; this version posted October 14, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

80of9

Proceedings of the National Academy of Sciences of the United States of America 2011, 108 Suppl 1, 4516-
4522, doi:10.1073/pnas.1000080107.

11. Caporaso, J.G.; Lauber, C.L.; Walters, W.A.; Berg-Lyons, D.; Huntley, J.; Fierer, N.; Owens, S.M.;
Betley, J.; Fraser, L.; Bauer, M., et al. Ultra-high-throughput microbial community analysis on the
Illumina HiSeq and MiSeq platforms. ISME ] 2012, 6, 1621-1624, doi:10.1038/ismej.2012.8.

12. Caporaso, J.G.; Kuczynski, J.; Stombaugh, J.; Bittinger, K.; Bushman, F.D.; Costello, E.K.; Fierer, N.;
Pena, A.G.; Goodrich, J.K.; Gordon, J.I, et al. QIIME allows analysis of high-throughput community
sequencing data. Nature methods 2010, 7, 335-336, doi:10.1038/nmeth.£.303.

13. Megraw, S.R.; Knowles, R. Effect of picolinic acid (2-pyridine carboxylic acid) on the oxidation of
methane and ammonia in soil and in liquid culture. Soil Biology and Biochemistry 1990, 22, 635-641.

14. Wolt, ].D. Nitrapyrin behavior in soils and environmental considerations. . Environ. Qual. 2000, 29,
367-379, doi:10.2134/jeq2000.00472425002900020002x.

15. Hubley, J.H.; Thomson, A.W.; Wilkinson, J.F. Specific inhibitors of methane oxidation in
Methylosinus trichosporium. Archives of Microbiology 1975, 102, 199-202, d0i:10.1007/BF00428369.

16. Stirling, D.I; Dalton, H. Effect of metal-binding and other compounds on methane oxidation by two
strains of Methylococcus capsulatus. Arch Microbiol 1977, 114, 71-76, doi:10.1007/BF00429633.

17. Bédard, C.; Knowles, R. Physiology, biochemistry, and specific inhibitors of CHis, NHst, and CO

oxidation by methanotrophs and nitrifiers. Microbiological Reviews 1989, 53, 68-84.

18. Chan, A.SK. Parkin, T.B. Evaluation of potential inhibitors of methanogenesis and methane
oxidation in a landfill cover soil. Soil Biology and Biochemistry 2000, 32, 1581-1590, doi:10.1016/S0038-
0717(00)00071-7.

19. Bu, X,; Krause, S.M.B.; Gu, X; Tian, J.; Zhou, X. Ethylene rather than acetylene inhibits soil methane
oxidation rates in a subtropical evergreen forest. Soil Biology and Biochemistry 2019, 135, 10-12,

doi:10.1016/j.s0ilbio.2019.04.001.

20. Epp, M.A.; Chanton, J.P. Rhizospheric methane oxidation determined via the methyl fluoride
inhibition technique. Journal of Geophysical Research: Atmospheres 1993, 98, 18413-18422,
doi:10.1029/93jd01667.

21. Miller, L.G.; Sasson, C.; Oremland, R.S. Difloromethane, a new and improved inhibitor of

methanotrophy. Applied and Environmental Microbiology 1998, 64, 4357-4362.

22. Spokas, K.; King, J.; Wang, D.; Papiernik, S. Effects of soil fumigants on methanotrophic activity.
Atmospheric Environment 2007, 41, 8150-8162, doi:10.1016/j.atmosenv.2007.06.028.
23. Vicca, S.; Flessa, H.; Loftfield, N.; Janssens, I.A. The inhibitory effect of difluoromethane on CH4

oxidation in reconstructed peat columns and side-effects on CO2 and N2O emissions at two water
levels. Soil Biology and Biochemistry 2009, 41, 1117-1123, d0i:10.1016/j.s0ilbio.2009.02.017.

24. Saari, A.; Martikainen, P.J. Differential inhibition of methane oxidation and nitrification in forest soils
by dimethyl sulfoxide (DMSO). Soil Biology and Biochemistry 2001, 33, 1567-1570, doi:10.1016/s0038-
0717(01)00061-x.

25. Oswald, K.; Graf, ].S.; Littmann, S.; Tienken, D.; Brand, A.; Wehrli, B.; Albertsen, M.; Daims, H.;
Wagner, M.; Kuypers, M.M,, et al. Crenothrix are major methane consumers in stratified lakes. ISME |
2017, 11, 2124-2140, doi:10.1038/ismej.2017.77.

26. Stoecker, K.; Bendinger, B.; Schéning, B.; Nielsen, P.H.; Nielsen, J.L.; Baranyi, C.; Toenschoff, E.R.;

Daims, H.; Wagner, M. Cohn's Crenothrix is a filamentous methane oxidizer with an unusual methane


https://doi.org/10.1101/2022.10.13.512149
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.13.512149; this version posted October 14, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

90f9

monoxoxygenase. Proceedings of the National Academy of Sciences of the United States of America 2006,
103, 2363-2367, doi:10.1073/pnas.050636110.

© 2022. This manuscript has been created by UChicago Argonne, LLC, Operator of
Argonne National Laboratory (“Argonne”). Argonne, a U.S. Department of Energy
Office of Science laboratory, is operated under Contract No. DE-AC02-06CH11357. The
U.S. Government retains for itself, and others acting on its behalf, a paid-up
@ @ nonexclusive, irrevocable worldwide license in said article to reproduce, prepare

derivative works, distribute copies to the public, and perform publicly and display

publicly, by or on behalf of the Government. The Department of Energy will provide
public access to these results of federally sponsored research in accordance with the
DOE Public Access Plan. http://energy.gov/downloads/doe-public-access-plan


https://doi.org/10.1101/2022.10.13.512149
http://creativecommons.org/licenses/by/4.0/

	1. Introduction
	2. Materials and Methods
	3. Results and Discussion
	3.1. Inhibition of Methane Oxidation by 2C6MP
	In the absence of 2C6MP, >80% of the CH4 was oxidized within 11 days (Figure 2). The presence of 0.1 or 1 mM 2C6MP resulted in a limited inhibition of CH4 consumption relative to the control without 2C6MP. However CH4 oxidation was completely inhibite...
	Besides nitrapyrin and 2C6MP, other pyridine derivatives (as well as pyridine itself), have been studied as potential inhibitors of CH4 oxidation. At a concentration of 1 mM, pyridine inhibited CH4 oxidation by ~60% in pure cultures of M. trichosporiu...
	In addition to pyridine, pyridine derivatives, and other aromatic N-heterocycles (e.g., 8-hydroxyquinoline) [15,16], a diverse range of compounds have been shown to inhibit CH4 oxidation [17], including C2 hydrocarbons (e.g., ethene and acetylene) [8,...
	3.2. Microbial Community Dynamics
	Analysis of similarity (ANOSIM) of weighted UniFrac distances between groups of triplicate samples supported a primary distinction of the inoculum relative to the enrichments (R=0.999) and a secondary distinction between microcosms containing 2C6MP ve...
	The inoculum was dominated by members of the Proteobacteria (49.9%), and to a lesser extent by Bacteroidetes (8.8%), Acidobacteria (8.9%), and Verrucomicrobia (4.4%). In all microcosms, with or without 2C6MP, Proteobacteria expanded to comprise 65–70%...
	3.3. Conclusions
	At the highest 2C6MP concentration tested (10 mM), CH4 oxidation was completely inhibited for >20 months. Although lower concentrations of 2C6MP (0.1 mM and 1 mM) exhibited similar levels of inhibition of CH4 oxidation, there were distinct changes in ...

	Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.
	References

