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Abstract
1. Plant invasion can strongly influence carbon (C) cycling processes, thus it may af-

fect climate change by altering C sequestration and greenhouse gas emissions in 
the invaded ecosystem. Since 1979, the exotic Spartina alterniflora has rapidly ex-
panded in China’s coastal areas, where significant increase in methane (CH4) emis-
sions has been documented from post‐invaded sites. However, a mechanistic 
understanding of the structural and functional changes of associated methano-
gens accompanying this invasion remains elusive.

2. Here we conducted integrated biogeochemical investigations on methanogenic 
substrates, activity, and diversity to identify implications of S. alterniflora invasion 
for methanogenesis in coastal wetlands. To do this, we collected and analysed 
0–50 cm soil profiles from an uncolonised tidal flat (TF) and salt marshes that S. 
alterniflora has invaded for 1 year (SA‐1) and 12 years (SA‐12) in Jiangsu, China. 
Methanogenic community composition was characterised by massive parallel se-
quencing. The rates and pathways of methanogenesis were determined by adding 
trace concentrations of 13C‐labelled substrates to anaerobic incubated samples.

3. Our results revealed that 12‐year invasion of S. alterniflora drastically increased 
CH4 production potential by one order of magnitude over that of TF. This substan-
tial increase was primarily attributed to methanogenesis from trimethylamine; its 
rates increased by two orders of magnitude over TF whereas those from acetate 
and H2/CO2 increased far less. Hydrogenotrophic methanogenesis was the domi-
nant pathway operating in the TF, but methanotrophic pathway contributed most 
to CH4 production in the surface layer of SA‐1 and uppermost 40‐cm layers of 
SA‐12. Consistent with these observations, the dominant methanogens shifted 
from obligate hydrogenotrophic Methanococcales in TF to potential methylamine‐
utilising Methanosarcinaceae in SA‐12. Our Mantel analysis indicated that ‘non‐
competitive’ trimethylamine, derived from cytoplasmic osmolytes of S. alterniflora, 
was the major driver of this change in methanogenic community composition.
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1  | INTRODUC TION

Invasive species pose a grave threat to the biodiversity and stability 
of native ecosystems worldwide (Lambertini et al., 2011). By altering 
resource availability, trophic structure, and subterranean microbial 
communities, invasive plants can profoundly affect ecosystem func-
tioning and processes, with implications for climate change effects 
(Norton et al., 2008). On the one hand, compared with native plants, 
invasive plants typically increase net primary productivity (Liao et 
al., 2008) and accelerate nitrogen (N) fluxes (Castro‐Díez, Godoy, 
Alonso, Gallardo, & Saldaña, 2014), thereby increasing soil carbon 
(C) and N pools in post‐invaded ecosystems. On the other hand, this 
newly altered resource environment may strongly influence soil mi-
crobial communities and their dynamics (Piper, Siciliano, Winsley, 
& Lamb, 2015; Ramirez, Lauber, Knight, Bradford, & Fierer, 2010), 
which regulate the stability of soil organic C (SOC) and greenhouse 
gas (nitrous oxide (N2O) and CH4) emissions in the invaded ecosys-
tems (Tamura & Tharayil, 2014; Yuan et al., 2015). Since climate 
change and exotic plant invasion are predicted to strongly interact 
with catastrophic outcomes (Dawson, Rohr, van Kleunen, & Fischer, 
2012), a mechanistic understanding of how plant invasions influence 
greenhouse gas production remains an important ecological and en-
vironmental issue (Tylianakis, Didham, Bascompte, & Wardle, 2008).

Plant invasion can alter the composition and activity of soil mi-
crobial communities by altering the quality and quantity of leaf litter, 
as well as the composition of root exudates (Eilers, Lauber, Knight, & 
Fierer, 2010). For instance, grass invasion increased the abundance 
and changed the composition of ammonia‐oxidising bacteria by aug-
menting the mineralisation rates of exogenous organic materials and 
the availability of ammonium, thereby increasing nitrification rates 
(Hawkes, Wrem, Herman, & Firestone, 2005) and N2O emissions in 
soil (Norton et al., 2008). In contrast, weak or negligible influences 
on soil microbial composition and activity under plant invasion have 
also been reported (e.g., Cruz‐Martinez et al., 2009).

Compared with other terrestrial ecosystems, such as shrubland 
and grassland, natural wetlands are more susceptible to invasive 
plants and more prone to becoming monocultures after an invasion 
(McCary, Mores, Farfan, & Wise, 2016). In wetlands, invasive plants 
have a higher net primary productivity than native plants, and they 

can have more pronounced effects on trophic structure and sub-
terranean C cycles than in other ecosystems (Angeloni, Jankowski, 
Tuchman, & Kelly, 2006; McCary et al., 2016). As a major source of 
atmospheric CH4, biogenic CH4 production in wetlands is regulated 
by methanogens (Conrad, 2007,2009): these microbes not only 
differ in their CH4 production pathway and potential but may also 
respond differently to trophic and environmental changes (Jetten, 
Stams, & Zehnder, 1992). Therefore, linking methanogenic commu-
nity composition to its functioning in CH4 production is essential for 
understanding the cascade effect of plant invasions on CH4 emis-
sions in wetland ecosystems.

Spartina alterniflora is a C4 plant native to the Atlantic and Gulf 
coasts of North America that was intentionally introduced to China 
in 1979 for coastal erosion control (Qin & Zhong, 1992). Since then 
it has spread rapidly in Chinese coastal regions and becomes one of 
the dominant plants in the land‐water ecotone, as it did in Pacific 
Coast estuaries of the USA and other East Asian countries (Bertness, 
1991; Davis, Taylor, Civille, & Strong, 2004; Henmi, Fuchimoto, 
Kasahara, & Shimanaga, 2017). In these invaded wetlands not only 
is this plant a threat to birds, fish, and shellfish that depend on open 
habitats (Grevstad, 2005), but it also has dramatically changed the 
cycling of C and nutrients (Benner, Fogel, & Sprague, 1991; Liao et 
al., 2008). S. alterniflora has greater net primary productivity than 
co‐occurring native plants, which presumably could lead to enlarged 
C stocks in plant biomass and soils (Zhang, Ding, Luo, & Donnison, 
2010). Yet, although the elevated organic C input has increased CH4 
emissions in the salt marshes (Yuan et al., 2015), this was dispropor-
tionate to any increase in SOC. For example, when compared with 
a nearby bare tidal flat (TF), 12 years of S. alterniflora invasion aug-
mented the soil C stock in the top 1m profile by 2.24 times while the 
corresponding CH4 emissions have increased by 5.05 times (Yuan et 
al., 2015). Hence, relative to SOC content, ensuing changes to the 
methanogenic substrate type and methanogen community composi-
tion might be more responsible for the stimulated functioning of CH4 
production typical of invaded marshlands (Buckley, Baumgartner, & 
Visscher, 2008; Emery & Fulweiler, 2014).

Nevertheless, microbial processes in salt marshes are strictly 
governed by the ordering of oxygen, nitrate, Mn (IV), Fe (III), and 
sulphate along with the redox gradient, with sulphate being the 

4. Synthesis. Our results suggest that invasive Spartina alterniflora plants gradually 
facilitated the local dominance of methylotrophic Methanosarcinaceae by changing 
the key type of methanogenic substrate in coastal marshes. Shifts in methanogen 
communities and enhanced availability of trimethylamine elevated the rates and 
importance of methylotrophic methanogenesis, thereby markedly increasing CH4 
production potential and emission rates in this type of ecosystem.
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most common acceptor (Wilms, Köpke et al., 2006). Thus salt 
marshes are typically redox‐stratified and feature depth‐related 
chemical gradients (Lambais, Otero, & Cury, 2008; Wilms, Sass et 
al., 2006). Thermodynamically, methanogens are out‐competed by 
sulphate reducers for H2 and acetate, and CH4 production via these 
‘competitive’ substrates is generally inhibited until the available 
sulphate is depleted (King, 1984). However, methylotrophic meth-
anogenesis that utilises ‘non‐competitive’ substrates – for example, 
methylated compounds, such as, methylated amines, methanol, and 
dimethyl sulfide – is known to co‐occur in the presence of sulphate 
(Oremland, Marsh, & Desmarais, 1982), and was found to be of 
greater importance in sulphate‐rich coastal sediments (Parkes et al., 
2012; Zhuang et al., 2016). In the Atlantic coasts of North America, S. 
alterniflora was found to release amines, especially trimethylamine, 
into salt‐marsh sediment during decomposition (Wang & Lee, 1994). 
Moreover, this plant is a unique salt marsh macrophyte in that it ab-
sorbs sulphate from tidewater to synthesise dimethylsulfoniopropi-
onate (DMSP) (Husband & Kiene, 2007; Rhodes & Hanson, 1993). 
Conversely, the decomposition of DMSP can release sulphur, which 
can be further oxidised by S. alterniflora roots, thereby increasing 
the storage capacity of sulphate in salt marsh soils (Dacey, King, & 
Wakeham, 1987; Lee, Kraus, & Doeller, 1999; Zhou et al., 2009).

Here, we hypothesised that S. alterniflora gradually alters chemi-
cal and trophic gradients and the abundance and community compo-
sition of methanogens in its invaded sites, thus augmenting the rates 
and pathways of methanogenesis. This study had two objectives: (a) 
to evaluate the influence of S. alterniflora on methanogenic commu-
nity composition and the rates and pathways of CH4 production in 
profiled soils; and (b) to better understand how the composition and 
functioning of methanogens is linked to geochemical characteristics 
of a wetland under S. alterniflora invasion.

2  | MATERIAL S AND METHODS

2.1 | Site description and soil sampling

The sites located in the Yancheng National Wetland Reserve, in 
Jiangsu Province, China (33°36'N, 120°36'E) – details of its hydro-
logical, vegetation, and soil characteristics were previously described 
(Yuan, Ding, Liu, Xiang, & Lin, 2014). Briefly, the coastal salt marsh 
features typical alluvial mudflats with semidiurnal tidal periodicity, 
with a tidewater salinity of 30.0‰–32.0‰. The native plant species 
Suaeda salsa dominated this area until 1982 before S. alterniflora was 
intentionally introduced (Chung, Zhuo, & Xu, 2004). Since then, this 
invasive species has not only gradually replaced the native plants but 
also rapidly spread over the intertidal mudflats. During 1992–2007, 
>75% of the new invaded marsh in this region was initially derived 
from bare flats (Zheng, Zhang, Jiang, & Wang, 2009).

Soil sampling was carried out in June 2011 at three sites. Bare 
TF and two sites where S. alterniflora colonised in 2010 (SA‐1) and 
1999 (SA‐12), respectively, were identified from Thematic Mapper 
(TM) satellite images (Figure S1). The S. alterniflora sites were for-
merly pristine bare TF, and all three sites were flooded semidiurnally. 

The pre‐invasion soil contained sand 7.8%, silt 82.2%, and clay 
10.0%, with a pH of 8.4. Before sampling, three 5m × 5m plots in 
each site were randomly located with an inter‐plot distance of 50m. 
Soil cores in each plot (depth to 50 cm) were obtained in triplicate 
using a Wardenaar® peat profile sampler (Eijelkamp, Netherlands) 
and divided into 10cm‐thick sections in the field (with a plastic spat-
ula). Replicate sections of the same layer in each plot were carefully 
mixed to form a composite plot‐level sample. A subsample from each 
was placed into a sealed plastic bag, transported on ice to the lab-
oratory, and stored at –20°C until the microbial and geochemical 
analyses. Another subsample was air‐dried for the analysis of soil 
properties. A 50cm × 50cm quadrat in each plot was sampled to es-
timate the density of S. alterniflora and the weight of its litter and 
above‐ and below‐ground biomass. Plants and litter in each quadrat 
were clipped at the soil surface for their height and stem density 
measurements. Subterranean biomass was determined via the core 
method (Mazzilli, Kemanian, Ernst, Jackson, & Piñeiro, 2015): soil 
cores (diameter = 5 cm, length = 50 cm) were taken from each quad-
rat, with the roots and rhizomes then separated from the soil using 
water and mesh sieves. The litter and above‐ and below‐ground bio-
mass samples were oven‐dried for 24 hr at 70°C and weighed.

2.2 | Soil properties

Concentrations of SOC and total N (TN) were determined by using 
the wet oxidation redox titration method and the micro‐Kjeldahl 
method, respectively. Dissolved organic and inorganic components 
of the fresh soils were extracted using boiled distilled water (CO2 re-
moved) in a soil‐to‐water ratio of 1:2 (w/v) for 30 min under agitation 
at 200 rpm in a flask, and centrifuged at 2,500 g for 25 min at 4°C. 
Part of the supernatant was then filtered through a 0.45μm pore size 
membrane filter (Whatman, Clifton) and its bicarbonate concentra-
tion determined by potentiometric titration. The remaining super-
natant was immediately acidified with 2 ml of 2 M HCl and filtered. 
The analysis of sulphate was performed on an ICS‐1100 ion chroma-
tography system (Dionex, Camberley, UK) fitted with an AS11‐HC 
2mm column and a conductivity detector. Dissolved organic C (DOC) 
was measured on a Multi N/C 3100 TOC analyser (Analytik Jena AG, 
Jena, Germany). Organic acid concentrations were determined using 
an LC‐2010HT high‐performance liquid chromatography apparatus 
(Shimadzu, Kyoto, Japan), fitted with a Shodex RS‐Pak KC‐811 col-
umn (Waters Corporation, Milford), and an ultraviolet‐visible spec-
trum detector (SPD‐20A/20AV, Shimadzu, Kyoto, Japan). Acidified 
extracts were concentrated to approximately 7–8 ml from 100 ml by 
diffusion at 55°C. An aliquot (6 ml) of each concentrated extract was 
pipetted into a 10ml vial that contained 2 g NaCl. The vial was sealed 
with Teflon‐faced septa before injecting 0.5 ml of 10 M NaOH. All 
vials were individually conditioned for 40 min at 65°C and 500 rpm 
agitation to volatilise the methylated amines. The concentration of 
amines was determined by injecting a 1.0ml headspace sample into 
a gas chromatography‐mass spectrometry (GC‐MS) system, which 
consisted of a helium CP 3800 GCs (Varian, Darmstadt, Germany) 
coupled to a Saturn 2200 MS (Varian, Darmstadt, Germany). The 
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temperature of the injector, detector, and transfer line was set at 
120°C, 250°C, and 280°C, respectively. The column temperature 
was initially held at 35°C for 3 min, then increased at a rate of 35°C/
min to 120°C, at which it was maintained for 2 min to remove any 
volatile or semi‐volatile interference before the next injection. The 
flow rate of the helium carrier gas was set at 1 ml/min, by using the 
splitless mode. Electron impact mode at 70 eV was used, and the 
quantification of amines performed under the selected ion‐monitor-
ing mode (Yuan et al., 2014). The method detection limit was approx-
imately 0.22 μM for trimethylamine and 0.35 μM for dimethylamine.

2.3 | Methanogenic activity

The CH4 production rates were measured using NaH13CO3, [U‐13C] 
sodium acetate and trimethylamine (99% enriched, Cambridge 
Isotope Laboratories, Woburn). From each fresh soil sample, 10 g 
(dry weight) was placed into a 100ml incubation jar containing an-
oxic artificial seawater (soil‐to‐water ratio of 1:2) and thoroughly 
mixed into the slurry. Artificial seawater was prepared according 
to Buckley et al. (2008), but dissolved inorganic C was excluded 
from the mixture. Each jar was sealed with butyl rubber septa, 
evacuated with a vacuum pump, and flushed with N2. Before the 
injection of 13C‐labelled substrates, these jar samples were incu-
bated at 25°C in the dark for 3 days until CH4 production rates had 
stabilised. Although the sampling, storage, and mixing procedure 
might have affected microbial activity in soil samples, it should not 
have biased the effects of different treatments and temporal be-
haviour. Then, 0.5 ml of a stock solution containing a 13C‐labelled 
substrate treatment – 40 μM acetate, 40 μM trimethylamine, or 
400 μM bicarbonate – was injected into the three replicates to yield 
a final 13C‐substrate concentration of 1.0 μM each for acetate and 
trimethylamine, and 10 μM for bicarbonate. This range of added 
substrate concentrations was chosen on purpose to maximise the 
detection of produced 13CH4 without stimulating methanogenesis 
(i.e., 13C being added in trace quantities) (Kelley, Chanton, & Bebout, 
2015; Kelley, Poole, Tazaz, Chanton, & Bebout, 2012). All the sam-
ples were incubated at 25°C in the dark for 8 hr after injection. Gas 
samples were taken and analysed for their concentration and δ13C 
of CH4 during incubation. The CH4 production potential of soil was 
measured using six replicates of control (i.e., no substrate added).

Methane concentration in the headspace was analysed by GC12A 
gas chromatography (Shimadzu, Kyoto, Japan) equipped with a flame 
ionisation detector. The δ13C of CH4 was analysed on a gas chro-
matography combustion isotope ratio mass spectrometer system 
(Thermo Finnigan MAT 253, Bremen, Germany). Precision for δ13C of 
CH4 was ± 0.19% based on repeated measurements of a working lab-
oratory standard. The δ13C of the samples was expressed as follows:

where Rsa is the 13C/12C ratio of the sample, and Rst is the 13C/12C 
ratio of the Pee Dee Belemnite standard.

The rates of CH4 production from acetate, H2/CO2, and trime-
thylamine were calculated by considering the proportion of 13CH4 

produced from the corresponding added 13C substrate (acetate, bi-
carbonate, or trimethylamine), the concentration of substrates in the 
incubated slurry, and the incubation time, as follows:

where F0 and Ft are fractional abundances (converted by δ13C) of the 
C isotopes of CH4, respectively, at the beginning and end of the in-
cubation in 13C‐substrate addition jars; F* is the fractional abundance 
of C isotopes of CH4 in control jars; m0 and mt are the amounts (μmol) 
of CH4 in the headspace of 13C‐substrate addition jars at the be-
ginning and end of the incubation, respectively; m0* and mt* are the 
amounts (μmol) of CH4 in the headspace of control jars at the begin-
ning and end of incubation, respectively; nsub and n13C−sub are the ini-
tial amounts (μmol) of the substrates and added 13C‐substrate; ms is 
the mass of incubated soils (kg); t is incubation time (hr); and α is the 
isotopic fractionation factor (presumed to be 1.04 for bicarbonate, 
1.02 for acetate, and 1.06 for trimethylamine; Zhuang et al., 2016).

The relative contribution of methanogenesis pathways was cal-
culated as follows:

where fsub is the fraction of CH4 produced from acetate (fAc), H2/CO2 
(fH2), and trimethylamine (fTMA); MPP is the CH4 production potential.

Relative turnover times for all 13C‐substrates were expressed as 
the days required to metabolise to CH4 from the total amount of 
added 13C‐substrate, as follows (Parkes et al., 2012):

where n13C−sub is the amount of added 13C‐substrate (μmol) and 
m13CH4

 is the amount of 13CH4 produced (μmol) from the added 
13C‐substrate.

2.4 | Molecular analysis

Microbial DNA was extracted from soils (0.5 g, in triplicate) using 
the FastDNA SPIN Kit for Soil (Bio 101, Carlsbad). This extracted 
DNA was used for qPCR and Illumina Miseq sequencing. The num-
bers of bacterial and archaeal 16S rRNA gene copies and metha-
nogenic mcrA gene copies were determined by qPCR, respectively, 
using the primer combinations 519F/907R for bacteria (Stubner, 
2002), Arch344F/Arch915R for archaea (Zheng et al., 2013), and 
MLf/MLr for mcrA gene (Juottonen, Galand, & Yrjälä, 2006). PCR 
reactions were performed in a CFX96 Optical Real‐Time Detection 
System (Bio‐Rad Laboratories Inc., Hercules, USA) in a total vol-
ume of 20 μl that contained 1 × SYBR® Premix Ex Taq™ (TaKaRa 
Biotech, Dalian, China), 0.5 μM of each primer, and 1 μl of the DNA 
template (1–10 ng). Amplifications for the bacterial and archaeal 
16S rRNA gene began with denaturing at 95°C for 5 min, followed 
by 30 cycles of denaturing at 95°C for 30 s, annealing at 55°C for 
30 s, extension at 72°C for 30 s, and a final extension at 72°C for 
5 min. The amplification procedure for mcrA gene consisted of ini-
tial denaturation at 95°C for 2 min, followed by 35 cycles of de-
naturing at 95°C for 10 s, annealing at 55°C for 30 s, extension at 

(1)�
13
C = 10
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(2)Rsub=a×

(

Ftmt−F0m0

)

−
(

F∗mt∗ −F∗m0∗

)

ms× t
×

nsub

n13C−sub

(3)fsub=Rsub∕MPP

(4)Turnover time = n13C−sub∕
(

m13CH4
∕t
)



2440  |    Journal of Ecology YUAN et Al.

72°C for 30 s, with the plate finally read at 80°C. Real‐time PCR 
was performed for each of the triplicates. Their standard curves 
were generated using 10‐fold serial dilutions of linearised plasmids 
containing the bacterial (or archaeal or mcrA) gene from the envi-
ronmental samples.

Specific PCR primers – 524F10ext, 5'‐TGYCAGCCGCCGCGGT 
AA‐3' and Arch958R, 5'‐YCCGGCGTTGAVTCCAATT‐3' – targeting 
the V4–V5 region of the archaeal 16S rRNA gene were used (Pires 
et al., 2012). The PCR conditions consisted of initial denaturation 
at 95°C for 3 min, followed by 35 cycles of denaturing at 95°C for 
30 s, annealing at 55°C for 30 s, extension at 72°C for 45 s, with a 
final extension at 72°C for 10 min. The purified amplicons were first 
pooled in an equimolar concentration before their sequencing using 
a HiSeq 2000 system (Illumina Inc., San Diego). All the raw archaeal 
reads have been deposited in the DNA Data Bank of Japan under the 
accession number DRA007727.

The obtained sequence data were processed by QIIME v1.8.0 
and low quality archaeal sequences deleted (Bates et al., 2011), 
with any chimeric archaeal sequences screened by the UCHIME 
algorithm (Edgar, Haas, Clemente, Quince, & Knight, 2011). The 
remaining sequences were de‐noised and clustered into oper-
ational taxonomic units (OTUs), with a 97% similarity cut‐off, by 
using UPARSE v7.0.1001 (Edgar, 2013). A representative sequence 
within each OTU was classified in the mothur software platform 
(Schloss et al., 2009) and aligned against the SILVA archaeal 16S 
rRNA gene database. Only those OTUs belonging to methanogens 
and anaerobic methane‐oxidising archaea (ANME) were retained 
for further analyses.

2.5 | Statistical analyses

All the statistical analyses were performed using R v3.2.2 (R Core 
Team, 2015), with all the data expressed in terms of the oven‐dried 
soil. One‐way and two‐way analysis of variance (ANOVA), followed 
by post‐hoc Tukey's HSD tests, were used to compare plant char-
acteristics, soil properties, gene abundances, relative abundances 
of methanogenic archaeal taxa, and rates and fractions of CH4 pro-
duced from substrates among the coastal sites (TF, SA‐1, SA‐12) and 
their soil depth layers (five 10cm intervals in the 0‒50 cm profile) 
within the same site. Before this analysis, the response variables 
above were evaluated for normality and homogeneity and ln‐trans-
formed when necessary to satisfy ANOVA assumptions.

For beta‐diversity, nonmetric multidimensional scaling (NMDS) 
was carried out using the ‘metaMDS’ function. Differences in 
methanogenic community composition among sites and soil layers 
were assessed in a permutational multivariate analysis of variance 
(PERMANOVA), which relied on Bray–Curtis dissimilarity, by using 
the ‘adonis’ function. Using these same dissimilarity matrices, we 
evaluated relationships between soil variables and methanogenic 
community composition with a Mantel test, with 999 permutations, 
by using the ‘mantel’ function. A heatmap was constructed, using 
the ‘ggplot2’ package, for the OTUs that explained most of the dif-
ferences found between the site and soil layer samples. Pearson 
correlations were used to explore the associations between soil 
properties and microorganism abundances. Regression models (lin-
ear and polynomial) were used to quantify how the fTMA, rates of 
methanogenesis, and turnover time of trimethylamine depended 
on the relative abundance of Methanosarcinaceae. Differences be-
tween group means and fitted regressions were deemed significant 
at p < 0.05. One caveat to note is that we applied statistical tests to 
data from same‐site samples used as replicates for testing the main 
effect of the site; since the three types of sites could not be truly 
replicated for logistical reasons, this may limit the inferences we can 
appropriately draw.

3  | RESULTS

3.1 | Plant and soil characteristics

The above ground plant biomass of the invasive S. alterniflora in SA‐1 
was 75.3% greater than that in SA‐12 (Table 1). By contrast, its below 
ground biomass was significantly higher in SA‐12 than in SA‐1; in the 
latter, there was barely any litter (near zero), unlike for SA‐12 (>1 kg/m2).

The average concentrations of SOC, TN, and DOC increased with 
the invasion duration of S. alterniflora, and decreased with soil depth 
layers at all three sites (Figure 1). They were significantly higher in 
SA‐12 for all layers analysed, but were only significantly higher in the 
0‒20 cm layer of SA‐1 than in the corresponding layer of TF (p < 0.05). 
Sulphate concentration in soils decreased markedly with depth in 
SA‐12, from 32.4 to 9.87 mmol/kg, yet it was notably higher than 
in TF and SA‐1 wherein its profile was less changed. Similarly, the 
mean concentrations of acetate and trimethylamine increased with 
invasion duration. Acetate concentration was significantly (p < 0.05) 
higher in SA‐12 than in TF and SA‐1 in all layers analysed, and it was 

TA B L E  1   Biological characteristics of the Spartina alterniflora community in the Yancheng coastal salt marsh, Jiangsu Province, China

Site Invasion duration (years)
Aboveground biomass 
(kg/m2)

Belowground biomass 
(kg/m2) A/B ratio*  Litter (kg/m2)

SA‐1 1 2.68 ± 0.39a 2.85 ± 0.20b 0.94 ± 0.08a 0.02 ± 0.00b

SA‐12 12 1.53 ± 0.29b 3.37 ± 0.23a 0.45 ± 0.05b 1.53 ± 0.29a

F-value — 17.15 8.74 80.40 100.18

p-value — 0.014 0.042 0.001 0.001

Note. Values are means ± SE (n = 3). Different letters (a or b) within the same column indicate significant differences at p < 0.05.
*Ratio of aboveground to belowground biomass. 
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generally higher in the upper layers of SA‐12, peaking in the 10‒20 cm 
layer (Figure 1e); it was also significantly higher in the 0‒20 cm layer 
of SA‐1 than that of TF (p < 0.05). Compared with TF, the mean con-
centration of trimethylamine in SA‐1 and SA‐12 increased by 208% 
and 935%, respectively, with both maxima occurring in the surface 
layer. A significant (p < 0.05) difference in trimethylamine was found 
in the 0‒40 cm layers between SA‐12 and SA‐1 or TF, but only so in 
the 0‒20 cm layers between SA‐1 and TF (Figure 1g). The highest 
formate concentration was measured in the 20‒30 cm layer of SA‐1, 
yet its concentrations were similar among the three sites.

3.2 | Abundance of microorganisms

Two‐factor ANOVA revealed significant effects of site, layer 
and their interaction on the abundance of soil microorganisms 
(Table S1). S. alterniflora invasion significantly increased bacterial 
abundance by 145%‒782% and 79.0%‒290% in SA‐12 and SA‐1, 
respectively, compared with TF (Figure 2a). However, these num-
bers dropped drastically with soil depth, especially in SA‐12. The 
archaea numbers were generally lower than those of bacteria by 
one order of magnitude, but their soil depth profile patterns were 
similar (Figure 2b). The S. alterniflora invasion had a stronger posi-
tive effect on archaea, as showed by their 261%‒1,830% increase 
in SA‐12 over TF. Similarly, when compared with TF, 12‐year inva-
sion by S. alterniflora increased the abundance of mcrA genes by 
614%‒3,380% whereas the 1‐year invasion only increased them 
by 4%‒122% (Figure 2c). Abundances of bacteria, archaea, and 
mcrA genes were significantly correlated with SOC, TN, DOC, 

trimethylamine, acetate, and sulphate (p < 0.05), but not with for-
mate or bicarbonate (Table S2).

3.3 | Methanogenic community 
composition and diversity

High‐throughput sequencing of the archaeal 16S rRNA gene was 
used to determine the major methanogen taxa in marsh soils. Total 
OTUs consisted of six different orders of methanogens in the 

F I G U R E  1   Geochemical vertical 
profiles of a bare tidal flat (TF), and two 
coastal marshes invaded by Spartina 
alterniflora in 2010 (SA‐1) and 1999 
(SA‐12), respectively. (a) soil organic 
carbon (SOC), (b) total nitrogen (TN), 
(c) dissolved organic carbon (DOC), (d) 
sulphate, (e) acetate, (f) formate, (g) 
trimethylamine, and (h) bicarbonate. 
Horizontal bars denote standard errors of 
means (n = 3) [Colour figure can be viewed 
at wileyonlinelibrary.com]
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phyla Euryarchaeota, including putative hydrogenotrophic (all ex-
cept Methanosaetaceae and Methanomassiliicoccales), acetoclastic 
(Methanosaetaceae and Methanosarcinaceae), and methylotrophic 
(Methanosarcinaceae and Methanomassiliicoccales) organisms; yet 
methanogens in both Bathyarchaeota and Verstraetearchaeota 
phyla were not detected.

The S. alterniflora invasion had gradually changed the commu-
nity composition of archaea potentially involved in CH4 cycling (i.e., 
methanogen and ANME; Figure 3). In TF, the obligate hydrogeno-
trophic methanogens (i.e., Methanococcales, Methanobacteriales, 
Methanomicrobiales, Methanocellales) clearly dominated the com-
munity: their relative abundance increased with depth, going from 
59.2% (0‒10 cm layer) to 81.9% (40‒50 cm layer), while that of 
Methanococcales correspondingly went from 27.8% to 56.6%. By 
contrast, the relative abundance of versatile Methanosarcinaceae 
and obligate acetoclastic Methanosaetaceae decreased with depth, 
from 23.6% (0‒10 cm) to 5.82% (40‒50 cm) and from 9.37‒11.4% 
(0‒20 cm) to 1.69% (40‒50 cm), respectively. The H2‐dependant 
methylotrophic Methanomassiliicoccales accounted for 7.09%‒23.5% 
of total methanogens. In SA‐1, members of Methanosarcinaceae 
were dominant in the 0‒10 cm layer (44.4%) but their relative abun-
dance decreased to 7.00% in the 40‒50 cm layer, while hydrogeno-
trophic methanogens represented 59.3%‒75.5% of all methanogens 
in the 10‒50 cm layer. Members of Methanosarcinaceae dominated 
the 0‒40 cm layer in SA‐12 and their relative abundance was sig-
nificantly higher than either that of TF or SA‐1 (p < 0.05). Similarly, 
the relative abundance of Methanosaetaceae in each layer was also 

higher (7.21%‒23.2%) in SA‐12 than in TF (1.69%‒11.4%) or SA‐1 
(2.46‒11.1%). In contrast, relative abundances of hydrogenotrophic 
methanogens and Methanomassiliicoccales were both lower in SA‐12 
than in TF or SA‐1. However, at all sites the ANME were only barely 
detected.

For methylotrophic methanogens, OTU1017 (Methanosarcina) 
was dominant in all the samples (Figure S2), and it had a relatively 
higher abundance in the soil depth profile of SA‐12 than that of TF 
and SA‐1, yet at all three sites it showed a similar decreasing trend 
with depth. The relative abundances of OTUs belonging to the order 
Methanomassiliicoccales (OTU7162, OTU16009, OTU13209) were 
generally lower than that of OTU1017, and they showed a more 
equal distribution between sites and between soil depth layers.

Shifts in methanogenic community composition in response to S. 
alterniflora invasion were discerned by the NMDS analysis (Figure 4). 
Samples were clearly separated by layers across axis 1 and by sites 
across axis 2; this finding was confirmed by the PERMANOVA analysis 
(Table 2). Mean distances and the variability in methanogenic com-
munity composition were greatest in SA‐1, followed by SA‐12 and 
TF. Additionally, the compositions of the methanogenic community 
in the 40‒50 cm layer at each site clustered more closely than those 
in the upper soil layers in the NMDS plot. The heatmap of the top 
32 OTUs suggested the samples were separated into two major clus-
ters: the distribution of OTUs in the 0–40 cm layer of SA‐12 and the 
0–10 cm layer of SA‐1 were distinct from those in the 10–50 cm layers 
of SA‐1 and TF (Figure S3). In the former cluster, Methanosarcinaceae 
OTU1017 was most abundant while in the latter was Methanococcales 
(OTU17825 and OTU6819). Mantel testing revealed the methanogenic 

F I G U R E  3   Relative abundance of taxonomic groups among total 
sequences that are potentially involved in CH4 cycling (methanogen 
and anaerobic methane‐oxidising archaea, ANME), as determined 
by high‐throughput sequencing. Error bars are standard errors of 
means (n = 3). Tidal flat (TF) is a bare tidal flat; SA‐1 and SA‐12 are 
coastal marshes invaded for 1 and 12 years by Spartina alterniflora, 
respectively [Colour figure can be viewed at wileyonlinelibrary.com]
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community composition as being significantly correlated with con-
centrations of SOC, TN, DOC, acetate, sulphate, and especially trime-
thylamine, but not with formate or bicarbonate (Table 3).

3.4 | Methanogenesis

The rate of methanogenesis measured in soils without 13C‐substrate 
addition (i.e., CH4 production potential) was highest in the upper 
layer, decreasing with depth at all sites (Figure 5a and Figure S4). In 
the SA‐12 layers the potential rates ranged from 0.89 to 6.42 μmol 
CH4 kg−1 d−1, or about 6.56–14.9 times higher than those of TF, while 
they only increased by 166%‒315% in the 0‒30 cm layer of the site 
invaded for 1 year by S. alterniflora. The δ13C values of CH4 produced 
during the incubation were similar in all layers of each site, but they 
generally increased with soil depth in unamended controls (Figure 5b 
and Figure S5). By contrast, CH4 became more 13C‐depleted under a 
longer duration of invasion (Figure 5b).

The highest rates of methanogenesis from each substrate (as 
measured by trace 13C‐substrate additions) were always detected in 
the 0‒10 cm layer of the three sites (Figure 6). In TF, rates for trime-
thylamine were significantly lower than those for acetate and H2/
CO2 in each layer; at this site, H2/CO2 was the main substrate used, 
contributing 34.2% (0‒10 cm) to 53.3% (40‒50 cm) of the total CH4 
produced (fH2). However, the contribution of acetate (fAc) and trime-
thylamine (fTMA) showed a decreasing pattern with depth. Compared 
with TF, the methanogenesis rate for trimethylamine in the 0‒30 cm 

layers of SA‐1 was one order of magnitude higher; however, the cor-
responding rates of acetoclastic and hydrogenotrophic methanogen-
esis only increased by 104%‒126% and 82.8%‒129%, respectively.

In SA‐12, the methanogenesis rate for trimethylamine in 
the 0‒40 cm layer was 83.5%–890% and 3.02%–841% higher 
than that for acetate and H2/CO2, respectively, with a fTMA of 

TA B L E  3   Mantel correlations between eight soil properties and 
methanogen community composition

Soil properties RMantel p‐value

SOC –0.372 0.002

TN –0.307 0.008

DOC –0.253 0.036

Sulphate –0.356 0.005

Acetate –0.334 0.005

Formate –0.096 0.353

Trimethylamine –0.418 <0.001

Bicarbonate 0.098 0.817

Note. Values were ln‐transformed prior to the statistical analyses to meet 
ANOVA assumptions.
SOC, soil organic carbon; TN, total nitrogen; DOC, dissolved organic 
carbon.

F I G U R E  5   Vertical profiles of (a) CH4 production potential 
and (b) 13C‐isotope signatures of CH4 produced in anoxic coastal 
marsh soil slurries. Horizontal bars denote standard errors of 
means (n = 6). Tidal flat (TF) is a bare tidal flat; SA‐1 and SA‐12 are 
coastal marshes invaded for 1 and 12 years by Spartina alterniflora, 
respectively [Colour figure can be viewed at wileyonlinelibrary.com]
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TA B L E  2   PERMANOVA tests of methanogen community 
composition dissimilarity based on a Bray–Curtis distance matrix

Source of 
variation df F‐value R2 p‐value

Site 2 28.70 0.337 0.001

Depth 4 9.85 0.232 0.001

Site × depth 8 5.42 0.255 0.001

Residuals 30 — 0.176 —
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33.9%–67.3% (Figure 6c,e). However, fTMA decreased with depth, 
to 20.3% in the 40‒50 cm layer; by contrast, fH2 increased with 
depth, reaching its maximum in this deep layer. Overall, 12‐year 
invasion by S. alterniflora significantly stimulated the metha-
nogenesis rates from trimethylamine, the rates of which were 
5.41‒56.5 and 104‒270 times higher than those in SA‐1 and TF, 
respectively. Rates of acetoclastic and hydrogenotrophic meth-
anogenesis in SA‐12 were also significantly higher than those in 
SA‐1 and TF, especially in the deep soil layers. In SA‐12, trime-
thylamine was the key substrate in the upper 0‒40 cm layers, 
while H2/CO2 became more important for methanogenesis below 
40 cm (Figure 6f).

Twelve-year invasion by S. alterniflora enhanced the turnover 
of all three substrates to CH4, expect for acetate in the 0–10 cm 
layer (Figure S6); however, these turnover times tended to increase 
with depth. Trimethylamine's turnover time in SA‐12 was only 
0.25–0.50 days (about 1–3 orders of magnitude faster than other 
substrates) followed by acetate, with bicarbonate having the longest 
turnover time. Nevertheless, the turnover time of trimethylamine 
was comparable to that of acetate in the deep soil layers of the TF 
and SA‐1 sites.

The rates of methanogenesis and fTMA were positively (p < 0.01) 
correlated with the concentrations of SOC, DOC, acetate, trimethyl-
amine, and sulphate, as well as the abundance of archaeal 16S rRNA 
genes and mcrA genes, whereas these variables were negatively cor-
related with fH2 and fAc (Table S3). The fTMA, rate of methanogenesis 
and turnover time for trimethylamine strongly (p < 0.01) depended 
on the relative abundance of Methanosarcinaceae in marsh soils 
(Figure S7).

4  | DISCUSSION

4.1 | Importance of methylotrophic methanogenesis

Twelve‐year invasion of a coastal marsh by S. alterniflora plants 
increased its CH4 production potential by 6.56–14.9 times com-
pared with the non‐invaded control site (TF). This result is consist-
ent with previously measured field CH4 emissions that increased 
by 57.4%–505% under S. alterniflora invasion when compared with 
bare TF and native plant marshes (Tong, Morris, Huang, Xu, & Wan, 
2018; Yuan et al., 2015). Here, we derived the contribution of dif-
ferent substrates to total CH4 production, and we found that tri-
methylamine was the key substrate for CH4 production at SA‐12, 
despite the observed much lower concentrations of trimethylamine 
than acetate at this site. Generally, sulphate reducers outcompete 
methanogens for H2 and acetate in sulphate‐rich coastal marshes 
(Froelich et al., 1979). The higher CH4 production rate of trimeth-
ylamine than H2/CO2 and acetate in SA‐12 suggested methylated 
compounds were not being competitively utilised by other micro-
organisms (King, 1984). Compared with TF, the 1‐year and 12‐year 
invasion by S. alterniflora increased the trimethylamine content by 
1.45‐ and 10.9‐fold in the 0–10 cm soil layer of SA‐1 and SA‐12, re-
spectively. Early studies reported that S. alterniflora could release 

cytoplasmic osmolytes – for example, glycine betaine, choline, cre-
atine, and proline – during senescence, which can be subsequently 
decomposed into methylamines, especially trimethylamine, in salt 
marsh sediments (Wang & Lee, 1994,1995). Notably, up to 27%–
30% of the N assimilated by S. alterniflora is used to synthesise os-
molytes, with glycine betaine and choline being two of the most 
important ones in S. alterniflora plants (Cavalieri & Huang, 1981). 
Thus, we consider that the rapid increase in CH4 production rate at 
SA‐12 was primarily due to the increased trimethylamine produc-
tion from S. alterniflora.

In SA‐12, the increase in methanogenesis rates appeared to 
coincide with the remarkable increase in mcrA genes in the soil. 
However, the mean specific rates for methanogens at TF, SA‐1, 
and SA‐12 were similar at about 0.37–1.73, 0.89–1.54, and 0.38–
1.86 amol CH4 h–1 copy–1 of genes, respectively. These values are 
only one thousandth of the maintenance coefficients required 
for methanogens (Scholten & Conrad, 2000). Presumably, sub-
stantial mcrA gene copies detected in this study could be derived 
from dormant (inactive) methanogens (Conrad et al., 2014). The 
abundance of methanogenic genes in soil is relatively resistant to 
environmental changes, but their functional gene transcription is 
sensitive and responsive to it (Reim et al., 2017). It follows that 
an altered abundance of mcrA transcripts most likely reflects the 
response of active methanogens to S. alterniflora invasion, so we 
argue such changes should be included in future studies (Yuan, 
Conrad, & Lu, 2011).

We also found that the potentially methylamine‐utilising meth-
anogens Methanosarcinaceae dominated the 0–40 layer of SA‐12, 
unlike in TF where the hydrogenotrophic Methanococcales were 
dominant in all layers analysed (Figure 3). Methanosarcinaceae are 
common methylotrophic methanogens that grow and subsist on 
methylated compounds and Methanomassiliicoccales are the newly 
discovered H2‐dependent methylotrophic methanogens (requiring 
both H2 and methylated compounds). However, Methanosarcinaceae 
are identified as a unique group, one able to survive by carrying on 
H2‐independent methylotrophic methanogenesis (Lang et al., 2015). 
Our results also showed the SA‐12 soil had faster responses to, and 
greater CH4 production rates of, amended trimethylamine than ei-
ther acetate or H2/CO2, consistent with our previous study (Yuan 
et al., 2016). Recently, Xiao, Beulig, Røy, Jørgensen, and Risgaard‐
Petersen (2018) reported that only a supplement of trimethylamine 
rather than H2 and acetate quickly accelerated CH4 production in a 
marine sediment, regardless of whether sulphate‐reducing bacteria 
had been inhibited or not. Zhuang et al. (2016) found that the energy 
yields of hydrogenotrophic and acetoclastic methanogenesis were 
just barely able or insufficient to meet the presumed rate needed 
for sustaining life (–15 kJ/mol) in a hypersaline sediment, whereas 
methanogenesis from methylated compounds was more energeti-
cally favourable (ΔG < –180 kJ/mol), even at extremely low porewa-
ter concentrations (<1 μm). Hence, we speculate that methylotrophic 
methanogens are capable of maintaining greater CH4 production ca-
pacity than either hydrogenotrophic or acetoclastic methanogens in 
saline environments.
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Further evidence for a shift in the predominant methano-
genic pathway to methylotrophic methanogenesis at SA‐12 came 
from the more 13C‐depleted CH4 produced in this site. The δ13C of 
Spartina leaves (–14.5%) that we found exceeded that of Phragmites 
leaves (–26.1%) (Kim et al., 2018), which likely generated heavier C 
input to soils than from native plants (Zhang et al., 2010). Although 
the δ13C of methanogenic substrates was not measured here, we 
posit that differences in the isotopes of substrates may not be re-
sponsible for the isotopically lighter CH4 produced in SA‐12. Rather, 
the more 13C‐depleted CH4 in SA‐12 could be explained by stron-
ger C isotope fractionation during methylotrophic methanogenesis 
(ε = –94% to –56%) than that occurring in acetoclastic (ε = –35% to 
–5%) and hydrogenotrophic methanogenesis (ε = –79% to –28%) 
(Conrad & Claus, 2005; Penger, Conrad, & Blaser, 2012). We should 
note that the contribution of anaerobic oxidation of CH4 (AOM) 
to more 13C‐enriched CH4 at both TF and SA‐1 is a process that 
cannot be ruled out, even though ANME occurred in a very small 
proportion (Figure 3). Similar barely detectable or absent ANMEs 
were also found in other coastal wetland sediments (e.g., salt marsh, 
mangrove, mudflat, or estuarine sediments) (Devereux et al., 2015; 
Lazar et al., 2015). Nonetheless, Lloyd, Alperin, and Teske (2011) 
suggested that ANME cells constituted a numerically small yet ac-
tive part of the archaeal population in coastal wetlands. Thus, the 
observed isotopic composition of CH4 could be a collective result 
of methanogenesis from different pathways supplemented by the 
AOM process.

We also found that, in SA‐12, the turnover time of trimethyl-
amine to CH4 was shorter than that for CO2 and acetate. This result 
implied that although the trimethylamine concentration was rela-
tively low compared with bicarbonate and acetate concentrations 
there, the fast turnover of trimethylamine by Methanosarcinaceae 
maintained methylotrophic methanogenesis at high levels in S. al-
terniflora‐invaded sites, especially in the upper soil layers (Zhuang 
et al., 2018).

Despite methanogen abundance differing among the three 
sites, they had a similar profile pattern for the variation in struc-
ture and function of methanogens: decreasing relative abundance 
of Methanosarcinaceae and fTMA and increasing relative abundance 
of hydrogenotrophic methanogens and fH2 with depth. Parkes et 
al. (2012) also found that relative abundance of Methanosarcinales 
decreased with depth in a salt marsh of England; they suggested 
the dominance of methanogenesis from competitive substrates 
in deep layer sediments arose from sulphate depletion. However, 
sulphate concentrations in the 0‒50 cm layer of our three sites 
were >20 times greater than the 1mM threshold for methanogens 
to utilise acetate or H2/CO2 (King, 1984). Hence, sulphate deple-
tion was not applicable in our case. Yet we did find that trime-
thylamine was only enriched in the upper soil layers, while H2 
could be produced from more recalcitrant organic compounds in 
deep‐layer sediments (Chan et al., 2005). We postulate that the 
supply of trimethylamine became comparatively lower as depth 
increased, leaving the abundance of Methanosarcinaceae not effi-
ciently stimulated in the deep layers of the S. alterniflora-invaded 

sites but allowing for the populations of hydrogenotrophic meth-
anogens to remain relatively constant and much like that of the 
non‐invaded site. In this way, trimethylamine, not sulphate, could 
primarily drive the vertical changes in community composition 
and associated functioning of methanogens in our studied marsh 
ecosystem.

4.2 | Contribution of competitive substrates

The 12‐year invasion by S. alterniflora also significantly increased 
rates of acetoclastic and hydrogenotrophic methanogenesis, along 
with the abundance of acetoclastic and hydrogenotrophic metha-
nogens, thus suggesting that both forms of methanogenesis were 
not completely inhibited by sulphate reducers with an increasing 
sulphate concentration. This result and interpretation are consistent 
with those of sulphate‐rich mangroves (Arai et al., 2016), estuarine 
and marine sediments (Sela‐Adler et al., 2017; Treude et al., 2014), 
and oilfield fluids (Lv et al., 2015). It has been suggested that the co‐
existence of methanogenesis and sulphate reduction is possible on 
competitive substrates and is primarily controlled via organic C input 
levels (Egger et al., 2016). When the concentration of acetate or H2 
in sulphate‐rich wetlands exceeds the competition level of sulphate 
reduction and/or was used non‐competitively, such co‐existence 
should occur (Ozuolmez et al., 2015). For example, Sela‐Adler et al. 
(2017) found that acetate at 40 mM, or lactate at 10 mM, simultane-
ously drove sulphate reduction and methanogenesis in sulphate‐rich 
(10 mM) estuarine sediments. Thus, we argue that an enhanced la-
bile organic C supply under the S. alterniflora invasion was responsi-
ble for the increased methanogenesis from competitive substrates, 
especially acetate.

Although the overall in situ concentration of competitive sub-
strates might not reach the level for co‐existence of methanogen-
esis and sulphate reduction, non‐equilibrium dynamics of acetate 
and H2 can sometimes generate abundant niches, thereby permit-
ting the co‐existence of methanogenesis and sulphate reduction. 
For example, Hoehler, Bebout, and Des Marais (2001) and Buckley 
et al. (2008) have showed that H2 at the surface of microbial mats 
varied in concentration by as much as four orders of magnitude over 
a diurnal cycle, reaching as high as 10% (pH2 = 10 kPa). Another 
possible explanation is that sulphate‐depleted microenvironments 
could form in sulphate‐rich layers around living or dead plant rhi-
zome and roots (King & Wiebe, 1980), where sulphate levels are 
not equilibrated with pore‐water sulphate or any sulphate there is 
quickly consumed (Bojanowski & Clarkson, 2012). In this way, ac-
etoclastic and hydrogenotrophic methanogens could survive and 
maintain their biochemical activity in such microenvironments of 
salt marshes (Yuan et al., 2016). A plausible third mechanism to 
explain this co‐occurrence of methanogenesis and sulphate re-
duction is the syntrophic cooperation between soil‐dwelling mi-
crobes. Hydrogenotrophic methanogens were found to be fueled 
by H2 leakage from co‐cultured methylotrophic methanogens 
and acetoclastic sulphate reducers (Finke, Hoehler, & Jorgensen, 
2007; Ozuolmez et al., 2015). Nonetheless, the intensity of 
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methanogenesis is substantially constrained by competition from 
sulphate reducers for common substrates, leaving rates of metha-
nogenesis steadily lower than those of sulphate reduction by 1–2 
orders in sulphate‐rich environments in spite of a sustained labile 
organic matter supply under plant invasion (Maltby, Sommer, Dale, 
& Treude, 2016; O'Sullivan et al., 2013).

In this study, however, we only provide indirect evidence that 
methanogenesis in the tested wetlands is closely related to the 
physiology of invasive S. alterniflora (producing precursors of ‘non‐
competitive’ substrates). These precursors are primarily produced 
for cytoplasmic osmoregulation (as discussed above). By using the 
13C‐methyl labelled glycine betaine or choline as substrates, the con-
tribution of S. alterniflora‐derived methylated amines to CH4 produc-
tion can be reliably quantified. Moreover, the active methanogens 
carrying out methylotrophic methanogenesis can be identified with 
the DNA stable isotope probing (DNA‐SIP) techniques (Eyice et al., 
2015). Hence, a direct linkage between the structure and function 
of methanogens and plant physiology could well be established in 
future studies and therefore help to accurately and mechanistically 
understand the implications of S. alterniflora invasion upon CH4 
emissions in coastal wetlands.

5  | CONCLUSIONS

In summary, a 12‐year invasion by exotic S. alterniflora plants re-
markably altered the key type of methanogenic substrate, the 
abundance and community composition of methanogens, and 

the dominant methanogenesis pathway in the 0–40 cm layer 
of a coastal marsh in China (Figure 7). The dominant methano-
gens shifted to methylamine‐utilising Methanosarcinaceae in the 
0–10 cm layer of SA‐1 and 0–40 cm layers of SA‐12 from hydrog-
enotrophic ones in the TF (and deep layers of S. alterniflora sites). 
Accordingly, the dominant methanogenic pathway shifted from 
hydrogenotrophic at TF to methylotrophic in 0–40 cm layers of 
SA‐12. Our complementary findings suggest the quantity of ‘non‐
competitive’ trimethylamine under S. alterniflora invasion was cru-
cial for driving this shift in methanogenic community composition, 
which enhanced the capacity of methanogenesis by increasing 
the relative importance of methylotrophic methanogenesis in this 
coastal marsh ecosystem.
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F I G U R E  7   Schematic diagram 
showing the Spartina alterniflora invasion-
induced shifts of mathanogenesis 
processes in the coastal wetlands. The 
two green‐dashed arrows represent 
the changes of landscape and dominant 
methanogens between bare tidal flats 
and coastal marshes at 12 years post‐
invasion by S. alterniflora. The weight 
of solid arrows indicates the relative 
contribution of different methanogenesis 
pathways to total CH4 production. The 
increases shown represent changes 
of concentrations of methanogenic 
substrates and rates of methanogenesis 
between SA‐12 and TF. Data are soil 
profile averages (n = 3) [Colour figure can 
be viewed at wileyonlinelibrary.com]
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