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ABSTRACT

Northern peatlands, ecosystems which store enormous amounts of carbon, and yet are major sources of methane and plant-
derived volatiles including isoprene, are predicted to be greatly affected by climate change. Isoprene, the major volatile secondary
metabolite released by plants, can support the carbon and energy needs of a variety of bacteria. Here we show that Sphagnum
moss from an acidic bog harboured highly active isoprene degraders which consumed the vast majority of the plant-produced
isoprene, preventing its release to the atmosphere. We quantified the potential for microbial isoprene uptake in the moss and,
using alkyne inhibitors specific to either isoprene monooxygenase of bona fide isoprene degraders, or to the enzymes of other
microbes capable of its fortuitous co-oxidation, we show that methane utilizers, for example, did not oxidise significant isoprene
in incubations. Our technique enabled the separate quantification of plant isoprene production and microbial uptake, revealing
that although atmospheric isoprene concentrations are typically low, the microbes contained in, or in close association with the
moss were capable of isoprene uptake at the plant-generated isoprene concentration. Analysis of the bacterial community sug-
gested that the isoprene degraders in this environment belonged to novel groups distinct from extant strains with this capability.

1 | Introduction of the potent greenhouse gas methane, and account for approx-

imately 25% of methane emissions from all sources (Saunois

Peatlands, wetland areas where the soil consists of partially
decayed plant material, occur in northern, temperate and trop-
ical regions and comprise approximately 3% of Earth's total
land area. The majority of peatlands (about 80%) are in north-
ern temperate, boreal and subarctic regions and despite their
relatively modest global area, they store enormous amounts
of carbon, formed mainly from decaying mosses and other
peatland plants, equivalent to half the atmospheric carbon
pool or 25%-50% of global soil carbon (Tarnocai et al. 2009).
Sphagnum moss, described as the ‘builder of boreal peatlands’
by Rydin and Jeglum (2013) was speculated to contribute more
to carbon stores globally than any other plant genus (Clymo
and Hayward 1982), and is key to these ecosystems. However,
wetlands, including peatlands, are the largest natural source

et al. 2024), and moreover peatlands are hotspots for meth-
ane oxidation by predominately aerobic methane-oxidising
bacteria (Chowdhury and Dick 2013; Dedysh 2009; Fechner
and Hemond 1992; Nedwell and Watson 1995; Krumholz
et al. 1995). More recently, these ecosystems have also been
recognised as important sources of myriad biogenic volatile
organic compounds (BVOCs) such as terpenoids and oxygen-
ated compounds, of which isoprene is the major component
(Rinnan et al. 2014; Seco et al. 2022). These ecosystems, in
particular, are likely to be profoundly affected by human
activity, in terms of changing climate and land use, which
modify temperature, hydrology and nutrient availability,
among others, in turn affecting biological diversity and pro-
ductivity (Box et al. 2019; Allen et al. 2024). These changes
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influence the fluxes of greenhouse gases such as carbon di-
oxide, methane and nitrous oxide, but also of BVOCs, which
have an indirect but nevertheless important effect on climate
(Pefiuelas and Staudt 2010; Laothawornkitkul et al. 2009;
Yuan et al. 2024; Laine et al. 2019; Wang et al. 2024; Valolahti
et al. 2015; Kramshgj et al. 2016; Vettikkat et al. 2023; Rinnan
et al. 2020), by reacting with hydroxyl and nitrate radicals
and ozone, both extending the lifetime of methane and also
resulting in formation of secondary organic aerosols and cloud
condensation nuclei (Boy et al. 2022; Shrivastava et al. 2017).

Isoprene (2-methyl butadiene) is produced globally at the high-
est rate of all BVOCs and is released to the atmosphere at a
rate approximately equal to emissions of methane (Guenther
et al. 2012), although its rapid photooxidation results in at-
mospheric concentrations three orders of magnitude lower
(Greenberg et al. 1999; Wiedinmyer et al. 2005). Isoprene is
produced by some bacteria, by most animals, and by industrial
processes (Murrell et al. 2020), but its primary source is plants,
of which all major groups contain isoprene emitters, including
wetland-associated plants such as mosses and sedges (Sharkey
et al. 2013; Hanson et al. 1999; Ekberg et al. 2011). Isoprene pro-
duction protects plants from thermal damage and ozone and
other oxidative stresses and is influenced by factors such as CO,
concentration and water availability, so emissions are dependent
on environmental conditions (Guenther et al. 1993; Monson
et al. 2012; Sharkey et al. 2008).

As well as a great deal of research into isoprene emission by
plants, several studies have identified microbial isoprene uptake
close to the sources of emission, in soils and in association with
isoprene-emitting plants, and many bacteria with this capabil-
ity have been isolated and characterised (Murrell et al. 2020;
Cleveland and Yavitt 1997, 1998; Gibson et al. 2021; Uttarotai
et al. 2022; Singh et al. 2021; Carrién et al. 2020a; Dawson
et al. 2021), although in this respect peatland ecosystems are
underexplored. The only isoprene-degrading pathway so far
described in detail relies on a multi-component iron-containing
isoprene monooxygenase (IsoMO) related to methane, toluene
and alkene monooxygenases (van Hylckama Vlieg et al. 2000;
Sims et al. 2022), whose product is isoprene epoxide. Two glu-
tathione transferases (Isol and IsolJ), a dehydrogenase (IsoH), a
co-enzyme A transferase (IsoG) and an aldehyde dehydrogenase
(AldDH) are responsible for the subsequent catabolic steps and
entry into central metabolism, reviewed by Dawson et al. (2023).
The genes encoding IsoMO (isoABCDEF) and the enzymes per-
forming the subsequent steps (isoGHIJ, aldDH) are invariably
clustered together, enabling identification of isoprene-degrading
potential in bacterial genomes and metagenomes (Crombie
et al. 2018).

While many studies have examined the isoprene emission
rates of ecosystems or of individual plant species, and have
often investigated the effects of changes in environmental
factors such as water stress, temperature, light levels, or CO,
and ozone concentration, in general these report the net emis-
sion rates and do not attempt to separate the plant production
from microbial consumption (Hakola et al. 1998; Niinemets
et al. 2010; Potosnak et al. 2013; Yuan et al. 2016; Vedel-
Petersen et al. 2015; Brilli et al. 2007; Centritto et al. 2011;
Geron et al. 2001; Janson and De Serves 1998). Clearly, the

plants and the microbes inhabiting the phyllosphere may be
differentially affected by both long term and transient envi-
ronmental conditions. Thus, accurate prediction of BVOC
emissions in response to changing conditions requires an un-
derstanding of the complex interplay between emission and
consumption by the various ecosystem components (Bardgett
et al. 2008; Cavicchioli et al. 2019; Zhou et al. 2012; Andersen
et al. 2013; Jassey et al. 2013; Deslippe et al. 2012; Jansson and
Hofmockel 2020).

Although IsoMO performs the essential first step in the path-
way enabling microbial growth on isoprene, several enzymes
can fortuitously co-oxidise isoprene. For example, the sol-
uble methane monooxygenase (sSMMO) of many methane-
oxidising bacteria (methanotrophs) has an exceptionally wide
substrate range and apart from methane is capable of oxida-
tion of alkanes, alkenes and aromatics, none of which can
support growth (Colby et al. 1977; Jiang et al. 2010). Both iron-
containing alkene monooxygenase and the copper-containing
monooxygenases, including particulate methane monooxy-
genase (pMMO) of methanotrophs and ammonia monooxy-
genase (AMO), also co-oxidise a range of alkanes and alkenes
(Hyman et al. 1988; Burrows et al. 1984; Fosdike et al. 2005)
and indeed microbes with enzymes from all these groups
are capable of isoprene oxidation (Dawson et al. 2020; Sims
et al. 2023). Thus, co-oxidation of isoprene by methanotrophs
and nitrifiers might be a significant process in environments
where they are abundant, such as peatlands. If this were the
case, then climate-induced changes in the abundance or ac-
tivity of methanotrophs might have unexpected effects on iso-
prene emissions.

Alkynes are known inhibitors of monooxygenases, including
SMMO and pMMO, AMO, alkene monooxygenase and toluene
monooxygenase, which in some cases are differentially inhib-
ited by alkynes of different chain lengths (Fosdike et al. 2005;
Hyman and Daniel 1988; Yeager et al. 1999; Keener et al. 2001;
Prior and Dalton 1985; Wright et al. 2020). Previous work with
alkene monooxygenase and toluene monooxygenase, the en-
zymes most closely related to isoprene monooxygenase, showed
that they were poorly inhibited by acetylene, (a potent inhibi-
tor of SMMO and pMMO as well as bacterial and archaeal
AMO), in comparison with longer chain-length alkynes (Yeager
et al. 1999; Wright et al. 2020; Ensign et al. 1992). In accordance
with this, our previous work showed that IsoMO was inhibited
by 1-octyne, but not by acetylene, whereas neither pMMO nor
sMMO was greatly inhibited by 1-octyne, suggesting a method
by which oxidation of isoprene by IsoMO and co-oxidation by
methanotrophs could be distinguished (Dawson et al. 2020;
Sims et al. 2023; Wright et al. 2020).

The aims of this study were first to identify the isoprene-
oxidising potential of the microbial community associated with
Sphagnum moss from an ombrotrophic bog, and to distinguish
between isoprene production by the plant and the net isoprene
release when this consumption was included. Second, our aim
was to determine if isoprene uptake was due solely to microbes
capable of utilising this volatile for both energy and carbon, or if
co-oxidation by other microbes, for example, by abundant meth-
anotrophs, was an important contributor. Third, we aimed to
identify the genetic potential for isoprene metabolism associated
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with the moss and to classify the isoprene degraders in the con-
text of known isolates.

2 | Experimental Procedures
2.1 | Sampling

Material was obtained from Dersingham Bog, a Site of Special
Scientific Interest near King's Lynn, Norfolk, UK, with the per-
mission of Natural England. The bog area of the site is an acidic
lowland mire, supporting a wide diversity of plants and animals.
The bog is waterlogged during most of the year and is charac-
terised by vegetation including bryophytes and tussocks of
moorgrass (Molinia caerulea) and cotton grass (Eriophorum an-
gustifolium). The mosses comprise mainly Sphagnum spp., but
include Polytrichum commune, and are interspersed with small
pools of water (Royles et al. 2022; Stevenson and Masson 2016).
The Sphagnum species were identified previously as including
S. capillifolium ssp. rubellum, S. cuspidatum, S. fallax and S. pa-
pillosum (Royles et al. 2022).

Sphagnum moss was sampled from a region, at approximately
water-table level, where a hummock rose from out of a pool. An
area of approximately 100xX200mm was removed, including
the growing moss, which was mostly above the water level, and
approximately 75mm depth of underlying peat from below the
water level. The material was placed in polythene bags together
with some pool water and air headspace, sealed and transported
to the laboratory immediately. Pool water was also sampled and
sealed in sterile polypropylene bottles (1L volume) approxi-
mately half full. Material, sampled from the boardwalk to avoid
disturbing the environment more than necessary, was obtained
from the same location (grid reference 52.49.47N, 0.28.19E) on
four occasions for DNA sequencing and microcosm experiments.
The pH of the bog water, measured in the laboratory, was in the
range 3.5-4.2 for all samples.

Initially, we were unsure if mosses harboured isoprene-
degrading microbes, and therefore we undertook a preliminary
investigation to establish if there was isoprene uptake and if the
16S rRNA and isoA gene sequences of known isoprene degraders
were present (May 2021, Amplicon Sequencing). However, as we
found that isoA sequences similar to extant isoprene degraders
were rare, we obtained more material for long-read metagenomic
sequencing (April 2023, Long-Read Metagenomic Sequencing).
Having established that there was isoprene uptake, we obtained
material to investigate uptake rates (May 2022, First Incubations).
Then, since results indicated that we should carry out additional
experiments, as described below, we sampled again (October
2023, Second and Third Incubations) to investigate the potential
for uptake of methane and uptake and production of isoprene by
living moss and underlying peat in more detail.

For DNA extraction, moss was either used immediately or fro-
zen at —20°C. Moss samples for incubations were kept in sealed
polythene bags (with air headspace) at room temperature and
bog water was stored at 4°C. All experiments were conducted
with green moss shoots which had been growing above the
water level, with additional bog water (either as-sampled or
filter-sterilised) and with or without peat, as described below.

2.2 | Amplicon Sequencing

Since we anticipated that isoprene was mainly produced by
photosynthetically active material, DNA was extracted from
the green, living parts of the sampled Sphagnum moss and
also from similar moss following incubation with isoprene, in
order to enrich isoprene-metabolising microbes. For enrich-
ment, a few grams of moss shoots were placed in 120 mL serum
vials with 5-10 mL of bog water. Isoprene was added to sealed
vials to 20-30 ppmv and uptake followed using a Fast Isoprene
Sensor, as described below. Having established the approxi-
mate rate of isoprene uptake and to supply sufficient isoprene
while maintaining this relatively low concentration, the vials
were opened and placed in a 25L glass bottle and isoprene was
again added to 20-30 ppmv. The bottle was sealed with a rub-
ber stopper and incubated at room temperature in the labora-
tory for 33 days. Approximately 0.5 g (wet weight) of moss was
used for DNA extraction from the original moss (as sampled)
and following enrichment, using a FastDNA Spin kit for Soil
(MP Biomedicals, Irvine, CA, USA) followed by purification
using a OneStep PCR inhibitor removal kit (Zymo Research,
Irvine, CA, USA). Primers 341F/785R were used to obtain 16S
rRNA gene amplicons (Klindworth et al. 2013), while isoA
amplicons used primers isoA14F/isoA511R with cycling con-
ditions as previously described (Carrién et al. 2018). Duplicate
reactions were combined and sequenced as previously de-
scribed (Carrién et al. 2020b). Briefly, 16S rRNA gene librar-
ies were prepared and sequenced at Molecular Research LP
(Shallowater, TX, USA) using Illumina MiSeq technology and
a proprietary analysis pipeline, obtaining 170,000-200,000
reads per sample (300 nt paired end) (Table S1). We could not
obtain an isoA PCR product from the moss as sampled but isoA
amplicons from enriched samples were sequenced, resulting
in 101,000 reads (Table S1). Analysis followed the DADA?2
pipeline (v1.6) (Callahan et al. 2016). Reads were demulti-
plexed, primer sequences removed and reads were trimmed
to 275nt. Reads were quality filtered, denoised, dereplicated
and paired reads were merged. Chimeric sequences were dis-
carded and amplicon sequence variants (ASVs) were assigned.
ASVs were checked against the NCBI nr database using
BLASTx (Altschul et al. 1990) and those without homology to
isoA were discarded, yielding 20 ASVs.

2.3 | Long Read Metagenomic Sequencing

Since we suspected that novel isoA sequences might exist in the
Sphagnum metagenome, DNA was again extracted from green
parts of the moss (1.75-4.5g wet weight). The moss was ground
in liquid nitrogen and DNA was extracted using a method based
on Porebski et al. (1997), except that chloroform/isoamyl alcohol
was used instead of chloroform/octanol. The DNA, which was
contaminated with humic acids and other inhibitory substances,
was purified by caesium chloride ultracentrifugation. Three ex-
tractions were combined and the DNA (37 ug) resuspended in
4.0g of Tris buffer (5mM, pHS8.5). Caesium chloride (4.3g) was
added and gently dissolved, followed by 200 L ethidium bro-
mide (10mgmL~). Following centrifugation (275,000g, 20°C,
24h, Vti 65.2 rotor (Beckman Coulter, UK), the visible band
containing the DNA (approx. 1 mL) was withdrawn with a nee-
dle pierced through the side of the tube. Ethidium bromide was
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removed by multiple extractions with Tris-saturated butanol
and the DNA was precipitated with glycogen (1 uL) and two vol-
umes of polyethylene glycol (PEG)/NaCl (30% PEG, 1.6 M NaCl)
overnight. Following centrifugation (14,500g, 30 min, 22°C), the
pellet was washed in 70% (v/v) ethanol, dried and re-suspended
in 100 L Tris (5mM, pH8.5). Approximately 20 ug of high mo-
lecular mass DNA was submitted to Novogene (Cambridge,
UK) for long-read PacBio SMRT sequencing using a Sequel
II sequencer. Due to the relatively low sequence coverage, at-
tempts at sequence assembly were not successful. However, the
resulting HiFi reads (Hon et al. 2020) were searched for genes
of interest using tBlastn (Altschul et al. 1990) with amino acid
sequences of IsoA (IsoMO alpha subunit), Isol (glutathione-S-
transferase), MmoX (soluble methane monooxygenase alpha
subunit) and PmoA (particulate methane monooxygenase alpha
subunit) as query sequences. Details of the sequence reads ob-
tained are shown in Table S1.

2.4 | Microcosms

Microcosms were set up to measure the rates of methane and
isoprene uptake and the effects of the inhibitors acetylene and
1-octyne. Methane (N5.5 purity) and acetylene were obtained
from BOC (Woking, UK), isoprene (cat no. 119551) and 1-octyne
(244465) were from Merck (Gillingham, UK). All incubations
were conducted in 120mL glass serum vials at room temperature
(20°C-22°C) exposed to daylight in the laboratory, except for incu-
bations in a plant growth room as described below. The moss con-
tinued to grow in the vials and appeared healthy for the duration
of all experiments. Killed controls were treated identically except
that vials were autoclaved (121°C, 30 min) before the injection of
substrate. Methane was added to 120 or 1000 ppmv (as indicated)
and isoprene to 15-20ppmv (headspace concentrations). These
methane concentrations are at the lower end of those reported
from similar environments which range from low micromolar to
low millimolar in the aqueous phase (Zhang et al. 2021; Svensson
and Rosswall 1984; Chasar et al. 2000; Shannon et al. 1996). The
isoprene concentration was chosen with reference to measured
or calculated concentrations (up to 30 ppmv) in the intercellular
spaces of other plants for which data exist (Niinemets et al. 2010;
Singsaas et al. 1997; Fall and Monson 1992; Briiggemann and
Schnitzler 2002), since we anticipated that the microbes associated
with isoprene uptake were internal to, or closely associated with
the moss. Inhibitors acetylene or 1-octyne were added to 50 uM
liquid phase concentration, in accordance with our earlier work
(Dawson et al. 2020; Sims et al. 2023; Wright et al. 2020). Liquid
phase concentrations were calculated using the Henry's law con-
stants of 1.3x1073, 1.3x1072, 4.2x 1072 or 1.2x102Matm™! for
methane, isoprene, acetylene or 1-octyne, respectively (Mackay
and Shiu 1981; Hine and Mookerjee 1975).

2.5 | First Incubations—Methane and Isoprene
Uptake by Living Moss Shoots

Incubations were conducted with living (green) shoots of
Sphagnum moss (approx. 2 g wet weight) plucked from the moss
clumps and with any dead material removed, with 5mL of bog
water, in 120mL serum vials. Vials (in triplicate for each con-
dition) were sealed with butyl rubber stoppers and incubated

with approximately 120 ppmv methane or 15-20 ppmv isoprene,
added by injection through the septum as described previously
(Crombie et al. 2015). To evaluate the effect of inhibitors on the
uptake of isoprene or methane, additional incubations were
included in which acetylene or 1-octyne (in vapour form) was
added after 5h, by injection through the septum.

2.6 | Second Incubations—Methane and Isoprene
Uptake by Moss and Peat

Since we did not detect a rapid rate of methane uptake by
Sphagnum microcosms in the first incubations, we repeated
similar incubations in October 2023 but included the underlying
decaying vegetation (peat) in case methane oxidation activity
was localised to this material. Microcosms (15 identical vials
with living material, plus three killed controls included to detect
any abiotic loss, for example by leakage or diffusion through the
stopper) contained 3.3 g peat, 10mL of bog water and 4 g of green
Sphagnum moss in 120 mL vials and were incubated with var-
ious additions sequentially. First, all vials were incubated with
methane, at the increased concentration of 1000 ppmv. Methane
uptake was monitored every 2-3days in the killed controls and
in six vials containing living material (plus three times during
the incubation in the remaining nine vials, to verify that all
vials containing living material consumed methane at similar
rates). After 28 days, following consumption of methane in all
vials, the vials were opened, flushed with sterile air, re-sealed
and isoprene was added (15-20 ppmv) to all vials. Vials contain-
ing isoprene used PTFE-coated stoppers to reduce diffusive loss
of isoprene through the rubber stopper. Microcosms consumed
added isoprene over 48 h and the concentration was followed in
the three killed control vials and in 6 experimental vials twice
daily, and at the start and finish in the remainder, again to con-
firm a similar rate of isoprene uptake in all vials containing
living material. Vials were again opened, flushed with air and
isoprene again added. In addition, either acetylene or 1-octyne
(50uM) was added (six replicate vials for each, plus three live and
three killed controls which received isoprene only). Isoprene up-
take was followed for 72 h. Finally, vials were again flushed, and
vials which had contained acetylene were incubated with meth-
ane plus acetylene, whereas those which had contained 1-octyne
were incubated with isoprene plus 1-octyne and acetylene, to
further confirm that the addition of acetylene had no additional
inhibitory effect. Live and killed controls received isoprene only
as before. Isoprene uptake was followed in all 18 vials for 100h.
Since killed controls (three vials) were incubated with isoprene
a total of three times, the data presented in Table 1 are the mean
of all nine incubations for these controls, whereas for clarity
Figure 1B shows the killed controls from three replicates.

2.7 | Third Incubations—Isoprene Uptake
and Production by Living Moss Shoots

To distinguish between plant isoprene production and micro-
bial uptake, fresh microcosms were set up containing approxi-
mately 3-4 g green Sphagnum moss stems (exact mass recorded),
without significant brown material or peat, in 120mL vials with
10mL of bog water sterilised by filtration (0.2uM PES bottle-top
filter, Fisher Scientific, Loughborough, UK). Four conditions
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TABLE 1
1-octyne (second incubations).

| Methane and isoprene oxidation rates in vials containing Sphagnum moss and peat, with or without the inhibitors acetylene or

Acetylene plus
Subs/inhib None Acetylene 1-octyne 1-octyne Killed controls
Methane 0.548 +£0.050 0.055+0.009 — — —0.018 +0.003
(n=6) (n=6) (n=3)
X, x Y,y Z,2
Isoprene 0.100+0.007 0.151+0.006 0.037+0.003 0.041+0.005 0.008 +£0.002
(n=6) (n=6) (n=6) (n=6) (n=9)
A,a A,d B,b B,b C,c

Note: The rates are shown as nmol of substrate h™! (g of total material i.e., moss stems, water and peat)~! = SEM. Hyphens indicate that the combination was not tested.
Different letters (X, Y, Z for methane, A, B, C, D for isoprene) indicate statistically significant differences in uptake rates between treatments (upper-case, p <0.001;

lower-case, p <0.05).
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inhibitors acetylene or 1-octyne, in comparison with no inhibitor (Second Incubations). Error bars show the SEM, n=6 (live samples), n=3 (killed

controls).
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were set up, each in triplicate: no additions; with added isoprene
(15-20 ppmv); with 1-octyne (50 uM); with 1-octyne (50 uM) but
protected from light by wrapping the vials in aluminium foil.
These vials were incubated in a plant growth room with a 12h
light/dark cycle (4,0001x, 21°C).

2.8 | Determination of Uptake Rates of Methane
and Isoprene

Uptake of isoprene for amplicon sequencing was followed by
injection of headspace gas into a Fast Isoprene Sensor (Hills
Scientific, Boulder, CO, USA) as previously described (Sims
et al. 2023). Due to the potential interference of acetylene or
1-octyne with isoprene measurements, quantification of meth-
ane and isoprene in subsequent incubations was by gas chro-
matography (GC). Headspace gas (100 uL) was injected into an
Agilent 7820A gas chromatograph fitted with a Porapak Q col-
umn (matrix 80/100, 6.0ft.x1/8inx2.1mm (Supelco 14065-U,
Merck, Gillingham, UK) and flame ionisation detector. The
injector was set at 200°C, oven 35°C or 175°C for methane or
isoprene, respectively, detector 250°C. Standards were prepared
by dilution of pure methane or by dilution of known concen-
trations of isoprene vapour (generated by addition of 2-50 uL of
liquid isoprene into 1L stoppered bottles using a glass syringe).
The limit of accurate quantification for isoprene was approx-
imately 0.25ppmv. The identity of a compound generated by
moss incubated without added isoprene but in the presence
of 1-octyne was confirmed by GC mass spectrometry (GCMS).
Headspace gas was injected into a Shimadzu GCMS-QP2010s
gas chromatograph with quadrupole mass detector (Shimadzu,
Milton Keynes, UK). The GCMS used a Porabond Q column
(25m x0.25mm X 3 um, Merck, Gillingham, UK) with injection
port at 200°C, oven 100°C for 3min then ramped to 200°C at
8°C min~! and held 4.5 min, interface 250°C, ion source 200°C,
injection volume 50uL. The machine was operated with a 5:1
split ratio in scanning mode (m/z 25-300), and isoprene eluted
at 10.68 min. The spectra were compared with those of commer-
cial isoprene (cat no. 119551, Merck Gillingham, UK) and the
National Institute of Standards and Technology Mass Spectral
Database NIST 08 library spectrum.

Uptake rates were derived from the slope of the linear least-
squares regression of methane or isoprene concentration over
time. The regression for each experimental condition was fit-
ted to all measured concentrations for the initial (linear) part of
the uptake curve (15-48 data points per condition). Significant
differences between treatments were assessed with two-tailed ¢
tests, applying the Bonferroni correction (Wright 1992).

The uptake rates are presented as either per gram of total ma-
terial (peat plus water plus moss) or as per gram of living moss
only, for comparison between incubations with or without peat,
+standard error of the mean (SEM).

3 | Results

To investigate the potential of the microbial community asso-
ciated with Sphagnum moss to consume added methane or
isoprene, and the effects of possible inhibitors, we set up moss

microcosms in glass vials and followed the consumption of
these gases over time.

3.1 | First Incubations—Live Moss Shoots Only

For these microcosms we used only the growing (green) moss
stems without underlying peat. The moss consumed added
isoprene (15-20ppmv) rapidly and without an appreciable
lag phase (Figure S1A), but added methane (120 ppmv) was
not consumed rapidly under these conditions (Figure S1B).
Incubations of Sphagnum with isoprene and the inhibitors
of methane or isoprene oxidation, acetylene or 1-octyne, ei-
ther singly or in combination, showed that 1-octyne but not
acetylene inhibited isoprene oxidation under these conditions
(Figure S1A). These experiments showed that isoprene was
rapidly consumed by the Sphagnum microcosms, whereas
these green Sphagnum moss shoots did not consume methane
at a high rate.

3.2 | Second Incubations—Live Moss Plus Peat

Since it seemed unlikely that these bog areas did not con-
sume methane at appreciable rates, more material was sam-
pled in the following year and microcosms were again set
up as before with living Sphagnum moss, but also including
the underlying peat and bog water (approximately 4g, 3g and
10 mL respectively) and supplied with methane (1000 ppmv).
Vials consumed methane without an appreciable lag phase
at a rate of 0.55+0.05nmolh~! (g of total material)™! (n=6,
+SEM) (Table 1), suggesting that the active methanotrophs
were residing in the peaty material rather than in the above-
water living shoots. Consumption of methane continued
at an approximately linear rate until a concentration of ap-
proximately 200 ppmv was reached (corresponding to a lig-
uid phase concentration of approximately 0.26 uM), and at a
gradually decreasing rate thereafter (Figure S2). As expected,
since acetylene is known to be a potent inhibitor of methane
oxidation, inclusion of acetylene reduced the rate of meth-
ane oxidation by a factor of 10 (rate 0.055+0.009 nmolh! (g
of total material)™! (n=6, = SEM)) (Figure 1A and Table 1).
To assess isoprene uptake, methane-consuming vials were
opened, flushed with air, sealed and incubated with isoprene
(15-20 ppmv, approximately 200nM liquid phase concentra-
tion). Isoprene was consumed, also without an appreciable lag
phase, at a rate of 0.092+0.005 nmol h~! (g of total material)~!
(n=6, £ SEM) or, if only the mass of the green moss stems
was considered, at a rate of 0.40 +0.02nmolh™! (gmoss)~, to
below the limit of quantification (approximately 0.25ppmv)
within 2days (Figure 1B and Table 1), similar to the rate of
isoprene consumption in the first incubations comprising liv-
ing moss shoots without peat (Figure S1A).

To evaluate the effect of inhibitors (acetylene or 1-octyne)
on isoprene oxidation, vials were opened, flushed with air,
resealed and supplied with isoprene and acetylene, or iso-
prene and 1l-octyne. Vials containing acetylene again con-
sumed isoprene at a rapid rate (0.15+0.006 nmolh! (g of
total material)™! (n=6, + SEM)) (Figure 1B and Table 1), in-
dicating that the methanotrophs and other microbes whose
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monooxygenases were inhibited by acetylene had little or no
role in isoprene oxidation. The presence of 1-octyne reduced
the rate of isoprene oxidation by about 75%, but some residual
isoprene uptake remained. When both 1-octyne and acetylene
were added to vials, isoprene was consumed at a similar rate
to vials with 1-octyne alone. Together, these data indicate
that while the majority of isoprene oxidation was inhibited
by 1-octyne, a relatively minor amount was oxidised by non-
methanotrophic microbes, either bona fide isoprene degraders
incompletely inhibited by 1-octyne, or perhaps by others with
enzymes capable of isoprene oxidation that were also not com-
pletely inhibited by either acetylene or 1-octyne.

3.3 | Third Incubations—Isoprene Uptake
and Production by Living Moss Shoots

To verify that the isoprene degraders resided in the growing
(green) parts of the moss rather than in the peat below or in
the bog water, green stems were plucked from the moss clumps
and placed in vials without brown or peaty material, with
filter-sterilised bog water. Vials were incubated in a growth
room under controlled lighting, and isoprene uptake was re-
corded (Figure 2A,B). Vials consumed isoprene at a rate of
0.44+0.04nmolh™! (gmoss)™! (n=3, + SEM), almost identical
to the rate reported above (0.40 +0.02nmol h~! (g moss)~!) when
the latter is expressed as the rate per gram of green moss stems
rather than the total mass (including water and peat) included
in the former incubations, thus confirming that the living moss
leaves and stems, rather than the underlying peat or the bog
water, were mainly responsible for isoprene uptake.

To inhibit the microbes degrading isoprene on or in the moss,
vials were incubated with 1-octyne, but without added isoprene
and exposed to light as described above. Under these conditions
of restricted isoprene consumption by moss-dwelling microbes,
isoprene accumulated in vials at an approximately linear rate
of 0.17+0.03nmolh~! (gmoss)~! (n=3, + SEM) to a maximum
of nearly 60 ppmv at 500h, whereas control vials without the

inhibitor only transiently accumulated isoprene to levels de-
tectable by our system (Figure 2A,B). To verify that this was
indeed isoprene which accumulated in 1-octyne exposed micro-
cosms, headspace gas was analysed by GC MS, revealing spectra
identical to that of commercially obtained isoprene standards
(Figure S3). To verify that this accumulation of isoprene was not
due to any unknown effects of 1-octyne on the moss plants, but
rather was due to the lack of microbial isoprene uptake, control
vials were incubated with 1-octyne but protected from light,
since plant isoprene production is dependent on light (Sharkey
and Yeh 2001). Under these conditions, isoprene was mostly un-
detectable by our setup during the 650h duration of the experi-
ment (Figure 2A). The above value of 0.17nmolh~!g~! therefore
represents the minimum rate of isoprene production by the moss
under conditions where microbial uptake was inhibited, and
demonstrates that in un-amended microcosms the microbes in-
habiting the above-ground parts of the moss consumed virtually
all the moss-produced isoprene, thus preventing accumulation
in the vial headspaces.

3.4 | Microbial Community Analysis

To characterise the Sphagnum moss microbial community,
DNA was extracted and 16S rRNA gene amplicons were ana-
lysed by Illumina sequencing. The data (Figure 3) show that
the moss community was dominated by alphaproteobacteria
(93%), acidobacteriia (4%), gammaproteobacteria (2%) and
acidimicrobiia (1%), typical of many Sphaghum communities
(Andersen et al. 2013; Ivanova et al. 2020; Raghoebarsing
et al. 2005). At the genus level, Acidocella, Rhodopila,
Acidisphaera, Caulobacter and Methylocystis together com-
prised 83%, whereas representatives of genera previously as-
sociated with plant- or soil-associated isoprene uptake such
as Rhodococcus, Mycobacterium, Variovorax, Ramlibacter or
Sphingopyxis (Murrell et al. 2020; Gibson et al. 2021; Crombie
et al. 2018) were rare, together totalling approximately 0.1%
of the bacterial community. As well as the unamended sam-
ples, DNA from moss enriched for 33days with isoprene
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FIGURE2 | (A)Isoprene uptake or production by moss microcosms incubated under controlled lighting conditions, with or without the addition

of isoprene, or without isoprene but with the inhibitor of microbial isoprene uptake, 1-octyne, exposed to, or protected from light (Third Incubations).

(B) the rates of isoprene production or consumption calculated from the data shown in panel A. Different upper-case letters (A, B, C) indicate statis-

tically significant differences between treatments (p <0.001). The data show the mean + SEM (n=3).
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FIGURE 3 | Microbial phylogeny based on 16S rRNA gene sequenc-
ing of Sphagnum moss shoots as sampled (Moss) and following enrich-
ment with isoprene for 39 days (Enriched moss). Taxa increased in rel-
ative abundance over twofold between the two timepoints are shown
in bold.

(15-25ppmv) was also analysed. Various taxa, including
Ferrimicrobium, Candidatus Solibacter and Candidatus
Koribacter increased in relative abundance up to 10-fold, but
none of the groups that benefitted from the incubation were
associated with previously identified isoprene degraders
(Figure 3), except Mycobacterium, which increased seven-
fold from an extremely low base (0.006%). To determine the
diversity of isoprene degraders, DNA from the original and
isoprene-enriched samples was also challenged with primers
designed to specifically target the isoA gene of all known iso-
prene degraders (Carrion et al. 2018). A PCR product of the
expected size was not obtained from the unenriched samples,
indicating that the abundance of microbes with DNA match-
ing these primers was extremely low. The PCR reaction was
successful, however, using DNA from enriched material, and
yielded 20 ASVs with inferred amino acid identity of 87%-
100% to the IsoA sequence of extant isoprene-degrading iso-
lates. Five ASVs, with abundance >1% of the total, together
comprised 99% of the sequences, and their phylogenetic affili-
ations are shown in Figure 4.

3.5 | Long-Read Metagenomic Sequencing

Long-read sequencing of DNA obtained by grinding the aerial
parts of the moss in liquid nitrogen, to include both epiphytes
and endophytes, identified two reads with both isoA and other
genes associated with isoprene metabolism. Co-localisation
of the monooxygenase genes with genes encoding glutathione
transferases required for isoprene metabolism is a feature in the
genome of all known isoA-containing isoprene degraders and
thus provides compelling evidence of isoprene-degrading poten-
tial (Murrell et al. 2020). Read 58327143 contained isoHIJ-aldH-
iSOABCDE and read 130943773 contained isoGHIJ-aldDH-isoA
(Figure 5). The inferred IsoA sequences shared 77.5% and 80%
amino acid identity with IsoA of Ramlibacter sp. WS9 (Larke-
Mejia et al. 2019) (96% identity to each other), and sequence
alignment of the isoA, isol and isoJ genes from Dersingham
Bog revealed that they all grouped most closely with those of
known Gram-negative isoprene degraders such as Sphingopyxis,
Variovorax, Ramlibacter and sequences in the databases includ-
ing a Burkholderiaceae metagenome-assembled genome (MAG)
obtained via stable isotope probing of isoprene-enriched soil
samples (Larke-Mejia et al. 2019; Ma et al. 2023), (Figures 4 and
S4). Significantly, the primers used above for isoA amplicon se-
quencing contain mismatches to these sequences, including
four or five mismatches (respectively) out of the six bases at the
critical 3’ end of the reverse primer, meaning that these primers
would probably not have amplified isoA from these microbes.
Together these data strongly suggest that these are bona fide
isoprene-degrading gene clusters, although as the sequences
are not closely related to those of isolated representatives, it ap-
pears that these environments harbour novel as-yet unidentified
groups of microbes with this metabolic trait.

4 | Discussion

This study builds on previous work showing that isoprene-
degrading bacteria are inhibited by 1-octyne but not by acet-
ylene, in contrast with methane oxidizers (Dawson et al. 2020;
Sims et al. 2023) and applies this principle to the moss-associated
microbial community in microcosms. Interestingly, despite
Sphagnum being known to harbour abundant methanotrophs
(Raghoebarsing et al. 2005; Kox et al. 2018), and detecting se-
quences affiliated to Methylocystis in our samples, our Sphagnum
moss samples did not rapidly oxidise methane unless some of the
peat soil and sediment were included in microcosms. Previously
it was shown that submerged mosses were much more active in
methane oxidation than above-water material (Raghoebarsing
et al. 2005; Putkinen et al. 2012; van Winden et al. 2012) and
the data suggest that our non-submerged living material did not
contain abundant active methanotrophs or at least those with
high methane-oxidation potential. In contrast, when peat soil
was included in microcosms, methane was indeed depleted at a
significant rate, showing that methane oxidizers were abundant.
The rate of methane uptake was reduced by 90% by acetylene,
whereas isoprene uptake was not affected (Table 1), demon-
strating that methanotrophs, at least in this environment, had
little or no role in isoprene oxidation. In contrast, 1-octyne (and
a combination of 1-octyne and acetylene) diminished isoprene
uptake by 75%, similar to the degree of inhibition observed for
the isoprene degrader Rhodococcus sp. AD45 (Sims et al. 2023)
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FIGURE 5 | Gene sequences assumed to be responsible for isoprene degradation retrieved from DNA extracted from Dersingham moss. The iso

gene clusters are aligned with those of reference strain Variovorax sp. WS11, a well-characterised isoprene-degrading isolate (Dawson et al. 2020;

Larke-Mejia et al. 2019).

but considerably less than the 95% of inhibition observed in the
case of Variovorax sp. WS11 (Dawson et al. 2020). While we do
not discount the possibility that the remaining activity in the
microcosms in the presence of 1-octyne was due to only par-
tial inhibition of bona fide isoprene degraders, it is also possible
that a proportion of the isoprene uptake may have been accom-
plished by microbes not inhibited by either of these alkynes. For

example, propylene monooxygenase of Xanthobacter, effectively
inhibited by propyne, is capable of isoprene co-oxidation, albeit
with comparatively low affinity (Sims et al. 2023; Ensign 1996),
but the effect of 1-octyne is not known. It is possible that alkene
monooxygenase-containing microbes such as Xanthobacter were
responsible for the residual isoprene uptake in the acetylene
and 1-octyne-inhibited moss microcosms, or alternatively that
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the moss harboured microbes with alternative isoprene degra-
dation pathways that are not inhibited by these alkynes (Gibson
et al. 2021; Uttarotai et al. 2022).

Isoprene-emitting plants have been said to typically divert 2% of
photosynthesis to isoprene production (Sharkey and Yeh 2001),
although the figure for Sphagnum mosses is not known. Here,
independent sets of moss microcosms consumed isoprene at
similar rates (Figures S1 and 2B and Table 1) suggesting that
the isoprene-oxidising potential of this moss is robust and con-
sistent. Furthermore, inclusion of peat made no difference to
isoprene oxidation rates (Table 1 and Figure 2B), suggesting
that the isoprene consumers inhabited the living moss rather
than the peat. The data presented in Figure 2 show that in these
microcosms the microbes on or in the moss leaves consumed
the vast majority of the moss-produced isoprene, amounting in
these microcosms to 0.17nmolh~! g=! (wet weight). While we
must, of course, exercise extreme caution in extrapolating these
results more widely to other plants or ecosystems, the realisa-
tion that plant net-isoprene-emissions are, in some situations,
overwhelmingly mediated by microbial isoprene degradation is
highly significant. While in many ways reliant on each other,
plants and microbes have different susceptibilities to environ-
mental stresses and respond differently to changing conditions,
both in the long and short term (Leveau 2019; Zhu et al. 2022),
potentially altering the balance between isoprene production
and uptake. It will be interesting to apply this approach to other
isoprene-producing plants, for example by including inhibitors
in leaf-chamber experiments to measure isoprene emissions
from trees, thus quantifying the effect of phyllosphere microbes
on isoprene emissions more generally. Given the major invest-
ment in isoprene production by many plants, the realisation that
in some situations microbes may recycle this isoprene carbon,
preventing its loss to the atmosphere, is significant for ecosys-
tem carbon cycling.

Microbially mediated isoprene uptake in the plant phyllosphere
has frequently been demonstrated in the past, and numerous
isoprene-degrading bacteria have been obtained from these envi-
ronments (Gibson et al. 2021; Crombie et al. 2018, 2017; Carrion
et al. 2020b; Larke-Mejia et al. 2020; Singh et al. 2019). However,
enrichments and stable-isotope experiments have typically, with
few exceptions, necessarily used elevated concentrations of iso-
prene, often orders of magnitude higher than those measured in
the atmosphere or in the forest canopy, leading to uncertainty
as to the ability of these microbes to consume isoprene at envi-
ronmentally relevant concentrations. However, isoprene concen-
trations in or closely associated with leaves may be considerably
higher (Niinemets et al. 2010; Singsaas et al. 1997; Fall and
Monson 1992; Briiggemann and Schnitzler 2002), and the data
presented in Figure 3, showing the accumulation of isoprene
when microbial uptake was inhibited, prove that the microbes
associated with the moss were able to consume isoprene at plant-
relevant concentrations.

Molecular analysis of DNA extracted from the moss identi-
fied a typical Sphagnum-associated bacterial community, with
few taxa associated with known isoprene-degrading strains.
The enrichment of some strains, notably Ferrimicrobium, Ca.
Solibacter and Ca. Koribacter, by incubation with isoprene is
interesting but inconclusive. Isoprene degraders from acidic or

moss-dominated environments have not to our knowledge been
previously investigated, and the data, including the relatively
dissimilar sequences retrieved from isoA amplicons (Figure 4)
suggest that these strains may be novel isoprene-degrading
taxa, or alternatively that they may have benefitted indirectly
from the input of isoprene carbon, perhaps by assimilation of
the products of isoprene co-metabolism by other members of the
community. However, long read sequencing retrieved gene se-
quences unmistakably characteristic of the isoprene degradation
pathway (Figure 5), albeit not closely related to extant examples,
again suggesting that novel isoprene degrading strains may be
prevalent in these environments. The data suggest that these are
likely more closely affiliated with Gram negative strains rather
than with isoprene degraders from the Actinobacteria (Crombie
et al. 2017, El Khawand et al. 2016; Johnston et al. 2017)
(Figures 4 and S4). Unfortunately, the sequence coverage ob-
tained here, in the presence of the comparatively large moss
genomes (Shaw et al. 2016), was insufficient to assemble the
reads into metagenome-associated genomes (M AGs), and phylo-
genetic identification of the isoprene degraders was not possible.
A more comprehensive analysis, perhaps using targeted metage-
nomics following stable isotope probing as in our previous work
(Crombie et al. 2018), should be a priority to identify the active
isoprene degraders from wetland environments.

5 | Conclusions

Here we show that Sphagnum moss, typical of environmen-
tally sensitive wetland areas, harbours abundant specialist
isoprene-consuming microbes, and we show that the isoprene
concentrations produced by the moss are sufficient for rapid mi-
crobial uptake. We demonstrate the use of specific inhibitors to
differentiate between plant isoprene production and microbial
consumption, quantify plant isoprene production and differen-
tiate it from net emissions. We highlight that microbes may, in
some circumstances, consume the overwhelming majority of
plant-emitted isoprene, preventing its escape to the atmosphere,
which is important for predicting isoprene emissions in chang-
ing ecosystems. Furthermore, the data suggest that the isoprene
degraders from this acidic environment belong to groups dis-
similar to those previously known. The study introduces novel
methods which can now be applied more widely.

Author Contributions

Andrew T. Crombie: conceptualization (equal), investigation (equal),
writing - original draft (lead), writing - review and editing (equal).
Chloe L. Wright: conceptualization (equal), investigation (equal),
writing - review and editing (equal). Ornella Carrién: investigation
(equal), writing - review and editing (equal). Laura E. Lehtovirta-
Morley: funding acquisition (supporting), writing — review and editing
(equal). J. Colin Murrell: conceptualization (lead), supervision (lead),
funding acquisition (lead), writing — review and editing (equal).

Acknowledgements

The authors thank Natural England for permission to perform sam-
pling at Dersingham Bog. The authors acknowledge the following fund-
ing sources: Royal Society Dorothy Hodgkin Fellowship (DH150187)
and ERC Starting Grant (UNITY 852993) to L.E.L.-M. and an ERC
Advanced Grant (694578—IsoMet) to J.C.M.

10 of 14

Environmental Microbiology, 2025

85USD 17 SUOWILLIOD BAIERID) B[qed1jdde 3Ly AQ paueAoh a/e BRI YO (88N JO S9N 104 ARG 1T BUIIUO AB] 1A UO (SUORIPUOD-PUR-SWLIRI WD AB I ARe1q 1[BU1IU0// A1) SUORIPUOD pue SWS L 3} 89S *[5202/90/9T] uo Ariqri auliuo Ajim elibuy 1se3 JO ASAN Ad ¥TTOL 0262-297T/TTTT OT/I0P/U0Y AB| 1M ARIq U JUO'S LINO -0 ILIOIALS//SARY WO.) papeojuMoq ‘9 ‘G202 ‘026229t T



Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Sequence data are available at NCBI under accession number
PRINA272922: SRX26443778-80 (amplicons) and SRX26443781 (long
reads).

References

Allen, B.J.,D.J. Hill, A. M. Burke, et al. 2024. “Projected Future Climatic
Forcing on the Global Distribution of Vegetation Types.” Philosophical
Transactions of the Royal Society of London. Series B, Biological Sciences
379:20230011.

Altschul, S. F., W. Gish, W. Miller, E. W. Myers, and D. J. Lipman. 1990.
“Basic Local Alignment Search Tool.” Journal of Molecular Biology 215:
403-410.

Andersen, R., S. J. Chapman, and R. R. E. Artz. 2013. “Microbial
Communities in Natural and Disturbed Peatlands: A Review.” Soil
Biology and Biochemistry 57: 979-994.

Bardgett, R. D., C. Freeman, and N. J. Ostle. 2008. “Microbial
Contributions to Climate Change Through Carbon Cycle Feedbacks.”
ISME Journal 2: 805-814.

Box, J. E., W. T. Colgan, T. R. Christensen, et al. 2019. “Key Indicators
of Arctic Climate Change: 1971-2017.” Environmental Research Letters
14: 045010.

Boy, M., P. Zhou, T. Kurtén, et al. 2022. “Positive Feedback Mechanism
Between Biogenic Volatile Organic Compounds and the Methane
Lifetime in Future Climates.” npj Climate and Atmospheric Science 5: 72.

Brilli, F., C. Barta, A. Fortunati, M. Lerdau, F. Loreto, and M. Centritto.
2007. “Response of Isoprene Emission and Carbon Metabolism to
Drought in White Poplar (Populus alba) Saplings.” New Phytologist 175:
244-254.

Briiggemann, N., and J. P. Schnitzler. 2002. “Comparison of Isoprene
Emission, Intercellular Isoprene Concentration and Photosynthetic
Performance in Water-Limited Oak (Quercus pubescens Willd. and
Quercus robur L.) Saplings.” Plant Biology 4: 456-463.

Burrows, K. J., A. Cornish, D. Scott, and I. J. Higgins. 1984. “Substrate
Specificities of the Soluble and Particulate Methane Mono-Oxygenases
of Methylosinus trichosporium OB3b.” Journal of General Microbiology
130: 3327-3333.

Callahan, B.J., P.J. McMurdie, M. J. Rosen, A. W. Han, A. J. A. Johnson,
and S. P. Holmes. 2016. “DADA?2: High-Resolution Sample Inference
From Illumina Amplicon Data.” Nature Methods 13: 581-583.

Carrién, O., L. Gibson, D. M. O. Elias, et al. 2020b. “Diversity of
Isoprene-Degrading Bacteria in Phyllosphere and Soil Communities
From a High Isoprene-Emitting Environment: A Malaysian Oil Palm
Plantation.” Microbiome 8: 81.

Carrién, O., N. L. Larke-Mejia, L. Gibson, et al. 2018. “Gene Probing
Reveals the Widespread Distribution, Diversity and Abundance of
Isoprene-Degrading Bacteria in the Environment.” Microbiome 6: 219.

Carrién, O., T. J. McGenity, and J. C. Murrell. 2020a. “Molecular
Ecology of Isoprene-Degrading Bacteria.” Microorganisms 8, no. 7: 967.
https://doi.org/10.3390/microorganisms8070967.

Cavicchioli, R., W. J. Ripple, K. N. Timmis, et al. 2019. “Scientists’
Warning to Humanity: Microorganisms and Climate Change.” Nature
Reviews. Microbiology 17: 569-586.

Centritto, M., F. Brilli, R. Fodale, and F. Loreto. 2011. “Different
Sensitivity of Isoprene Emission, Respiration and Photosynthesis to
High Growth Temperature Coupled With Drought Stress in Black
Poplar (Populus nigra) Saplings.” Tree Physiology 31: 275-286.

Chasar, L. S., J. P. Chanton, P. H. Glaser, and D. I. Siegel. 2000.
“Methane Concentration and Stable Isotope Distribution as Evidence
of Rhizospheric Processes: Comparison of a Fen and Bog in the Glacial
Lake Agassiz Peatland Complex.” Annals of Botany 86: 655-663.

Chowdhury, T. R., and R. P. Dick. 2013. “Ecology of Aerobic
Methanotrophs in Controlling Methane Fluxes From Wetlands.”
Applied Soil Ecology 65: 8-22.

Cleveland, C. C., and J. B. Yavitt. 1997. “Consumption of Atmospheric
Isoprene in Soil.” Geophysical Research Letters 24: 2379-2382.

Cleveland, C. C., and J. B. Yavitt. 1998. “Microbial Consumption
of Atmospheric Isoprene in a Temperate Forest Soil.” Applied and
Environmental Microbiology 64: 172-177.

Clymo, R. S., and P. M. Hayward. 1982. “The Ecology of Sphagnum.”
In Bryophyte Ecology, edited by A. J. E. Smith, 229-289. Springer
Netherlands. https://doi.org/10.1007/978-94-009-5891-3_8.

Colby, J., D. L. Stirling, and H. Dalton. 1977. “The Soluble Methane
Mono-Oxygenase of Methylococcus capsulatus (Bath). Its Ability to
Oxygenate n-Alkanes, n-Alkenes, Ethers, and Alicyclic, Aromatic and
Heterocyclic Compounds.” Biochemical Journal 165: 395-402.

Crombie, A. T., H. Emery, T. J. McGenity, and J. C. Murrell. 2017.
“Draft Genome Sequences of Three Terrestrial Isoprene-Degrading
Rhodococcus Strains.” Genome Announcements 5: €01256-01217.

Crombie, A. T., M. E. Khawand, V. A. Rhodjius, et al. 2015. “Regulation
of Plasmid-Encoded Isoprene Metabolism in Rhodococcus, a
Representative of an Important Link in the Global Isoprene Cycle.”
Environmental Microbiology 17: 3314-3329.

Crombie, A. T., N. L. Larke-Mejia, H. Emery, et al. 2018. “Poplar
Phyllosphere Harbors Disparate Isoprene-Degrading Bacteria.”
Proceedings of the National Academy of Sciences of the United States of
America 115:13081-13086.

Dawson, R. A., A. T. Crombie, R. S. Jansen, T. J. Smith, T. Nichol,
and C. Murrell. 2023. “Peering Down the Sink: A Review of Isoprene
Metabolism by Bacteria.” Environmental Microbiology 25: 786-799.

Dawson, R. A., A. T. Crombie, P. Pichon, M. Steinke, T. McGenity, and
J. C. Murrell. 2021. “The Microbiology of Isoprene Cycling in Aquatic
Ecosystems.” Aquatic Microbial Ecology 87: 79-98.

Dawson, R. A., N. L. Larke-Mejia, A. T. Crombie, M. F. Ul Haque, and
J. C. Murrell. 2020. “Isoprene Oxidation by the Gram-Negative Model
Bacterium Variovorax sp. WS11.” Microorganisms 8, no. 3: 349.

Dedysh, S. N. 2009. “Exploring Methanotroph Diversity in Acidic
Northern Wetlands: Molecular and Cultivation-Based Studies.”
Microbiology 78: 655-669.

Deslippe, J. R., M. Hartmann, S. W. Simard, and W. W. Mohn. 2012.
“Long-Term Warming Alters the Composition of Arctic Soil Microbial
Communities.” FEMS Microbiology Ecology 82: 303-315.

Ekberg, A., A. Arneth, and T. Holst. 2011. “Isoprene Emission From
Sphagnum Species Occupying Different Growth Positions Above the
‘Water Table.” Boreal Environment Research 16: 47-59.

El Khawand, M., A. T. Crombie, A. Johnston, et al. 2016. “Isolation
of Isoprene Degrading Bacteria From Soils, Development of isoA
Gene Probes and Identification of the Active Isoprene-Degrading
Soil Community Using DNA-Stable Isotope Probing.” Environmental
Microbiology 18: 2743-2753.

Ensign, S. A. 1996. “Aliphatic and Chlorinated Alkenes and Epoxides
as Inducers of Alkene Monooxygenase and Epoxidase Activities in
Xanthobacter Strain Py2.” Applied and Environmental Microbiology 62:
61-66.

Ensign, S. A., M. R. Hyman, and D. J. Arp. 1992. “Cometabolic
Degradation of Chlorinated Alkenes by Alkene Monooxygenase in a
Propylene-Grown Xanthobacter Strain.” Applied and Environmental
Microbiology 58: 3038-3046.

11 of 14

85USD 17 SUOWILLIOD BAIERID) B[qed1jdde 3Ly AQ paueAoh a/e BRI YO (88N JO S9N 104 ARG 1T BUIIUO AB] 1A UO (SUORIPUOD-PUR-SWLIRI WD AB I ARe1q 1[BU1IU0// A1) SUORIPUOD pue SWS L 3} 89S *[5202/90/9T] uo Ariqri auliuo Ajim elibuy 1se3 JO ASAN Ad ¥TTOL 0262-297T/TTTT OT/I0P/U0Y AB| 1M ARIq U JUO'S LINO -0 ILIOIALS//SARY WO.) papeojuMoq ‘9 ‘G202 ‘026229t T


https://doi.org/10.3390/microorganisms8070967
https://doi.org/10.1007/978-94-009-5891-3_8

Fall, R., and R. K. Monson. 1992. “Isoprene Emission Rate and
Intercellular Isoprene Concentration as Influenced by Stomatal
Distribution and Conductance.” Plant Physiology 100: 987-992.

Fechner, E. J.,, and H. F. Hemond. 1992. “Methane Transport and
Oxidation in the Unsaturated Zone of a Sphagnum Peatland.” Global
Biogeochemical Cycles 6: 33-44.

Fosdike, W. L. J., T. J. Smith, and H. Dalton. 2005. “Adventitious
Reactions of Alkene Monooxygenase Reveal Common Reaction
Pathways and Component Interactions Among Bacterial Hydrocarbon
Oxygenases.” FEBS Journal 272: 2661-2669.

Geron, C., P. Harley, and A. Guenther. 2001. “Isoprene Emission
Capacity for US Tree Species.” Atmospheric Environment 35: 3341-3352.

Gibson, L., A. T. Crombie, N. P. McNamara, and J. C. Murrell. 2021.
“Isoprene-Degrading Bacteria Associated With the Phyllosphere of Salix
fragilis, a High Isoprene-Emitting Willow of the Northern Hemisphere.”
Environmental Microbiomes 16: 17.

Greenberg, J. P., A. Guenther, P. Zimmerman, et al. 1999. “Tethered
Balloon Measurements of Biogenic VOCs in the Atmospheric Boundary
Layer.” Atmospheric Environment 33: 855-867.

Guenther, A.B.,X.Jiang, C.L.Heald, et al. 2012. “The Model of Emissions
of Gases and Aerosols From Nature Version 2.1 (MEGAN2.1): An
Extended and Updated Framework for Modeling Biogenic Emissions.”
Geoscientific Model Development 5: 1471-1492.

Guenther, A. B., P. R. Zimmerman, P. C. Harley, R. K. Monson, and
R. Fall. 1993. “Isoprene and Monoterpene Emission Rate Variability:
Model Evaluations and Sensitivity Analyses.” Journal of Geophysical
Research-Atmospheres 98: 12609-12617.

Hakola, H., J. Rinne, and T. Laurila. 1998. “The Hydrocarbon Emission
Rates of Tea-Leafed Willow (Salix phylicifolia), Silver Birch (Betula
pendula) and European Aspen (Populus tremula).” Atmospheric
Environment 32: 1825-1833.

Hanson, D. T., S. Swanson, L. E. Graham, and T. D. Sharkey. 1999.
“Evolutionary Significance of Isoprene Emission From Mosses.”
American Journal of Botany 86: 634-639.

Hine, J., and P. K. Mookerjee. 1975. “Structural Effects on Rates
and Equilibriums. XIX. Intrinsic Hydrophilic Character of Organic
Compounds. Correlations in Terms of Structural Contributions.”
Journal of Organic Chemistry 40: 292-298.

Hon, T., K. Mars, G. Young, et al. 2020. “Highly Accurate Long-Read HiFi
Sequencing Data for Five Complex Genomes.” Scientific Data 7: 399.

Hyman, M. R., and A. Daniel. 1988. “Acetylene Inhibition of
Metalloenzymes.” Analytical Biochemistry 173: 207-220.

Hyman, M.R.,1. B.Murton, and D.J. Arp. 1988. “Interaction of Ammonia
Monooxygenase From Nitrosomonas europaea With Alkanes, Alkenes,
and Alkynes.” Applied and Environmental Microbiology 54: 3187-3190.

Ivanova, A. A., A. D. Zhelezova, T. I. Chernov, and S. N. Dedysh. 2020.
“Linking Ecology and Systematics of Acidobacteria: Distinct Habitat
Preferences of the Acidobacteriia and Blastocatellia in Tundra Soils.”
PLoS One 15: e0230157.

Janson, R., and C. De Serves. 1998. “Isoprene Emissions From Boreal
Wetlands in Scandinavia.” Journal of Geophysical Research-Atmospheres
103: 25513-25517.

Jansson, J. K., and K. S. Hofmockel. 2020. “Soil Microbiomes and
Climate Change.” Nature Reviews. Microbiology 18: 35-46.

Jassey, V.E., G. Chiapusio, P. Binet, et al. 2013. “Above- and Belowground
Linkages in Sphagnum Peatland: Climate Warming Affects Plant-
Microbial Interactions.” Global Change Biology 19, no. 3: 811-823.
https://doi.org/10.1111/gcb.12075.

Jiang, H., Y. Chen, P. Jiang, et al. 2010. “Methanotrophs: Multifunctional
Bacteria ~With  Promising Applications in Environmental
Bioengineering.” Biochemical Engineering Journal 49: 277-288.

Johnston, A., A. T. Crombie, M. el Khawand, et al. 2017. “Identification
and Characterisation of Isoprene-Degrading Bacteria in an Estuarine
Environment.” Environmental Microbiology 19: 3526-3537.

Keener, W.K.,M. E. Watwood, K. D. Schaller, et al. 2001. “Use of Selective
Inhibitors and Chromogenic Substrates to Differentiate Bacteria Based
on Toluene Oxygenase Activity.” Journal of Microbiological Methods 46:
171-185.

Klindworth, A., E. Pruesse, T. Schweer, et al. 2013. “Evaluation of
General 16S Ribosomal RNA Gene PCR Primers for Classical and
Next-Generation Sequencing-Based Diversity Studies.” Nucleic Acids
Research 41: el.

Kox, M. A. R, S. L. Aalto, T. Penttild, K. F. Ettwig, M. S. M. Jetten, and
M. A. H. J. van Kessel. 2018. “The Influence of Oxygen and Methane on
Nitrogen Fixation in Subarctic Sphagnum Mosses.” AMB Express 8: 76.

Kramshegj, M., 1. Vedel-Petersen, M. Schollert, et al. 2016. “Large
Increases in Arctic Biogenic Volatile Emissions Are a Direct Effect of
Warming.” Nature Geoscience 9: 349-352.

Krumholz, L. R., J. L. Hollenback, S. J. Roskes, and D. B. Ringelberg.
1995. “Methanogenesis and Methanotrophy Within a Sphagnum
Peatland.” FEMS Microbiology Ecology 18: 215-224.

Kumar, S., G. Stecher, and K. Tamura. 2016. “MEGA7: Molecular
Evolutionary Genetics Analysis Version 7.0 for Bigger Datasets.”
Molecular Biology and Evolution 33: 1870-1874.

Laine, A. M., L. Mehtitalo, A. Tolvanen, S. Frolking, and E. S. Tuittila.
2019. “Impacts of Drainage, Restoration and Warming on Boreal
Wetland Greenhouse Gas Fluxes.” Science of the Total Environment 647:
169-181.

Laothawornkitkul, J., J. E. Taylor, N. D. Paul, and C. N. Hewitt. 2009.
“Biogenic Volatile Organic Compounds in the Earth System.” New
Phytologist 183: 27-51.

Larke-Mejia, N. L., O. Carrién, A. T. Crombie, T. J. McGenity, and J. C.
Murrell. 2020. “Sphingopyxis sp. Strain OPL5, an Isoprene-Degrading
Bacterium From the Sphingomonadaceae Family Isolated From Oil
Palm Leaves.” Microorganisms 8: 1557.

Larke-Mejia, N. L., A. T. Crombie, J. Pratscher, T. J. McGenity, and J.
C. Murrell. 2019. “Novel Isoprene-Degrading Proteobacteria From
Soil and Leaves Identified by Cultivation and Metagenomics Analysis
of Stable Isotope Probing Experiments.” Frontiers in Microbiology 10:
2700.

Leveau, J. H. J. 2019. “A Brief From the Leaf: Latest Research to Inform
Our Understanding of the Phyllosphere Microbiome.” Current Opinion
in Microbiology 49: 41-49.

Ma, B., C. Lu, Y. Wang, et al. 2023. “A Genomic Catalogue of Soil
Microbiomes Boosts Mining of Biodiversity and Genetic Resources.”
Nature Communications 14: 7318.

Mackay, D., and W. Y. Shiu. 1981. “A Critical Review of Henry's Law
Constants for Chemicals of Environmental Interest.” Journal of Physical
and Chemical Reference Data 10: 1175-1199.

Monson, R. K., R. Grote, U. Niinemets, and J.-P. Schnitzler. 2012.
“Modeling the Isoprene Emission Rate From Leaves.” New Phytologist
195, no. 3: 541-559. https://doi.org/10.1111/].1469-8137.2012.04204.X.

Murrell, J. C., T. J. McGenity, and A. T. Crombie. 2020. “Microbial
Metabolism of Isoprene: A Much-Neglected Climate-Active Gas.”
Microbiology 166: 600-613.

Nedwell, D. B., and A. Watson. 1995. “CH4 Production, Oxidation and
Emission in a UK. Ombrotrophic Peat Bog: Influence of SO,2~ From
Acid Rain.” Soil Biology and Biochemistry 27: 893-903.

Niinemets, U., L. Copolovici, and K. Hiive. 2010. “High Within-
Canopy Variation in Isoprene Emission Potentials in Temperate Trees:
Implications for Predicting Canopy-Scale Isoprene Fluxes.” Journal of
Geophysical Research — Biogeosciences 115: G04029.

12 of 14

Environmental Microbiology, 2025

85USD 17 SUOWILLIOD BAIERID) B[qed1jdde 3Ly AQ paueAoh a/e BRI YO (88N JO S9N 104 ARG 1T BUIIUO AB] 1A UO (SUORIPUOD-PUR-SWLIRI WD AB I ARe1q 1[BU1IU0// A1) SUORIPUOD pue SWS L 3} 89S *[5202/90/9T] uo Ariqri auliuo Ajim elibuy 1se3 JO ASAN Ad ¥TTOL 0262-297T/TTTT OT/I0P/U0Y AB| 1M ARIq U JUO'S LINO -0 ILIOIALS//SARY WO.) papeojuMoq ‘9 ‘G202 ‘026229t T


https://doi.org/10.1111/gcb.12075
https://doi.org/10.1111/j.1469-8137.2012.04204.x

Peiiuelas, J., and M. Staudt. 2010. “BVOCs and Global Change.” Trends
in Plant Science 15: 133-144.

Porebski, S., L. G. Bailey, and B. R. Baum. 1997. “Modification ofa CTAB
DNA Extraction Protocol for Plants Containing High Polysaccharide
and Polyphenol Components.” Plant Molecular Biology Reporter 15:
8-15.

Potosnak, M. J., B. M. Baker, L. LeStourgeon, et al. 2013. “Isoprene
Emissions From a Tundra Ecosystem.” Biogeosciences 10: 871-889.

Prior, S. D., and H. Dalton. 1985. “Acetylene as a Suicide Substrate and
Active Site Probe for Methane Monooxygenase From Methylococcus
capsulatus (Bath).” FEMS Microbiology Letters 29: 105-109.

Putkinen, A., T. Larmola, T. Tuomivirta, et al. 2012. “Water Dispersal of
Methanotrophic Bacteria Maintains Functional Methane Oxidation in
Sphagnum Mosses.” Frontiers in Microbiology 3: 15.

Raghoebarsing, A. A., A. J. Smolders, M. C. Schmid, et al. 2005.
“Methanotrophic Symbionts Provide Carbon for Photosynthesis in Peat
Bogs.” Nature 436, no. 7054: 1153-1156. https://doi.org/10.1038/natur
€03802.

Rinnan, R., L. L. Iversen, J. Tang, I. Vedel-Petersen, M. Schollert, and
G. Schurgers. 2020. “Separating Direct and Indirect Effects of Rising
Temperatures on Biogenic Volatile Emissions in the Arctic.” Proceedings
of the National Academy of Sciences of the United States of America 117:
32476-32483.

Rinnan, R., M. Steinke, T. McGenity, and F. Loreto. 2014. “Plant
Volatiles in Extreme Terrestrial and Marine Environments.” Plant, Cell
& Environment 37: 1776-1789.

Royles, J., S. Young, and H. Griffiths. 2022. “Stable Isotope Signals
Provide Seasonal Climatic Markers for Moss Functional Groups.”
Proceedings of the Royal Society B: Biological Sciences 289: 20212470.

Rydin, H., and J. K. Jeglum. 2013. “Chapter 4—Sphagnum—The Builder
of Boreal Peatlands.” In Biology of Peatlands, 65-84. Oxford University
Press. https://doi.org/10.1093/acprof:0s0bl/9780199602995.003.0004.

Saunois, M., A. Martinez, B. Poulter, et al. 2024. “Global Methane
Budget 2000-2020.” Earth System Science Data Discussions 2024: 1-147.

Seco, R., T. Holst, C. L. Davie-Martin, et al. 2022. “Strong Isoprene
Emission Response to Temperature in Tundra Vegetation.” Proceedings
of the National Academy of Sciences of the United States of America 119:
€2118014119.

Shannon, R. D., J. R. White, J. E. Lawson, and B. S. Gilmour. 1996.
“Methane Efflux From Emergent Vegetation in Peatlands.” Journal of
Ecology 84: 239-246.

Sharkey, T. D., D. W. Gray, H. K. Pell, S. R. Breneman, and L. Topper.
2013. “Isoprene Synthase Genes Form a Monophyletic Clade of Acyclic
Terpene Synthases in the TPS-B Terpene Synthase Family.” Evolution
67:1026-1040.

Sharkey, T. D., A. E. Wiberley, and A. R. Donohue. 2008. “Isoprene
Emission From Plants: Why and How.” Annals of Botany 101: 5-18.

Sharkey, T. D., and S. Yeh. 2001. “Isoprene Emission From Plants.”
Annual Review of Plant Physiology and Plant Molecular Biology 52:
407-436.

Shaw, A.J.,J. Schmutz, N. Devos, S. Shu, A. A. Carrell, and D. J. Weston.
2016. “Chapter Five—The Sphagnum Genome Project: A New Model
for Ecological and Evolutionary Genomics.” In Advances in Botanical
Research, edited by S. A. Rensing, vol. 78, 167-187. Academic Press.

Shrivastava, M., C. D. Cappa, J. Fan, et al. 2017. “Recent Advances in
Understanding Secondary Organic Aerosol: Implications for Global
Climate Forcing.” Reviews of Geophysics 55: 509-559.

Sims, L., C. Wright, A. T. Crombie, et al. 2023. “Whole-Cell Studies
of Substrate and Inhibitor Specificity of Isoprene Monooxygenase and
Related Enzymes.” Environmental Microbiology Reports 15: 809-819.

Sims, L. P., C. W. J. Lockwood, A. T. Crombie, J. M. Bradley, N. E. le
Brun, and J. C. Murrell. 2022. “Purification and Characterization of the
Isoprene Monooxygenase From Rhodococcus sp. Strain AD45.” Applied
and Environmental Microbiology 88: €0002922.

Singh, A., A. K. Pandey, and S. K. Dubey. 2021. “Biodegradation of
Isoprene by Arthrobacter sp. Strain BHU FT2: Genomics-Proteomics
Enabled Novel Insights.” Bioresource Technology 340: 125634.

Singh, A., N. Srivastava, and S. K. Dubey. 2019. “Molecular
Characterization and Kinetics of Isoprene Degrading Bacteria.”
Bioresource Technology 278: 51-56.

Singsaas, E. L., M. Lerdau, K. Winter, and T. D. Sharkey. 1997. “Isoprene
Increases Thermotolerance of Isoprene-Emitting Species.” Plant
Physiology 115: 1413-1420.

Stevenson, R., and J. Masson. 2016. “Cladopodiella Fluitans and Iron
Deposition on Dersingham Bog National Nature Reserve.” Field
Bryology 116: 22-27.

Svensson, B. H., and T. Rosswall. 1984. “In Situ Methane Production
From Acid Peat in Plant Communities With Different Moisture Regimes
in a Subarctic Mire.” Oikos 43, no. 3: 341-350. https://doi.org/10.2307/
3544151.

Tarnocai, C., J. G. Canadell, E. A. G. Schuur, P. Kuhry, G. Mazhitova,
and S. Zimov. 2009. “Soil Organic Carbon Pools in the Northern
Circumpolar Permafrost Region.” Global Biogeochemical Cycles 23, no.
2:2008GB003327. https://doi.org/10.1029/2008 GB003327.

Uttarotai, T., S. Sutheeworapong, A. T. Crombie, et al. 2022. “Genome
Characterisation of an Isoprene-Degrading Alcaligenes sp. Isolated
From a Tropical Restored Forest.” Biology 11: 519.

Valolahti, H., M. Kivimdenpid, P. Faubert, A. Michelsen, and R. Rinnan.
2015. “Climate Change-Induced Vegetation Change as a Driver of
Increased Subarctic Biogenic Volatile Organic Compound Emissions.”
Global Change Biology 21: 3478-3488.

van Hylckama Vlieg, J. E. T., H. Leemhuis, J. H. L. Spelberg, and D.
B. Janssen. 2000. “Characterization of the Gene Cluster Involved in
Isoprene Metabolism in Rhodococcus sp. Strain AD45.” Journal of
Bacteriology 182, no. 7: 1956-1963. https://doi.org/10.1128/JB.182.7.
1956-1963.2000.

van Winden, J. F., G.-J. Reichart, N. P. McNamara, A. Benthien, and J.
S.S. Damsté. 2012. “Temperature-Induced Increase in Methane Release
From Peat Bogs: A Mesocosm Experiment.” PLoS One 7: €39614.

Vedel-Petersen, 1., M. Schollert, J. Nymand, and R. Rinnan. 2015.
“Volatile Organic Compound Emission Profiles of Four Common Arctic
Plants.” Atmospheric Environment 120: 117-126.

Vettikkat, L., P. Miettinen, A. Buchholz, et al. 2023. “High Emission
Rates and Strong Temperature Response Make Boreal Wetlands a Large
Source of Isoprene and Terpenes.” Atmospheric Chemistry and Physics
23:2683-2698.

Wang, H., A. M. Welch, S. Nagalingam, et al. 2024. “High Temperature
Sensitivity of Arctic Isoprene Emissions Explained by Sedges.” Nature
Communications 15: 6144.

Wiedinmyer, C.,J. Greenberg, A. Guenther, et al. 2005. “Ozarks Isoprene
Experiment (OZIE): Measurements and Modeling of the “Isoprene
Volcano”.” Journal of Geophysical Research-Atmospheres 110: D18307.

Wright, C. L., A. Schatteman, A. T. Crombie, J. C. Murrell, and L. E.
Lehtovirta-Morley. 2020. “Inhibition of Ammonia Monooxygenase
From Ammonia Oxidising Archaea by Linear and Aromatic Alkynes.”
Applied and Environmental Microbiology 86: €02388-023109.

Wright, S. P. 1992. “Adjusted P-Values for Simultaneous Inference.”
Biometrics 48: 1005-1013.

Yeager, C. M., P. J. Bottomley, D. J. Arp, and M. R. Hyman. 1999.
“Inactivation of Toluene 2-Monooxygenase in Burkholderia cepacia G4
by Alkynes.” Applied and Environmental Microbiology 65: 632-639.

13 of 14

85USD 17 SUOWILLIOD BAIERID) B[qed1jdde 3Ly AQ paueAoh a/e BRI YO (88N JO S9N 104 ARG 1T BUIIUO AB] 1A UO (SUORIPUOD-PUR-SWLIRI WD AB I ARe1q 1[BU1IU0// A1) SUORIPUOD pue SWS L 3} 89S *[5202/90/9T] uo Ariqri auliuo Ajim elibuy 1se3 JO ASAN Ad ¥TTOL 0262-297T/TTTT OT/I0P/U0Y AB| 1M ARIq U JUO'S LINO -0 ILIOIALS//SARY WO.) papeojuMoq ‘9 ‘G202 ‘026229t T


https://doi.org/10.1038/nature03802
https://doi.org/10.1038/nature03802
https://doi.org/10.1093/acprof:osobl/9780199602995.003.0004
https://doi.org/10.2307/3544151
https://doi.org/10.2307/3544151
https://doi.org/10.1029/2008GB003327
https://doi.org/10.1128/JB.182.7.1956-1963.2000
https://doi.org/10.1128/JB.182.7.1956-1963.2000

Yuan, K., F. Li, G. McNicol, et al. 2024. “Boreal-Arctic Wetland
Methane Emissions Modulated by Warming and Vegetation Activity.”
Nature Climate Change 14, no. 3: 282-288. https://doi.org/10.1038/s4155
8-024-01933-3.

Yuan, X., V. Calatayud, F. Gao, et al. 2016. “Interaction of Drought and
Ozone Exposure on Isoprene Emission From Extensively Cultivated
Poplar.” Plant, Cell & Environment 39: 2276-2287.

Zhang, H., E.-S. Tuittila, A. Korrensalo, et al. 2021. “Methane
Production and Oxidation Potentials Along a Fen-Bog Gradient From
Southern Boreal to Subarctic Peatlands in Finland.” Global Change
Biology 27, no. 18: 4449-4464. https://doi.org/10.1111/gcb.15740.

Zhou, J., K. Xue, J. Xie, et al. 2012. “Microbial Mediation of Carbon-
Cycle Feedbacks to Climate Warming.” Nature Climate Change 2, no. 2:
106-110. https://doi.org/10.1038/nclimate1331.

Zhu, Y.-G., C. Xiong, Z. Wei, et al. 2022. “Impacts of Global Change on
the Phyllosphere Microbiome.” New Phytologist 234: 1977-1986.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section.

14 of 14

Environmental Microbiology, 2025

85USD 17 SUOWILLIOD BAIERID) B[qed1jdde 3Ly AQ paueAoh a/e BRI YO (88N JO S9N 104 ARG 1T BUIIUO AB] 1A UO (SUORIPUOD-PUR-SWLIRI WD AB I ARe1q 1[BU1IU0// A1) SUORIPUOD pue SWS L 3} 89S *[5202/90/9T] uo Ariqri auliuo Ajim elibuy 1se3 JO ASAN Ad ¥TTOL 0262-297T/TTTT OT/I0P/U0Y AB| 1M ARIq U JUO'S LINO -0 ILIOIALS//SARY WO.) papeojuMoq ‘9 ‘G202 ‘026229t T


https://doi.org/10.1038/s41558-024-01933-3
https://doi.org/10.1038/s41558-024-01933-3
https://doi.org/10.1111/gcb.15740
https://doi.org/10.1038/nclimate1331

	Isoprene Production by Sphagnum Moss Is Balanced by Microbial Uptake, as Revealed by Selective Inhibitors
	ABSTRACT
	1   |   Introduction
	2   |   Experimental Procedures
	2.1   |   Sampling
	2.2   |   Amplicon Sequencing
	2.3   |   Long Read Metagenomic Sequencing
	2.4   |   Microcosms
	2.5   |   First Incubations—Methane and Isoprene Uptake by Living Moss Shoots
	2.6   |   Second Incubations—Methane and Isoprene Uptake by Moss and Peat
	2.7   |   Third Incubations—Isoprene Uptake and Production by Living Moss Shoots
	2.8   |   Determination of Uptake Rates of Methane and Isoprene

	3   |   Results
	3.1   |   First Incubations—Live Moss Shoots Only
	3.2   |   Second Incubations—Live Moss Plus Peat
	3.3   |   Third Incubations—Isoprene Uptake and Production by Living Moss Shoots
	3.4   |   Microbial Community Analysis
	3.5   |   Long-Read Metagenomic Sequencing

	4   |   Discussion
	5   |   Conclusions
	Author Contributions
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	References


