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Abstract

Aims
Microbial activity in the soil of wetlands is responsible for the emission of more methane to the
atmosphere than all other natural sources combined. This microbial activity is heavily impacted by plant
roots, which influence the microbial community by exuding organic compounds and by leaking oxygen
into an otherwise anoxic environment. This study compared the microbial communities of planted and
unplanted wetland soil from an Alaskan bog to elucidate how plant growth influences populations and
metabolisms of methanogens and methanotrophs.

Methods
A common boreal wetland sedge, Carex aquatilis, was grown in the laboratory and DNA samples were
sequenced from the rhizosphere, unplanted bulk soil, and a simulated rhizosphere with oxygen input but
no organic carbon.

Results
The abundance of both methanogens and methanotrophs were positively correlated with methane
emissions. Among the methanotrophs, both aerobic and anaerobic methane oxidizing microbes were
more common in the rhizosphere of mature plants than in unplanted soil, while facultative
methanotrophs capable of utilizing either methane or other molecules became relatively less common.

Conclusions
These trends indicate that roots create an environment which favors highly specialized microbial
metabolisms over generalist approaches. One aspect of this specialized microbiome is the presence of
both aerobic and anaerobic metabolisms, which indicates that oxygen is present but is a limiting resource
controlling competition.

Introduction
Microbial activity in the soil of wetlands is responsible for the emission of more methane (CH4) to the
atmosphere than all other natural sources combined (Ciais et al. 2013). This flux is influenced by many
factors, but in all cases, the generation of CH4 (methanogenesis) and any oxidation of CH4
(methanotrophy), which may attenuate emissions, are microbially mediated. Therefore, when factors like
temperature are cited as influencing wetland CH4 emissions (e.g., Hargreaves and Fowler 1998) they do
so by impacting the microbial community either directly (e.g., microbial metabolic rates increase at
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warmer temperatures), or indirectly by altering other environmental factors, such as plants, which in turn
affect the microbial ecosystem (Gill et al. 2017).
The microbial ecosystem inhabiting wetland soils is comprised of a complex mixture of bacteria and
archaea that respond to a host of environmental variables. Community composition can vary greatly
based on depth in the soil column (Lipson et al. 2013; Bai et al. 2018), geographic setting of the wetland
(Grodnitskaya et al. 2018), and types of plants growing in the wetland (Robroek et al. 2015). The majority
of microbial species present in wetland soil samples, as in most environments, are uncultured (Ivanova et
al. 2016).
Plants impact the wetland microbial community through two primary modes. First, plants exude carbon
compounds from their roots which may be more biodegradable than the other soil carbon (Bais et al.
2006; Girkin et al. 2018). These root exudates can stimulate microbial activity and CH4 emissions (Ström
et al. 2003; Ström and Christensen 2007; Picek et al. 2007; Chanton et al. 2008; Kayranli et al. 2009).
While this increase in CH4 emissions is partially driven by the carbon in the exudates being processed into
CH4, the exudates also result in more soil carbon being converted to CH4 (Waldo et al. 2019). This
phenomenon is known as the microbial priming effect (Fontaine et al. 2007; Kuzyakov 2010; Ruirui et al.
2014; Ye et al. 2015). The plant growth cycle is seasonal, so changes in root exudation over the plants’
life cycle impacts CH4 emissions even when factors such as temperature are kept constant (Neue et al.
1997).
The second effect that wetland plants have on the microbial environment is leakage of oxygen into the
soil from aerenchyma in their roots (Fritz et al. 2011). This oxygen can be used for methanotrophy (Fritz
et al. 2011), but other aerobic metabolisms will compete for the limited oxygen supply (Lenzewski et al.
2018). Even when oxygen is used quickly enough that it does not accumulate in the soil (Waldo et al.
2019; Turner et al. 2020), it can influence microbial communities by facilitating the recycling of alternate
electron acceptors (Keiluweit et al. 2016), or by creating mixed-redox environments where carbon
compounds are partially respired aerobically and partially anaerobically (Chanton et al. 2008). This
variety of uses can lead to intense competition for oxygen in the rhizosphere. As with root exudation,
oxygen transport changes over time as plants grow throughout the season, and different species of
plants allow for varying amounts of oxygen transport (Schimel 1995). The balance between the dynamic
effects of root exudation and oxygen transport will control what types of microbial CH4 metabolisms are
favored.
In addition to the traditional model of aerobic obligate methanotrophs, the rhizosphere also supports two
other methanotrophic metabolisms. Once considered insignificant in wetlands (Conrad 2009), recent
work has shown that anaerobic oxidation of CH4 (AOM) is common in freshwater wetlands (Segarra et al.
2015). Though it may be common, AOM is performed by a limited number of microbes, primarily the
ANME2d anaerobic archaea (Haroon et al. 2013) and bacteria of the NC10 phylum (He et al. 2016). To
avoid the use of oxygen, AOM relies on alternative terminal electron acceptors (TEAs). In freshwater bogs,
rain is the primary source of water and nutrients; groundwater is not available to transport TEAs into the
Page 3/26

wetland. The continued availability of non-oxygen TEAs without transport into bogs can be explained by
recycling and regeneration of the TEAs within the wetland (Keller and Bridgham 2007). This recycling
requires an ultimate electron sink that is used to regenerate the TEAs used by anaerobic methanotrophs.
Plants can supply that electron sink by leaking oxygen from their roots which is used to generate a variety
of TEAs in the relatively oxidized rhizosphere (Keiluweit et al. 2016).
The second non-traditional methanotrophic metabolism within the rhizosphere is facultative
methanotrophy. Most methanotrophs are only capable of using single-carbon compounds (Conrad 2009).
However, some facultative methanotrophs have been found in the genera Methylocella, Methylocapsa,
and Methylocystis that can also use carbon compounds such as acetate and ethanol (Dedysh et al. 2005;
Dunfield et al. 2010; Belova et al. 2011; Im et al. 2011; Leng et al. 2015). These facultative methanotrophs
are widely distributed in the environment, but are especially prevalent in acidic soils, including peatlands
(Rahman et al. 2011). Because the rhizosphere is a dynamic soil zone where the balance of microbial
activity, root exudation, and oxygen availability may change over time, the ability to use different carbon
sources for energy could be a competitive advantage.
Plants have great potential to influence the environment for microbes, including both methanogens and
methanotrophs. By doing so, plants impact the amount of CH4, a potent greenhouse gas, which is emitted
from wetlands. However, plant effects are not uniform and can either increase (Shannon and White 1994;
Joabsson et al. 1999; Popp et al. 2000; Whalen 2005) or decrease (Schipper and Reddy 1996; Fritz et al.
2011; Lenzewski et al. 2018) CH4 emissions. Decreases driven by plants are due to increased
methanotrophy (Schipper and Reddy 1996; Fritz et al. 2011; Lenzewski et al. 2018), while increases in
CH4 emission can be due to plant-exudate stimulation of CH4 production (Chanton et al. 2008; Waldo et
al. 2019; Turner et al. 2020) and/or increased transport through aerenchyma (Shannon and White 1994;
Joabsson et al. 1999). Determining metabolisms fostered by the presence of roots can be used to build a
mechanistic understanding of why some plant species increase while other decrease CH4 emissions. In
this study, we focused on Carex aquatilis, a common wetland sedge shown to increase methane
emissions (Schimel 1995; Waldo et al. 2019). We compared the microbial communities of planted and
unplanted wetland soil to elucidate how Carex growth influenced populations of methanogens and
methanotrophs, with special focus on the different forms of methanotrophy.

Materials And Methods

Experimental Setup
This investigation used samples collected during a previous study, Waldo et al. (2019), which described
the experimental setup in detail. Briefly, Carex aquatilis, a common boreal wetland sedge, were grown for
10 weeks in rhizoboxes (48cm tall, 20cm wide, 5cm thick) filled with peat collected from a thermokarst
bog in central Alaska. There were also two unplanted box types: control boxes with peat alone, and
simulated plants that utilized silicone tubes to transport gases, thus simulating gaseous exchange
without the biochemical effects of roots. There were 6 planted boxes, 2 control boxes, and 2 simulated
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plant boxes analyzed. Optical oxygen sensors (optodes) measured oxygen concentration around the
roots of plants and around the simulated plant roots (Larsen et al. 2011). Methane emissions were
monitored throughout the experiment by placing a clear fluxing hood over each box and measuring the
rate of CH4 concentration increase in the headspace. During weeks 5 and 10 of the experiment, 4 plants
were exposed to 13CO2 by placing a hood on each rhizobox and injecting 99 atom% 13CO2 into the
headspace over a period of five consecutive days. This 13CO2 was photosynthesized and isotopically
labeled the plants. Following labeling, root and soil samples were collected under nitrogen. Plants were
destructively sampled in both weeks 5 and 10; the unplanted control boxes and simulated plants were
only sampled in week 10, at the end of the experiment. Samples collected for chemical analysis were
documented in Waldo et al. (2021), and samples collected for DNA analysis and microbe counts are
described below.
Soil samples were collected at depths of approximately 5 cm, 20 cm, and 35 cm. All samples were
collected inside a gasbag filled with high-purity nitrogen. At each depth, samples were taken from three
sites, one in the center and one 6 cm from either edge of the box. At each sample site separate samples
were taken for fluorescence microscopy and DNA sequencing. In planted boxes, roots and associated
rhizosphere soil were collected. In control and simulated plant boxes, soil was collected.

Fluorescence Microscopy
Fluorescence microscopy was used to enumerate the microbes in samples from the rhizosphere and
unplanted soil, but not in samples from boxes with simulated plants due to finite access to
instrumentation. For planted boxes, root sections were cut from each sampling location. Root sections
were sonicated in 4% paraformaldehyde (PFA). Soil dislodged from root samples was classified as
rhizosphere soil (White et al. 2015), and was recovered by centrifugation (20 minutes at 15,000 g). The
sample was then stored in a 50/50 mix of 70% ethanol and 1X phosphate buffered solution (PBS, Fisher
Scientific). For unplanted boxes, the protocol was the same, except the sample was not sonicated or
centrifuged during PFA incubation. All samples were then stored at -20 C before being shipped on dry ice
to the Environmental Molecular Sciences Laboratory (EMSL) where they were stored at -80 C until
analysis.
For microbe counting, the samples were thawed and either the entire rhizosphere pellet (for plant
samples) was used, or an aliquot of bulk soil (for control box samples) was taken that had similar
volume to that of a typical rhizosphere pellet. To the soil sample, 0.3 to 0.4 g of sterile garnet beads were
added with enough water to bring the total volume up to 1.5 mL. This mixture was then vortexed for 45
seconds. In a fresh tube, 98 µL of the mixture was combined with 2 µL of a 100X Vybrant Green DNA
stain. One µL of the stained cell suspension was placed onto a slide and imaged with a 40X NA1.1 water
immersion objective lens on a Zeiss LSM 710 inverted confocal fluorescence microscope exciting the dye
with a 488 nm laser and measuring fluorescence in the 497–590 nm band. To count the microbes, the
images were uploaded into ImageJ (Abramoff et al. 2004; Collins 2007) and the 3D Objects Counter
function was used to classify fluorescent objects between 0.5 µm3 and 3.2 µm3 as microbes. The
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combined mass of water and soil in each tube was measured, then the soil was dried overnight in an
oven. These measurements were used to calculate the dry mass of soil per volume of water. Massnormalized cell density was calculated by dividing the total cell count by the mass of solids in the droplet
which was imaged. Any sample which had less than 0.5 mg of soil in the 98 µL aliquot was excluded
from analysis.

DNA Sequencing
For DNA sequencing, approximately 1 mL of soil was collected from each sample site for all three
treatment types. DNA was extracted from the peat using a MoBio PowerSoil kit, with modifications made
to optimize the kit for extractions from peat soils (See Online Resource 1). A DNA quality check was
conducted according to the Department of Energy Joint Genome Institute (JGI) “iTag Sample
Amplification QC SOP” v. 1.3 (Online Resource 2). Briefly, an aliquot of the DNA was amplified using PCR;
the PCR product was visualized on an agarose gel compared to size standards. DNA was stored at -20 C
until transport to JGI for analysis. The DNA samples were shipped to JGI on dry ice. Once there, the
samples were processed to produce one of two sequencing products: iTags or metagenomes.
The iTags classified microbes to the genus level using the V4 region of 16S rRNA sequences, using
primers designed to amplify both bacteria and archaea (FW (515F): GTGCCAGCMGCCGCGGTAA, RV
(805R): GGACTACHVGGGTWTCTAAT) (Rivers 2016). Sequencing and classification was done using an
Illumina MiSeq instrument and the iTagger software (Tremblay et al. 2015). The methods summary
produced by JGI is available as Online Resource 3.
The metagenomes were sequenced on an Illumina NovaSec instrument. The reads were trimmed and
screened using the BBTools software (Bushnell 2015) and read corrected using BFC version R181 (Li
2015). The corrected reads were assembled and mapped using SPAdes assembler 3.11.1 (Nurk et al.
2017) and BBMap version 37.78 (Bushnell 2015), respectively. All analysis of metagenomic data was
done through the JGI IMG interface (Markowitz et al. 2012; Chen et al. 2019).

Statistical Analysis
All tests to determine whether multiple groups of data were or were not from the same distribution were
done first using a mixed-effects model (“fitlme” in MATLAB R2018b) in which the box was a random
variable, and the box type was the test variable. The mixed-effects model used only returns whether a
difference between groups exists, not which groups are different. When a significant difference existed in
the data, the Kruskal-Wallis test was used to determine between which groups the difference existed,
performed using the “kruskalwallis” function in MATLAB (R2018b). All tests for relationships or trends
within a dataset were done using a Spearman Rank Correlation Coefficient with the “corr” function in
MATLAB (R2018b). The Spearman Rank Correlation returns both a p-value, indicating statistical
significance, and ρ, indicating direction and strength of monotonic correlation.

Sequence Data Analysis
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The iTag data was analyzed for the frequency of methanogens and methanotrophs. For methanogens,
the classes Methanobacteria and Methanomicrobia were included. For obligate methanotrophs, all
members of the family Methylocystaceae, as well as the entire order Methylococcales were included. The
iTag data did not include sufficient detail to differentiate facultative methanotrophs of the genera
Methylocapsa and Methylocella from other members of their family, and so metagenomic data was used
for facultative methanotroph analysis. The genus Methylocystis was also counted as facultative
methanotrophs. Similarly, the iTag data did not identify any taxa that are documented to perform AOM,
so the metagenomic data were used to isolate the candidate genus Candidatus Methanoperedens, which
contains ANME2d anaerobic methanotrophs (Haroon et al. 2013). Bacteria of the NC10 phylum also
perform AOM but were not identified in the metagenomic phylogeny through IMG. Instead, NC10 presence
was determined through a BLAST search for sequences from the GenBank database of the National
Center of Biotechnology Information (NCBI) under accession numbers KU891931 (16S rRNA) and
KT443986 (pmoA) (He et al. 2016). The BLAST search only accepted sequences with E-values of 10− 20 or
better for NC10 16s rRNA or 10 for NC10 pmoA.
Specific gene sets found in the metagenomes were used to assess functional differences in microbial
populations. To determine whether samples had microbes with aerobic or anaerobic metabolisms
present, the number of genes involved in glycolysis (a process which occurs in both anaerobic
metabolism) was compared to genes involved in the Krebs cycle (aerobic metabolism). Because
glycolysis is also used by aerobes, the glycolysis to Krebs ratio is not equal to the ratio of anaerobes to
aerobes. However, there will be a qualitative correlation between the two ratios. For the Krebs cycle, only
those genes involved in the first oxidation were used because that limited the number of genes involved
and focused the results. To compare methanotrophic metabolisms, methane monooxygenase (MMO)
genes were compared. In addition to number of genes, a principle components analysis (PCA) was
performed on the MMO gene sets to determine if different types of MMO were used in different samples.
PCA was performed in MATLAB (2018b) using the “pca” function and default settings.
The gene sets were identified through the KEGG Orthology (Kanehisa and Goto 2000; Kanehisa et al.
2016). The gene sets used for the Krebs Cycle are presented in Table 1, gene sets for glycolysis are in
Table 2, and gene sets used for MMO are in Table 3.
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Table 1
Gene sets used to identify the Krebs Cycle.
Gene

Citation

K00030 isocitrate dehydrogenase (NAD+)

Kim et al. 1999

K00031 isocitrate dehydrogenase

Camacho et al. 1995; Steen et al.
1997;Ceccarelli et al. 2002

K01647 citrate synthase

Goldenthal et al. 1998

K01681 aconitate hydratase

Varghese et al. 2003

and K01682 aconitate hydratase 2 / 2methylisocitrate dehydratase

Brock et al. 2002

Table 2
Gene sets used to identify glycolysis.
Gene

Citation

K00134 glyceraldehyde 3-phosphate dehydrogenase

Prüß et al. 1993; Sirover 2011

K00150 glyceraldehyde-3-phosphate dehydrogenase
(NAD(P))

Valverde et al. 1997; Koksharova et al.
1998

K00873 pyruvate kinase

Kenzaburo et al. 1988; Mazurek 2011

K00927 phosphoglycerate kinase

Schurig et al. 1995; Beutler 2007

K01689 enolase

Feo et al. 2000; Marcaida et al. 2006

K01803 triosephosphate isomerase (TIM)

Daar et al. 1986; Schurig et al. 1995

K01834 2,3-bisphosphoglycerate-dependent
phosphoglycerate

Johnsen and Schönheit 2007; Davies
et al. 2011

K11389 glyceraldehyde-3-phosphate dehydrogenase
(ferredoxin)

Mukund and Adams 1995

K12406 pyruvate kinase isozymes R/L
K15633 2,3-bisphosphoglycerate-independent
phosphoglycerate

Fraser et al. 1999

K15634 probable phosphoglycerate mutase

Johnsen and Schönheit 2007

K15635 2,3-bisphosphoglycerate-independent
phosphoglycerate mutase

Johnsen and Schönheit 2007
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Table 3
Gene sets used to identify MMO.
Gene

Citation

K10944 methane/ammonia monooxygenase
subunit A

Holmes et al. 1995; Stolyar et al. 1999; Norton
et al. 2002

K10945 methane/ammonia monooxygenase
subunit B

Stolyar et al. 1999; Norton et al. 2002

K10946 methane/ammonia monooxygenase
subunit C

Stolyar et al. 1999; Norton et al. 2002

K16157 methane monooxygenase component A
alpha

Murrell et al. 2000

K16158 methane monooxygenase component A
beta chain

Murrell et al. 2000

K16159 methane monooxygenase component A
gamma chain

Murrell et al. 2000

K16160 methane monooxygenase regulatory
protein B

Murrell et al. 2000

K16161 methane monooxygenase component C

Murrell et al. 2000

K16162 methane monooxygenase component D

Murrell et al. 2000

Results

Fluorescence Microscopy
Ten weeks after the start of the experiment, rhizosphere soil samples had a significantly (p < 0.05) higher
concentration of microbes than did the unplanted control box samples (Fig. 1A). The rhizosphere soil
collected during week 5 of the experiment did not have a significantly different number of microbes from
rhizosphere soil collected in week 10 or from the control box soil. The comparison of the three groups
indicates that roots encouraged microbial growth, but that it took time for the increased growth to take
effect. However, there was not a statistically significant correlation between microbe count and CH4 flux
(Fig. 1B, p > 0.05).

iTag
The 16S rRNA iTag analysis produced a median of 537,000 reads per sample, with an interquartile range
of 244,000 to 630,000. From these data, 838 genera of microbes were identified in the samples. The most
common classes present were Alphaproteobacteria (12.3% of all reads), Acidobacteria (10.0% of all
reads), and Deltaproteobacteria (7.8% of all reads). A table showing genus-level results is available as
Online Resource 4.
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The median percentage of microbes that were methanogens in samples from each box was positively
correlated with CH4 emissions (Fig. 2A, p < 0.05, ρ = 0.69) as was the percentage of microbes that were
methanotrophs, when excluding simulated plants (Fig. 2B, p < 0.01, ρ = 0.78). Simulated plants were
excluded from the correlation test of methanotrophs because in the other three box types (planted boxes
from weeks 5 and 10 and control boxes) the oxygen concentrations were low, but in simulated boxes, the
oxygen concentrations were higher (Waldo et al. 2019) so the microbes faced a fundamentally different
environment. Correlating methanotrophs with CH4 emissions acts as a proxy for correlating
methanotrophs with CH4 availability in the rhizosphere.
When microbe count data was used with the percentages to find the total number of each type of
microbe, there was a positive correlation between CH4 flux and methanotroph count (p < 0.01, ρ = 0.87,
Fig. 2D), but the correlation with methanogen count was on the edge of significance (p = 0.07, ρ = .65,
Fig. 2C). The number of methanogens and methanotrophs were also significantly correlated with each
other (p < 0.05, ρ = .31). Microbe count data was not available for all samples that were sequenced, so the
number of replicates was smaller in the count analysis, and no microbe counts were conducted on
samples from simulated plant boxes.

Metagenomes
The metagenomic data were used to identify functional genes and taxa which could not be identified in
the iTag data. Facultative methanotrophs comprised less than 1% of all samples (Fig. 3A). In contrast to
the obligate methanotrophs (Fig. 2), there was no statistically significant (p > 0.05) correlation between
the flux of CH4 in the final week before harvest and either the percentage of facultative methanotrophs
(Fig. 3A, with simulated boxes ρ=-0.16 or excluding simulated boxes ρ = 0.10) or the number of
facultative methanotrophs (Fig. 3B, ρ = 0.62). However, the percentage of microbes that were facultative
methanotrophs in simulated plant boxes was greater (p < 0.05 by mixed-effects model and KruskalWallis) than the other box types (Fig. 3A), as was observed in obligate methanotrophs (Fig. 2B, p < 0.01).
The ratio of obligate to facultative methanotrophs was significantly larger (p < 0.05) in rhizosphere
samples from week 10 than in simulated boxes, while the other two treatment types (control boxes and
rhizosphere samples from week 5) had intermediate ratios that were not significantly different (p > 0.05)
from the ratios in any other treatment (Fig. 4A). There was no significant correlation (p > 0.05) between
the ratio of obligate to facultative methanotrophs and the flux of CH4 in the final week before harvest
(Fig. 4B).
The ratio of ANME2d archaea, which are capable of AOM, to total obligate methanotrophs was
significantly larger (p < 0.05) in rhizosphere soil from week 10 than in the simulated plant boxes, with
rhizosphere soil from week 5 and control boxes having an intermediate ratio (Fig. 5A) — as was seen with
the ratio of facultative to obligate methanotrophs. There was no significant relationship (p > 0.05, ρ = .16)
between the ratio of ANME2d to total methanotrophs and the flux of CH4 in the final week before harvest
(Fig. 5B). The BLAST searches did not return any matches for the NC10 pmoA genes and the NC10 16s
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sequences returned did not display any statistically significant relationships with other relevant data
(data not shown). The lack of pmoA gene detections, even at low match quality, indicates that the 16s
sequences may not be derived from NC10 bacteria. For this reason, the NC10 BLAST results were omitted
from further analyses and all discussion of AOM are related to the ANME2d results.
The ratio of genes involved in glycolysis to those involved in the Krebs Cycle was positively correlated
with CH4 emissions (p < 0.05, ρ = .72, Fig. 6), indicating more anaerobic activity in boxes with greater
methane emissions.
There were no statistically significant (p > 0.05) differences in the percentage of MMO genes between box
types. However, the PCA revealed that a single principle component could explain 99% of the variation in
MMO genes among the samples. This component was defined by higher frequencies of genes coding for
all three subunits of a particulate methane monooxygenase (PMO) (Holmes et al. 1995; Stolyar et al.
1999; Norton et al. 2002) and lower frequencies of the other six MMO-coding genes, which include a
regulatory protein and several components of a soluble MMO (Murrell et al. 2000). The PMO-correlated
component had significantly (p < 0.05) higher scores in simulated plant boxes than in either harvest of
real plants. The control boxes were not significantly different (p > 0.05) from any other group.

Discussion
Both total microbial population and community composition play a role in explaining the impact of plant
roots on CH4 emissions. Finding more microbes in the rhizosphere of planted boxes harvested in week 10
than in unplanted soil (Fig. 1) was expected. The first study based on this same experiment found that
more root exudates were being added to the soil during week 10 than during week 5 (Waldo et al. 2019).
Given that root exudates fuel microbial metabolism (Ström et al. 2003; Ström and Christensen 2007;
Picek et al. 2007; Chanton et al. 2008; Kayranli et al. 2009), the increased root exudation later in the
experiment is the most likely explanation for the increased microbial population. However, the lack of
significant correlation between microbe count and CH4 emissions shows that changes to the composition
of the microbial community were more important than its sheer size, as is well established (e.g., DiazRaviña et al. 1988).
Methanogens and methanotrophs are directly involved in CH4 dynamics. The positive correlation between
methanogens and CH4 emissions (by either number of methanogens or percentage of total microbes,
Fig. 2A&C) is straightforward and unsurprising. Other studies have found similar relationships between
CH4 emissions and methanogen abundance (Frey et al. 2011). Because methanogens are the only
biologic source of CH4, this also makes conceptual sense; the CH4 has to come from somewhere.
The positive relationship between obligate methanotrophs and CH4 emissions (Fig. 2B&D) tells us more
about the system. Obligate methanotrophs rely on both CH4 and TEAs to function. Assuming CH4
emissions are a good proxy for CH4 availability, the positive correlation indicates that the obligate
methanotroph population responded directly to methane availability. The second resource that
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methanotrophs need, TEAs, are harder to directly measure, but this study has two lines of evidence that
they were a limiting factor in the rhizosphere. First, optical oxygen measurements from the experiment
from which these sample were obtained (Waldo et al. 2019) indicated that soil within planted boxes at
both time points and within control boxes lacked standing pools of oxygen (Waldo et al. 2019). Second,
the ratio of glycolysis to Krebs Cycle genes from the metagenomic data (Fig. 6) indicate the boxes
producing the most CH4 also had a potentially greater prevalence of anaerobes in the microbial
community. These data cannot be used definitively because glycolysis is used by both aerobic and
anaerobic metabolisms, and anaerobic metabolisms exist that do not use it. However, lacking a more
direct measurement of total aerobic versus anaerobic activity it can be used to qualitatively rank samples
by relative abundance of anaerobic activity. The increased ratio of glycolysis to Krebs Cycle genes in
boxes with high CH4 emissions implies that when CH4 emissions are high, the rhizosphere has less
oxygen available. The shift from unplanted soil having low CH4 availability and high TEAs to the mature
rhizosphere having high CH4 and low TEA availability shows a change in what competitive pressures
microbes face.
When oxygen demand exceeds supply, competition for oxygen must be more intense. Obligate
methanotroph abundance was apparently dependent on the concentration of CH4, despite the increasing
competition for oxygen in those boxes with high CH4 emissions and highly anaerobic metabolisms. The
samples from simulated plants, however, were taken from sites with standing pools of oxygen (Waldo et
al. 2019). The increased supply of oxygen relieved the competition for oxygen and improved the
environment for methanotrophs. Because the simulated plants had relatively low CH4 emissions, either
the extra oxygen allowed methanotrophs to thrive at lower CH4 concentrations or allowed them to oxidize
a higher portion of the CH4 produced. The methane monooxygenase (MMO) analysis showed that the
microbes in simulated plant boxes were using more particulate methane oxygenase (PMO) while the
rhizosphere microbes in planted boxes were using a soluble MMO to conduct methanotrophy. The reason
why PMO would be preferable to MMO in a setting with more oxygen and no root exudates is not
immediately clear, but it is further evidence that simulated and real plants had important differences in
the environment they created for methanotrophs.
The apparent success of methanotrophs in low-oxygen environments has two potential explanations.
First, there was likely some oxygen available. While the optical oxygen sensors showed no detectible
oxygen in any of the planted boxes (Waldo et al. 2019) it is well established that wetland plants do
transport oxygen through their aerenchyma (Fritz et al. 2011); oxygen was simply used so rapidly in all
cases that it did not accumulate enough for the optodes to detect it. Second, the obligate methanotrophs
may have been performing AOM. While the soil in this experiment likely had very low concentrations of
alternative TEAs, as is generally the case in freshwater bogs (Keller and Bridgham 2007; Conrad 2009),
there may actually still be high rates of AOM near oxygen sources where an elevated redox state allows
for recycling of low concentrations of TEAs (Keller and Bridgham 2007; Segarra et al. 2015). The
ANME2d abundance (Fig. 5) supports this idea, showing that at least one genus of AOM-capable
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microbes was more abundant in the high-CH4 environment of the rhizosphere late in the experiment than
in the oxygenated environment of the simulated plants.
Facultative methanotrophs, however, displayed a different pattern of abundance than the obligate
methanotrophs (Figs. 2–4). Both types of methanotrophs were most common in the simulated-plant
boxes where oxygen was most abundant. However, while obligate methanotrophs had a significant
positive (p < 0.05) relationship with CH4 emissions whether measured by percentage of genes (Fig. 2B) or
by number of microbes (Fig. 2D) in the planted and control boxes, the facultative methanotrophs’
correlation was not significant (p > 0.05) by either percentage or number of cells (Fig. 3). The ability of
obligate methanotrophs to increase in abundance with CH4 availability while facultative methanotrophs
cannot implies that in low-oxygen environments with high rates of metabolic activity, such as the
rhizosphere examined in this study (Waldo et al. 2019), obligate methanotrophs were able to out-compete
facultative methanotrophs. This outcome is reinforced by the observation that the obligate to facultative
ratio was significantly higher in the rhizosphere from the end of the experiment than it was in unplanted
control soil (Fig. 4A). Because CH4 is generated in anoxic environments, obligate methanotrophs could
gain a strong advantage over their facultative competitors if they are able to conduct methanotrophy
when oxygen concentrations are limiting. It has been hypothesized that obligate methanotrophs exist
because their extreme specialization gives them a competitive advantage over more generalist microbes
(Dunfield and Dedysh 2014). The recent finding that facultative methanotrophs are common around
natural gas seeps where other molecules they can utilize are abundant (Farhan Ul Haque et al. 2018)
supports the notion that facultative methanotrophs are generalists that do well when conditions do not
suit the more specialized obligate methanotrophs. The advantage possessed by the obligate anaerobes
in this study could have been either an increased affinity for oxygen, allowing them to collect what little
was available, or perhaps the ability to perform types of AOM that the facultative methanotrophs could
not.

Conclusions
The most direct measures of the methanogenic potential of the microbial community behaved as
expected: methanogens were positively correlated with CH4 emissions (Fig. 2A&C) and were most
common in the rhizosphere, genetic indicators of oxygen limitation were highest in the boxes with the
highest CH4 emissions (Fig. 6), and microbial populations were largest in number when the most root
exudates were available (Fig. 1, Waldo et al. 2019).
Obligate and facultative methanotrophs responded unevenly to the experimental conditions,
demonstrating differing metabolic strategies. Both types of methanotrophy were most abundant around
the simulated plants where oxygen was abundant; however, in the rhizosphere and control box soil where
oxygen was limited, obligate methanotroph abundance was correlated with CH4 availability (Fig. 2B&D),
while facultative methanotroph abundance was not (Fig. 6). This finding implies that in low-oxygen, high
CH4 environments, the highly specialized obligate methanotrophs were able to out-compete the more
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generalist facultative methanotrophs through either an increased affinity for oxygen or a greater ability to
perform AOM.
The net effect of these various impacts is that the Carex plants studied here greatly increased
methanogen abundance, and therefore likely methanogenesis, but also increased methanotroph
abundance, and likely methanotrophy. The rhizosphere became a region of intense competition for
oxygen, implying that in the rhizosphere of a plant species with a higher rate of oxygen transport through
aerenchyma the methanotroph abundance, and likely related rate of methanotrophy, could increase
correspondingly.

Declarations
Funding: This material is based upon work supported by the U.S. Department of Energy, Office of Science,
Office of Biological and Environmental Research under Award Number DE-SC-0010338. A portion of this
research was performed under the Facilities Integrating Collaborations for User Science (FICUS) program
and used resources at the Environmental Molecular Sciences Laboratory and Joint Genome Institute,
which are DOE Office of Science User Facilities sponsored by the Office of Biological and Environmental
Research and operated under Contract Nos. DE-AC02-05CH11231 (JGI) and DE-AC05-76RL01830
(EMSL). This material is based upon work supported by the U.S. Department of Energy, Office of Science,
Office of Workforce Development for Teachers and Scientists, Office of Science Graduate Student
Research (SCGSR) program. The SCGSR program is administered by the Oak Ridge Institute for Science
and Education (ORISE) for the DOE. ORISE is managed by ORAU under contract number DE-SC0014664.
Students were additionally supported by the following fellowships and grants: UW College of Engineering
Dean’s Fellowship/Ford Motor Company Fellowship, UW CEE Valle Scholarship, UW Mary Gates
Scholarship, and the Carleton College Kolenkow Reitz Fellowship.
Conflicts of interest: The authors declare no conflicts of interest.
Availability of data and material: Metagenomic data from the Joint Genome Institute (JGI) is available
through the integrated Microbial Genomes & Microbiomes website at https://img.jgi.doe.gov under Study
ID Gs0134277 and Project ID Gp0306226. Online Resource 4 contains a summary of the iTag data from
JGI.
Code availability: Statistical analysis performed using MATLAB r2018b, scripts available upon request.

References
1. Abramoff MD, Magalhães PJ, Ram SJ (2004) Image processing with ImageJ. Biophotonics
international 11:36–42
2. Bai Y, Wang J, Zhan Z, Guan L, Jin L, Zheng G, Huang Z (2018) The Variation of Microbial
Communities in a Depth Profile of Peat in the Gahai Lake Wetland Natural Conservation Area.
Geomicrobiology Journal 35:484–490 . https://doi.org/10.1080/01490451.2017.1392651
Page 14/26

3. Bais HP, Weir TL, Perry LG, Gilroy S, Vivanco JM (2006) The role of root exudates in rhizosphere
interactions with plants and other organisms. Annu Rev Plant Biol 57:233–266 .
https://doi.org/10.1146/annurev.arplant.57.032905.105159
4. Belova SE, Baani M, Suzina NE, Bodelier PLE, Liesack W, Dedysh SN (2011) Acetate utilization as a
survival strategy of peat-inhabiting Methylocystis spp. Environmental Microbiology Reports 3:36–46
. https://doi.org/10.1111/j.1758-2229.2010.00180.x
5. Brock M, Maerker C, Schütz A, Völker U, Buckel W (2002) Oxidation of propionate to pyruvate in
Escherichia coli. European Journal of Biochemistry 269:6184–6194 . https://doi.org/10.1046/j.14321033.2002.03336.x
6. Bushnell B (2015) BBTools. In: DOE Joint Genome Institute. https://jgi.doe.gov/data-andtools/bbtools/. Accessed 9 Jan 2019
7. Camacho ML, Brown RA, Bonete M, Danson MJ, Hough DW (1995) Isocitrate dehydrogenases from
Haloferax volcanii and Sulfolobus solfataricus: enzyme purification, characterisation and N-terminal
sequence. FEMS Microbiol Lett 134:85–90 . https://doi.org/10.1111/j.1574-6968.1995.tb07919.x
8. Ceccarelli C, Grodsky NB, Ariyaratne N, Colman RF, Bahnson BJ (2002) Crystal Structure of Porcine
Mitochondrial NADP+-dependent Isocitrate Dehydrogenase Complexed with Mn2+ and Isocitrate
INSIGHTS INTO THE ENZYME MECHANISM. J Biol Chem 277:43454–43462 .
https://doi.org/10.1074/jbc.M207306200
9. Chanton JP, Glaser PH, L. S. Chasar, D. J. Burdige, Hines M. E., D. I. Siegel, L. B. Tremblay, W. T.
Cooper (2008) Radiocarbon evidence for the importance of surface vegetation on fermentation and
methanogenesis in contrasting types of boreal peatlands. Global Biogeochemical Cycles 22: .
https://doi.org/10.1029/2008GB003274
10. Chen I-MA, Chu K, Palaniappan K, Pillay M, Ratner A, Huang J, Huntemann M, Varghese N, White JR,
Seshadri R, Smirnova T, Kirton E, Jungbluth SP, Woyke T, Eloe-Fadrosh EA, Ivanova NN, Kyrpides NC
(2019) IMG/M v.5.0: an integrated data management and comparative analysis system for microbial
genomes and microbiomes. Nucleic Acids Res 47:D666–D677 . https://doi.org/10.1093/nar/gky901
11. Ciais P, Sabine C, Bala G, Bopp L, Brovkin V, Canadell J, Chhabra A, DeFries R, Galloway J, Heimann
M, Jones C, Le Quéré C, Myneni RB, Piao S, Thornton P (2013) Carbon and Other Biogeochemical
Cycles. In: Stocker TF, Qin D, Plattner G-K, Tignor M, Allen SK, Boschung J, Nauels A, Xia Y, Bex V,
Midgley PM (eds) Climate Change 2013: The Physical Science Basis. Contribution of Working Group
I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge
University Press, Cambridge, United Kingdom and New York, NY, USA, pp 465–570
12. Collins TJ (2007) ImageJ for microscopy. BioTechniques 43:S25–S30 .
https://doi.org/10.2144/000112517
13. Conrad R (2009) The global methane cycle: recent advances in understanding the microbial
processes involved. Environmental Microbiology Reports 1:285–292 .
https://doi.org/10.1111/j.1758-2229.2009.00038.x

Page 15/26

14. Daar IO, Artymiuk PJ, Phillips DC, Maquat LE (1986) Human triose-phosphate isomerase deficiency: a
single amino acid substitution results in a thermolabile enzyme. PNAS 83:7903–7907 .
https://doi.org/10.1073/pnas.83.20.7903
15. Davies DR, Staker BL, Abendroth JA, Edwards TE, Hartley R, Leonard J, Kim H, Rychel AL, Hewitt SN,
Myler PJ, Stewart LJ (2011) An ensemble of structures of Burkholderia pseudomallei 2,3bisphosphoglycerate-dependent phosphoglycerate mutase. Acta Cryst F 67:1044–1050 .
https://doi.org/10.1107/S1744309111030405
16. Dedysh SN, Knief C, Dunfield PF (2005) Methylocella Species Are Facultatively Methanotrophic.
Journal of Bacteriology 187:4665–4670 . https://doi.org/10.1128/JB.187.13.4665-4670.2005
17. Diaz-Raviña M, Carballas T, Acea MJ (1988) Microbial biomass and metabolic activity in four acid
soils. Soil Biology and Biochemistry 20:817–823 . https://doi.org/10.1016/0038-0717(88)90087-9
18. Dunfield PF, Belova SE, Vorob’ev AV, Cornish SL, Dedysh SN (2010) Methylocapsa aurea sp. nov., a
facultative methanotroph possessing a particulate methane monooxygenase, and emended
description of the genus Methylocapsa. International Journal of Systematic and Evolutionary
Microbiology 60:2659–2664 . https://doi.org/10.1099/ijs.0.020149-0
19. Dunfield PF, Dedysh SN (2014) Methylocella: a gourmand among methanotrophs. Trends in
Microbiology 22:368–369 . https://doi.org/10.1016/j.tim.2014.05.004
20. Farhan Ul Haque M, Crombie AT, Ensminger SA, Baciu C, Murrell JC (2018) Facultative
methanotrophs are abundant at terrestrial natural gas seeps. Microbiome 6:118 .
https://doi.org/10.1186/s40168-018-0500-x
21. Feo S, Arcuri D, Piddini E, Passantino R, Giallongo A (2000) ENO1 gene product binds to the c-myc
promoter and acts as a transcriptional repressor: relationship with Myc promoter-binding protein 1
(MBP-1). FEBS Letters 473:47–52 . https://doi.org/10.1016/S0014-5793(00)01494-0
22. Fontaine S, Barot S, Barré P, Bdioui N, Mary B, Rumpel C (2007) Stability of organic carbon in deep
soil layers controlled by fresh carbon supply. Nature 450:277–280 .
https://doi.org/10.1038/nature06275
23. Frey B, Niklaus PA, Kremer J, Lüscher P, Zimmermann S (2011) Heavy-Machinery Traffic Impacts
Methane Emissions as Well as Methanogen Abundance and Community Structure in Oxic Forest
Soils. Appl Environ Microbiol 77:6060–6068 . https://doi.org/10.1128/AEM.05206-11
24. Fritz C, Pancotto VA, Elzenga JTM, Visser EJW, Grootjans AP, Pol A, Iturraspe R, Roelofs JGM,
Smolders AJP (2011) Zero methane emission bogs: extreme rhizosphere oxygenation by cushion
plants in Patagonia. New Phytologist 190:398–408 . https://doi.org/10.1111/j.14698137.2010.03604.x
25. Gill AL, Giasson M-A, Yu R, Finzi AC (2017) Deep peat warming increases surface methane and
carbon dioxide emissions in a black spruce-dominated ombrotrophic bog. Global Change Biology
23:5398–5411 . https://doi.org/10.1111/gcb.13806
26. Girkin NT, Turner BL, Ostle N, Craigon J, Sjögersten S (2018) Root exudate analogues accelerate CO2
and CH4 production in tropical peat. Soil Biology and Biochemistry 117:48–55 .
Page 16/26

https://doi.org/10.1016/j.soilbio.2017.11.008
27. Goldenthal MJ, Marin-Garcia J, Ananthakrishnan R (1998) Cloning and molecular analysis of the
human citrate synthase gene. Genome 41:733–738 . https://doi.org/10.1139/g98-074
28. Grodnitskaya ID, Trusova MYu, Syrtsov SN, Koroban NV (2018) Structure of microbial communities
of peat soils in two bogs in Siberian tundra and forest zones. Microbiology 87:89–102 .
https://doi.org/10.1134/S0026261718010083
29. Hargreaves KJ, Fowler D (1998) Quantifying the effects of water table and soil temperature on the
emission of methane from peat wetland at the field scale. Atmospheric Environment 32:3275–3282 .
https://doi.org/10.1016/S1352-2310(98)00082-X
30. Haroon MF, Hu S, Shi Y, Imelfort M, Keller J, Hugenholtz P, Yuan Z, Tyson GW (2013) Anaerobic
oxidation of methane coupled to nitrate reduction in a novel archaeal lineage. Nature 500:567–570 .
https://doi.org/10.1038/nature12375
31. He Z, Cai C, Wang J, Xu X, Zheng P, Jetten MSM, Hu B (2016) A novel denitrifying methanotroph of
the NC10 phylum and its microcolony. Scientific Reports 6:32241 .
https://doi.org/10.1038/srep32241
32. Holmes AJ, Costello A, Lidstrom ME, Murrell JC (1995) Evidence that participate methane
monooxygenase and ammonia monooxygenase may be evolutionarily related. FEMS Microbiology
Letters 132:203–208 . https://doi.org/10.1111/j.1574-6968.1995.tb07834.x
33. Im J, Lee S-W, Yoon S, DiSpirito AA, Semrau JD (2011) Characterization of a novel facultative
Methylocystis species capable of growth on methane, acetate and ethanol. Environmental
Microbiology Reports 3:174–181 . https://doi.org/10.1111/j.1758-2229.2010.00204.x
34. Ivanova AA, Carl-Eric Wegner, Yongkyu Kim, Werner Liesack, Svetlana N. Dedysh (2016) Identification
of microbial populations driving biopolymer degradation in acidic peatlands by metatranscriptomic
analysis. Molecular Ecology 25:4818–4835 . https://doi.org/10.1111/mec.13806
35. Joabsson A, Christensen TR, Wallén B (1999) Vascular plant controls on methane emissions from
northern peatforming wetlands. Trends in Ecology & Evolution 14:385–388 .
https://doi.org/10.1016/S0169-5347(99)01649-3
36. Johnsen U, Schönheit P (2007) Characterization of cofactor-dependent and cofactor-independent
phosphoglycerate mutases from Archaea. Extremophiles 11:647 . https://doi.org/10.1007/s00792007-0094-x
37. Kanehisa M, Goto S (2000) KEGG: kyoto encyclopedia of genes and genomes. Nucleic Acids Res
28:27–30
38. Kanehisa M, Sato Y, Kawashima M, Furumichi M, Tanabe M (2016) KEGG as a reference resource for
gene and protein annotation. Nucleic Acids Res 44:D457-462 . https://doi.org/10.1093/nar/gkv1070
39. Kayranli B, Scholz M, Mustafa A, Hedmark Å (2009) Carbon Storage and Fluxes within Freshwater
Wetlands: a Critical Review. Wetlands 30:111–124 . https://doi.org/10.1007/s13157-009-0003-4
40. Keiluweit M, Nico PS, Kleber M, Fendorf S (2016) Are oxygen limitations under recognized regulators
of organic carbon turnover in upland soils? Biogeochemistry 127:157–171 .
Page 17/26

https://doi.org/10.1007/s10533-015-0180-6
41. Keller JK, Bridgham SD (2007) Pathways of anaerobic carbon cycling across an ombrotrophicminerotrophic peatland gradient. Limnol Oceanogr 52:96–107 .
https://doi.org/10.4319/lo.2007.52.1.0096
42. Kim Y-O, Koh H-J, Kim S-H, Jo S-H, Huh J-W, Jeong K-S, Lee IJ, Song BJ, Huh T-L (1999) Identification
and Functional Characterization of a Novel, Tissue-specific NAD+-dependent Isocitrate
Dehydrogenase β Subunit Isoform. J Biol Chem 274:36866–36875 .
https://doi.org/10.1074/jbc.274.52.36866
43. Kuzyakov Y (2010) Priming effects: Interactions between living and dead organic matter. Soil Biology
and Biochemistry 42:1363–1371 . https://doi.org/10.1016/j.soilbio.2010.04.003
44. Larsen M, Borisov SM, Grunwald B, Klimant I, Glud RN (2011) A simple and inexpensive high
resolution color ratiometric planar optode imaging approach: application to oxygen and pH sensing.
Limnol Oceanogr Methods 9:348–360 . https://doi.org/10.4319/lom.2011.9.348
45. Leng L, Chang J, Geng K, Lu Y, Ma K (2015) Uncultivated Methylocystis Species in Paddy Soil Include
Facultative Methanotrophs that Utilize Acetate. Microb Ecol 70:88–96 .
https://doi.org/10.1007/s00248-014-0540-0
46. Lenzewski N, Mueller P, Meier RJ, Liebsch G, Jensen K, Koop‐Jakobsen K (2018) Dynamics of oxygen
and carbon dioxide in rhizospheres of Lobelia dortmanna – a planar optode study of belowground
gas exchange between plants and sediment. New Phytologist 218:131–141 .
https://doi.org/10.1111/nph.14973
47. Li H (2015) BFC: correcting Illumina sequencing errors. Bioinformatics 31:2885–2887 .
https://doi.org/10.1093/bioinformatics/btv290
48. Lipson DA, Haggerty JM, Srinivas A, Raab TK, Sathe S, Dinsdale EA (2013) Metagenomic Insights
into Anaerobic Metabolism along an Arctic Peat Soil Profile. PLOS ONE 8:e64659 .
https://doi.org/10.1371/journal.pone.0064659
49. Marcaida MJ, DePristo MA, Chandran V, Carpousis AJ, Luisi BF (2006) The RNA degradosome: life in
the fast lane of adaptive molecular evolution. Trends in Biochemical Sciences 31:359–365 .
https://doi.org/10.1016/j.tibs.2006.05.005
50. Markowitz VM, Chen I-MA, Chu K, Szeto E, Palaniappan K, Grechkin Y, Ratner A, Jacob B, Pati A,
Huntemann M, Liolios K, Pagani I, Anderson I, Mavromatis K, Ivanova NN, Kyrpides NC (2012)
IMG/M: the integrated metagenome data management and comparative analysis system. Nucleic
Acids Res 40:D123–D129 . https://doi.org/10.1093/nar/gkr975
51. Mukund S, Adams MWW (1995) Glyceraldehyde-3-phosphate Ferredoxin Oxidoreductase, a Novel
Tungsten-containing Enzyme with a Potential Glycolytic Role in the Hyperthermophilic Archaeon
Pyrococcus furiosus. J Biol Chem 270:8389–8392 . https://doi.org/10.1074/jbc.270.15.8389
52. Murrell JC, Gilbert B, McDonald IR (2000) Molecular biology and regulation of methane
monooxygenase. Arch Microbiol 173:325–332 . https://doi.org/10.1007/s002030000158

Page 18/26

53. Neue HU, Wassmann R, Kludze HK, Bujun W, Lantin RS (1997) Factors and processes controlling
methane emissions from rice fields. Nutrient Cycling in Agroecosystems 49:111–117 .
https://doi.org/10.1023/A:1009714526204
54. Norton JM, Alzerreca JJ, Suwa Y, Klotz MG (2002) Diversity of ammonia monooxygenase operon in
autotrophic ammonia-oxidizing bacteria. Arch Microbiol 177:139–149 .
https://doi.org/10.1007/s00203-001-0369-z
55. Nurk S, Meleshko D, Korobeynikov A, Pevzner PA (2017) metaSPAdes: a new versatile metagenomic
assembler. Genome Res gr.213959.116 . https://doi.org/10.1101/gr.213959.116
56. Picek T, Čížková H, Dušek J (2007) Greenhouse gas emissions from a constructed wetland—Plants
as important sources of carbon. Ecological Engineering 31:98–106 .
https://doi.org/10.1016/j.ecoleng.2007.06.008
57. Popp TJ, Chanton JP, Whiting GJ, Grant N (2000) Evaluation of methane oxidation in the rhizosphere
of a Carex dominated fen in northcentral Alberta, Canada. Biogeochemistry 51:259–281 .
https://doi.org/10.1023/A:1006452609284
58. Rahman MT, Crombie A, Chen Y, Stralis-Pavese N, Bodrossy L, Meir P, McNamara NP, Murrell JC
(2011) Environmental distribution and abundance of the facultative methanotroph Methylocella. The
ISME Journal 5:1061–1066 . https://doi.org/10.1038/ismej.2010.190
59. Rivers AR (2016) iTag amplicon sequencing for taxonomic identification at JGI. Joint Genome
Institute
60. Robroek BJM, Jassey VEJ, Kox MAR, Berendsen RL, Mills RTE, Cécillon L, Puissant J, Meima‐Franke
M, Bakker PAHM, Bodelier PLE (2015) Peatland vascular plant functional types affect methane
dynamics by altering microbial community structure. Journal of Ecology 103:925–934 .
https://doi.org/10.1111/1365-2745.12413
61. Ruirui C, Mehmet S, Sergey B, Olga M, Klaus D, Xiangui L, Evgenia B, Yakov K (2014) Soil C and N
availability determine the priming effect: microbial N mining and stoichiometric decomposition
theories. Global Change Biology 20:2356–2367 . https://doi.org/10.1111/gcb.12475
62. Schimel JP (1995) Plant transport and methane production as controls on methane flux from arctic
wet meadow tundra. Biogeochemistry 28:183–200 . https://doi.org/10.1007/BF02186458
63. Schipper LA, Reddy KR (1996) Determination of Methane Oxidation in the Rhizosphere of Sagittaria
lancifolia Using Methyl Fluoride. Soil Science Society of America Journal 60:611–616 .
https://doi.org/10.2136/sssaj1996.03615995006000020039x
64. Schurig H, Beaucamp N, Ostendorp R, Jaenicke R, Adler E, Knowles JR (1995) Phosphoglycerate
kinase and triosephosphate isomerase from the hyperthermophilic bacterium Thermotoga maritima
form a covalent bifunctional enzyme complex. The EMBO Journal 14:442–451 .
https://doi.org/10.1002/j.1460-2075.1995.tb07020.x
65. Segarra KEA, Schubotz F, Samarkin V, Yoshinaga MY, Hinrichs K-U, Joye SB (2015) High rates of
anaerobic methane oxidation in freshwater wetlands reduce potential atmospheric methane
emissions. Nature Communications 6:7477 . https://doi.org/10.1038/ncomms8477
Page 19/26

66. Shannon RD, White JR (1994) A three-year study of controls on methane emissions from two
Michigan peatlands. Biogeochemistry 27:35–60 . https://doi.org/10.1007/BF00002570
67. Steen IH, Lien T, Birkeland N-K (1997) Biochemical and phylogenetic characterization of isocitrate
dehydrogenase from a hyperthermophilic archaeon, Archaeoglobus fulgidus. Arch Microbiol
168:412–420 . https://doi.org/10.1007/s002030050516
68. Stolyar S, Costello AM, Peeples TL, Lidstrom ME (1999) Role of multiple gene copies in particulate
methane monooxygenase activity in the methane-oxidizing bacterium Methylococcus capsulatus
Bath. Microbiology 145:1235–1244 . https://doi.org/10.1099/13500872-145-5-1235
69. Ström L, Christensen TR (2007) Below ground carbon turnover and greenhouse gas exchanges in a
sub-arctic wetland. Soil Biology and Biochemistry 39:1689–1698 .
https://doi.org/10.1016/j.soilbio.2007.01.019
70. Ström L, Ekberg A, Mastepanov M, Christensen TR (2003) The effect of vascular plants on carbon
turnover and methane emissions from a tundra wetland. Global Change Biology 9:1185–1192 .
https://doi.org/10.1046/j.1365-2486.2003.00655.x
71. Tremblay J, Singh K, Fern A, Kirton ES, He S, Woyke T, Lee J, Chen F, Dangl JL, Tringe SG (2015)
Primer and platform effects on 16S rRNA tag sequencing. Front Microbiol 6: .
https://doi.org/10.3389/fmicb.2015.00771
72. Turner JC, Moorberg CJ, Wong A, Shea K, Waldrop MP, Turetsky MR, Neumann RB (2020) Getting to
the Root of Plant-Mediated Methane Emissions and Oxidation in a Thermokarst Bog. Journal of
Geophysical Research: Biogeosciences 125:e2020JG005825 .
https://doi.org/10.1029/2020JG005825
73. Varghese S, Tang Y, Imlay JA (2003) Contrasting Sensitivities of Escherichia coli Aconitases A and B
to Oxidation and Iron Depletion. Journal of Bacteriology 185:221–230 .
https://doi.org/10.1128/JB.185.1.221-230.2003
74. Waldo NB, Hunt BK, Fadely EC, Moran JJ, Neumann RB (2019) Plant root exudates increase methane
emissions through direct and indirect pathways. Biogeochemistry 145:213–234 .
https://doi.org/10.1007/s10533-019-00600-6
75. Waldo NB, Tfaily MM, Anderton C, Neumann RB (2021) The importance of nutrients for microbial
priming in a bog rhizosphere. Biogeochemistry 152:271–290 . https://doi.org/10.1007/s10533-02100754-2
76. Whalen S c. (2005) Biogeochemistry of Methane Exchange between Natural Wetlands and the
Atmosphere. Environmental Engineering Science 22:73–94 . https://doi.org/10.1089/ees.2005.22.73
77. White L, Brozel V, Subramanian S (2015) Isolation of Rhizosphere Bacterial Communities from Soil.
BIO-PROTOCOL 5: . https://doi.org/10.21769/BioProtoc.1569
78. Ye R, Doane TA, Morris J, Horwath WR (2015) The effect of rice straw on the priming of soil organic
matter and methane production in peat soils. Soil Biology and Biochemistry 81:98–107 .
https://doi.org/10.1016/j.soilbio.2014.11.007

Page 20/26

Figures

Figure 1
A) Microbe counts in soil from planted boxes at week 5 and week 10 compared to unplanted control
boxes (CB) at week 10. Data with the same lower-case letter were not statistically different (p <0.05).
Boxes show median with upper and lower quartiles, and tails show all data within 2.7σ of the mean. B)
Methane emissions the week prior to harvest compared to soil microbe counts. Each datapoint is one
box, error bars are upper and lower quartiles determined from multiple samples measured from each box.
Each data point is based on 1-3 microbe counts (mean 1.8) and 1-7 fluxes (mean 4.2).
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Figure 2
CH4 flux versus (A) methanogen relative abundance, which had a correlation (p < 0.05, ρ=0.69), (B)
methanotroph relative abundance, which had a correlation (p<.01) when excluding simulated plant boxes,
(C) microbe count of methanogens, which had a correlation on the edge of significance (p = 0.066,
ρ=.65), and (D) microbe count of methanotrophs, which had a correlation (p<0.01). Each datapoint is one
box median, error bars are upper and lower quartiles determined from multiple samples measured from
each box. Each flux value is calculated from 1-7 fluxes (mean 4.2). Each percentage value is calculated
from 3-7 samples (mean 4.8) and each count is calculated from a combination of that sample’s
percentage and 1-3 total microbe counts (mean 1.8).
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Figure 3
CH4 emissions in the week prior to harvest versus (A) percentage or (B) number of facultative
methanotrophs. There was no statistically significant trend (p > 0.05) for either relationship. However, the
Spearman coefficient (ρ) for number of facultative methanotrophs was 0.62, indicating a trend, so the
lack of significance was likely due to the low number of replicates. Each data point is based on 1-7 fluxes
(mean 4.2), 1-3 metagenomes (mean 2.4), and for (B) 1-3 total microbe counts (mean 1.8).
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Figure 4
(A) Boxplots comparing the ratio of obligate to facultative methanotrophs across sample types. The
planted boxes harvested in week 10 had a significantly higher (p < 0.05) ratio than simulated boxes, while
the other two types had intermediate values that were not significantly different (p > 0.05) from any other
types. (B) Scatterplot showing the relationship between the ratio of obligate to facultative methanotrophs
and the CH4 flux in the final week before harvest. There was no statistically significant correlation (p >
0.05), though the Spearman coefficient does indicate a trend (ρ=0.63). Each data point is based on 1-7
fluxes (mean 4.2), 1-3 metagenomes (mean 2.4) for facultative methanotrophs, and 3-7 iTag samples
(mean 4.8) for obligate methanotrophs.
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Figure 5
(A) Boxplots comparing the ratio of ANME2d archaea to total obligate methanotrophs across sample
types. The planted boxes harvested in week 10 had a significantly higher (p < 0.05) ratio than simulated
boxes, while the other two types had intermediate values that were not significantly different (p > 0.05)
from any other types. (B) Scatterplot showing the relationship between the ratio of ANME2d to total
methanotrophs and the CH4 flux in the final week before harvest. There was no statistically significant
relationship (p > 0.05, ρ=.16). Each data point is based on 1-7 fluxes (mean 4.2), 1-3 metagenomes (mean
2.4) for ANME2d archaea, and 3-7 iTag samples (mean 4.8) for obligate methanotrophs.
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Figure 6
CH4 emissions in the week prior to harvest versus the ratio of genes involved in glycolysis to genes
involved in the Krebs cycle were positively, though not necessarily linearly, correlated (p < 0.05, ρ=.72).
Each data point is based on 1-7 fluxes (mean 4.2) and 1-3 metagenomes (mean 2.4).
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