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Abstract: Methane (CH4) emissions in mangrove ecosystems may complicate the ecosystem’s poten-
tial carbon offset for climate change mitigation. Microbial processes and the mass balance of CH4

in mangrove sediment are responsible for the emissions from the ecosystems. This is the follow up
of our previous research which found the super saturation of CH4 in the pore water of mangrove
sediment compared to atmospheric CH4 and the lack of a correlation between pore water sulphate
and CH4 concentrations. This study is going to investigate methane production pathways in the
sediment of overwashed mangrove forests. Two approaches were used to study methanogens here:
(1) the spread plate count method and the quantitative polymerase chain reaction (qPCR) method,
and (2) laboratory experiments with additional methanogenic substrates (methanol, acetate, and
hydrogen) to determine which substrates are more conducive to methane production. According to
the qPCR method, methanogen abundance ranged from 72 to 6 × 105 CFU g−1 sediment, while SRB
abundance ranged from 2 × 102 to 2 × 105 CFU g−1 sediment. According to the plate count method,
the abundance of methylotrophic methanogens (the only group of methanogens capable of competing
with SRBs) ranged from 8.3 × 102 to 5.1 × 104 CFU g−1, which is higher than the abundance of the
other group of methanogens (0 to 7.7 × 102 CFU g−1). The addition of methanol to the sediment
slurry, a substrate for methylotropic methanogens, resulted in a massive production of CH4 (up to
9 × 104 ppm) and intriguingly the control treatments with autoclaving did not kill methanogens.
These findings suggested that mangrove ecosystems in the marine environment provide favourable
conditions for methanogens and further characterisation of the methanogen involved in the process is
required. As a result, future research in this ecosystem should include methane production in carbon
offset calculations, particularly due to methylotropic methanogenesis.

Keywords: methane; methanogens; methylotrophic; SRBs; mangrove

1. Introduction

Methanogenesis, or the production of methane in wetlands, is critical to the global
carbon cycle. This is the final stage of anaerobic organic matter decomposition, produc-
ing methane (CH4), one of the most potent greenhouse gases. Methanogenesis, along
with methanotrophy or CH4 oxidation in the aerobic zone of wetlands, regulates CH4
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fluxes from the sediment to the atmosphere. Wetlands contribute 20%–40% of global CH4
emissions [1,2], which may increase as a result of climate change, resulting in increased
inundation frequency and organic carbon supply, both of which are critical factors in CH4
production [3,4].

With climate change, the increase in the Earth’s surface temperature and CO2 could
amplify the feedback of wetland sediment to climate change through controlling methano-
genesis and methanotrophy. Warming temperatures cause more methanogens or methane-
producing microorganisms to proliferate, resulting in faster methanogenesis [5], with an
optimum temperature range from 35 ◦C to 42 ◦C [6]. This warming could also cause
methanotrophs or methane-eating bacteria, such as those found in permafrost and alpine
grass meadows, to oxidise CH4 [7,8]. Methanogenesis occurs in rice fields during the ripen-
ing stage, and warm temperatures may hasten this process [9]. Elevated CO2 concentrations
in the atmosphere generally increase plant productivity, producing photosynthate and
increasing root exudation, which increases the supply of organic substrates for consump-
tion by methanogens [10–13]. The interaction of increased CO2 and warmer temperatures
can stimulate more organic matter decomposition, reducing O2 and thereby inhibiting
methanotrophs to oxidise CH4 [9,14,15].

Increased rainfall frequency and sea-level rise due to climate change also play an
important role in wetland sediments. An increased frequency of heavy rainfall lengthens
the period of soil submergence and should boost methanogenesis [5,16], but methanotrophy
may also decrease [17]. A sea-level rise changes the extent and frequency of inundation in
coastal wetlands [18], promoting new anoxic zones [19], which are ideal for methanogen
growth [20]. However, the effects of sea-level rise on methanotrophy in coastal areas have
not yet been studied [3].

In coastal wetlands, sulphate reduction complicates the CH4 cycle. Sulphate-reducing
bacteria (SRBs) appear to outcompete methanogens for the same substrates of H2, CO2,
and C2H3O2 (acetate), which are commonly found in marine environments [21]. These
methanogens which use H2/CO2 and C2H3O2 substrates are known as hydrogenotrophic
and acetotrophic methanogens, respectively. However, there is a methanogen group known
as methylotrophic methanogen that can coexist with SRB. SRBs do not use methylated com-
pounds (e.g., methanol, trimethylamine, and dimethylamine) as carbon sources, whereas
this group does. Oremland and Polcin [22] discovered this phenomenon in laboratory
studies and classified the compounds as non-competitive substrates. Numerous in situ
studies have also shown that methylotrophic methanogens always coexist with the other
methanogens and SRBs [23–27]. Nonetheless, under laboratory conditions, SRBs can oxi-
dise some other methylated compounds (e.g., dimethyl sulphide and methanethiol) [28,29].
More intriguingly, SRBs may collaborate with methanotrophs to oxidise CH4 in anaero-
bic conditions.

Mangroves are coastal wetlands that produce less CH4 than freshwater wetlands
due to SRBs’ high abundance in marine environments [30–33]. However, Ulumuddin
et al. [34] discovered the super saturation of CH4 in the pore water of mangroves on
Tanakeke Island, Indonesia, when compared to its equilibrium state with atmospheric
CH4. Furthermore, Ulumuddin et al. [34] found that pore water sulphate did not correlate
with CH4 concentrations. Ramamurthy et al. [35] initially described this phenomenon
while looking into the prevalence of methanogens and SRBs in Indian mangrove sediment.
Via substrate enrichment with methanol and methylamine on an isolated methanogen
from mangrove sediment, Mohanraju et al. [36] further examined whether methanogens
might compete with SRBs. Jing et al. [37] used a genetic technique to document the coexis-
tence of methylotrophic, acetotrophic, and hydrogenotrophic methanogens in Singaporean
mangrove sediment, with the latter being the major group. Yet, methanogens that are
acetotrophic and methylotrophic outnumber hydrogenotrophic methanogens in sediment
that has been contaminated with heavy metals. To explain the phenomenon outlined in
Ulumuddin et al.’s work [34], therefore, we hypothesise that methylotrophic methanogens
may play an important role in methanogenesis at our mangrove site in Tanakeke Island.
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In this study, two approaches were conducted to investigate the occurrence of methy-
lotrophic methanogenesis in mangrove sediment. To gain an insight into the dominant
group of methanogens, the spread plate count method and qPCR method were used. Ex-
periments with additional methanogenic substrates (i.e., methanol, acetate, and hydrogen)
were carried out in the laboratory to determine which substrates are more conducive to
methane production.

2. Methodology
2.1. Study Location and Sampling Site

The research was carried out in Dusun Lantangpeo, Tanakeke Island, South Sulawesi,
Indonesia (5◦70′ S and 119◦170′ E) (Figure 1), as detailed in Ulumuddin et al. [34]. Tanakeke
is a coralline island about 10 km from the Sulawesi mainland, located in the Takalar
(administrative) District of the Province of South Sulawesi. It is about 40 km southwest of
Makassar, the province’s capital. The island’s climate is tropical, with two distinct seasons.
It has a wet season from November to April, and a dry season from May to October,
characterised by occasional rainfalls. The annual average precipitation is around 3000 mm,
with the wet season accounting for roughly 80% of the total. With the exception of minor
diurnal or seasonal fluctuations, air temperature is relatively stable. The annual mean
minimum and maximum air temperatures are around 25 and 32 ◦C, respectively, with an
overall annual mean air temperature of around 28 ◦C.
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Figure 1. Study locations and the distribution of sampling sites (1–3) plotted using Google Earth
imagery, depicting the landscape of aquaculture ponds and mangroves with two creeks splitting
the landscapes. White and brown colour spotted by green (left section of figure) depicts recently
abandoned ponds; patches of green colour surrounded by a brown line depicts long abandoned
ponds; and the green-coloured blocks show undisturbed mangrove vegetation.

In the sampling site, mangrove forests are overwashed mangroves, whereby mangrove
vegetation grows in sandy sediments surrounded by seagrass beds and coral reefs [34]. As
a result, the mangrove sediment’s surface is essentially flat. Tides inundate the mangrove
vegetation on a daily basis, which is one low tide and one high tide per day, with a
maximum difference of one metre between low and high tide. At the highest high tide,
seawater covers the soil surface to a depth of about 0.5 m.
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We used three sites from Ulumuddin et al. [34] who established nine study sites,
including three new regeneration sites (5 years), three old regeneration sites (>10 years),
and three natural sites as control sites. Here, sediment sampling for microbial enumeration
and sediment slurry experiments was performed at only one site per site group, namely
Sites 1, 2, and 3 (Figure 1). However, remember that Ulumuddin et al. [34] utilised distinct
codes for these locations, specifically Sites 3, 5, and 8.

2.2. Sample Collection and Analytical Methods

The spread plate count method and qPCR method of extractable functional genes were
used to count microbes. These methods were used in this study because they provided
complementary results that demonstrated all possible processes in sediment respiration.
The spread plate count method required 1 g of sediment, whereas the qPCR method
required approximately 0.25 g.

2.2.1. Sample Collection

The sediment was sampled using the same technique for both the plate count and
the qPCR method. For the qPCR method, sampling occurred during both the dry and wet
seasons, but only during the dry season for the other method. Due to this study being
intended to confirm the important role of methylotrophic methanogens found in previous
research [34], each chosen site had only one sediment core collected (i.e., Sites 1, 2, and
3 using a 100 cm hand auger). The sediment core was sampled from the surface to a depth
of 50 cm and then cut into five separate 10 cm sections. Each 10 cm slice was sub-sampled
by scooping out the slice’s inner section with a spatula. After that, the sub-samples were
placed in three sterile Eppendorf tubes until they were full. The sediment sample tubes
were kept in a zip lock plastic bag. Before zipping the bag, the air inside was flushed
with ultra-high-purity nitrogen (UHP N2) for about a minute and then squeezed out. The
bag was sealed with sticky tape to reduce air exchange and placed in a cool box before
being delivered to a laboratory. The sediment samples for the spread plate count method
were processed as soon as possible in the laboratory, while the sediment samples for qPCR
analysis were stored (at −4 ◦C) until further processing.

2.2.2. Microbial Enumeration

The sediment samples were inoculated into the selective agar medium, which is
known as artificial saliva, for the spread plate counting by pouring the sediment slurry.
The slurry was provided by diluting the sediment samples 10 times in a row. To begin,
1 g sediment was mixed with 0.85% NaCl to make a total solution volume of 5 mL. After
vortexing the sediment suspension, 0.1 mL was transferred to the clean tube and diluted
with 0.85% NaCl to a total volume of 1 mL. The dilution was then repeated ten times, and
the last three dilutions (i.e., 10−8–10−10) were chosen to be poured into the agar medium for
the isolation of methylotrophic methanogens. The dilutions chosen to isolate acetotrophic
methanogens were 10−4 to 10−6. Hydrogenotrophic methanogens were excluded from
this microbial enumeration because we isolated methanogens on the agar medium, which
we found difficult to amend with CO2/H2 for hydrogenotrophic substrates. We also
provided untreated agar media as a control to make sure that the isolated microorganisms
were methanogens.

The selective agar medium used in this study for methanogen isolation was a recipe
for rumen methanogens [38]. Aquadest in the volume of 250 mL, 30 mL macromineral,
0.15 mL micromineral, 30 mL buffer solution, 1.6 mL Resazurin, 20 mL reduction solution,
and 10 g agarose were used to make it. The macrominerals were 5.7 g L−1 Na2HPO4,
6.2 g L−1 KH2PO4, and 1 g L−1 MgSO4.7H2O, while the microminerals were 132 g L−1

CaCl2.2H2O, 100 g L−1 MnCl2.4H2O, 10 g L−1 CaCl2.6H2O, and 10 g L−1 FeCl3. The buffer
solution was made by diluting 35 g NaHCO3 and 4 g NH4HCO3 in 1 L aquadest. The
resazurin solution was made by dissolving 1 g resazurin in 1 L aquadest, and the reduction
solution was made by diluting 373 mg Na2S.H2O and 2.6 mL of 1 mol L−1 NaOH in 62 mL
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aquadest. The agar media for isolating methylotrophic methanogens contained 25 mL of
5% methanol, while the media for acetotrophs contained 25 mL of 25% acetate. The colony
count of methanogens was performed after a 72 h incubation period in an anaerobic jar [39],
and was expressed as colony form unit per gram of wet sediment (CFU g−1).

Prior to enumerating CFU g−1 using the qPCR method, bacterial or archaeal DNA
were isolated using a MOBIO PowerSoil kit [25]. The DNA was extracted according to
the kit’s instructions. To begin, 0.25 g samples were vortexed in Power Bead tubes before
being centrifuged at 10,000× g for 30 s. The samples were then serially centrifuged with
the provided solutions to obtain a 100 µL DNA solution. The DNA extracts were kept at
−20 ◦C before being used to build the targeted genes and count their abundance.

The targeted genes were constructed using qPCR on a PCR, the LightCyler Nano
Instrument (Roche). To detect methanogen populations, we used the methyl coenzyme M
reductase (mcrA) gene. The genes for particulate methane monooxygenase (pmoA) and
dissimilatory sulphite reductase beta subunit (dsrB) were used to identify methanotrophs
and sulphite-reducing bacteria (SRBs). A µ1 L DNA extract was used as a template for
PCR with a reaction mixture containing SYBR green I dye (Toyobo, Osaka, Japan) and the
primers for the targeted genes are listed in Table 1. During pre-incubation, the temperature
of the qPCR was set to 95 ◦C for 1 min. The PCR amplification took 45 cycles (denaturation
at 95 ◦C for 5 s, annealing at 60 ◦C for 15 s, and elongation at 72 ◦C for 30 s).

Table 1. Primers used for qPCR.

Oligo Name Micro-Organisms Sequence References

mcrA methanogens
Forward:

M13F (5′- TGTAAAACGACGGCCAGTGGTGGTGTMGGATTCACACARTAYGCWACAGC-3′)
Reverse:

M13R (5′-CA- GGAAACAGCTATGACCTTCATTGCRTAGTTWGGR- TAGTT-3′)
[40]

dsrB SRBs Forward: DSRp2060F (5′-CAACATCGTYCAYACCCAGGG- 3′)
Reverse: DSR4R (5′- GTGTAGCAGTTACCGCA-3′)

[41]

pmoA methanotrophs Forward: A189 (5′-GGNGACTGGGACTTCTGG-3′)
Reverse: A682 (5′-GAASGCNGAGAAGAASGC-3′) [42]

The target genes were estimated using the cycle quantification value (Cq) generated
via qPCR. A standard curve of Cq and gene copies were used to calculate the number of
target gene copies, while the abundance of bacteria (CFU g−1) was estimated from the
target gene copies. Ideally, a standard curve is generated via serial dilution of the pure
target gene solution, but we did not have it. Thus, we created a standard curve using
gene copies from a pure culture of Escherichia coli strain InaCC B5 to provide a relative
abundance of bacteria groups (i.e., methanogens, SRBs, and methanotroph) based on the
value of Cq. This approach is not precise at estimating the absolute abundance but it is
useful to make a comparison between samples or bacteria groups, because there are linear
relationships of CFU g−1 vs. gene copies and Cq vs. gene copies in the literature (Table 2).
For the case of E. coli, Oliver et al. [43] noted that CFU g−1 samples are correlated with gene
copy g−1 samples (R = 0.82), while Dong et al. (2019) created a standard curve of E. coli
and the regression model between Cq and CFU g−1 with R2 = 0.99. Here, we also created
the regression model of CFU g−1 of E. coli vs. Cq to estimate the relative abundance of
bacteria groups (CFU g−1). To provide this model, ten standard E. coli DNA suspensions of
varying concentrations were prepared from a 4.6 × 1010 CFU mL−1 (4.6 × 1010 CFU g−1)
E. coli suspension diluted ten times. It should be noted, however, that the estimate using
the regression model was not intended to show the absolute copy numbers of target genes,
but rather to compare relative abundance among different bacteria/archaea groups (in
CFU g−1 sediments) in this research.
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Table 2. Regression models of Cq vs. log10 CFU for various bacteria groups.

No. Bacteria Slope Regression Model
Y = Cq and X = log10 CFU R2 References

1 Lactobacillus paracasei FNU −3.24 Y = −3.24 X + 43.25 0.97 [44]

2 Campylobacter spp. −3.3 1.00 [45]

3 Salmonella spp. −3.4 1.00 [45]

4 E. coli −3.3 Y = −3.31 X + 34.18 0.99 [46]

5 Flavobacterium columnare ATCC 49512 −2.8 Y = −2.8 X + 41.38 0.97 [47]

6 Flavobacterium columnare ATCC 94-081 −2.9 Y = −2.9 X + 40.51 0.99 [47]

7 Escherichia coli strain InaCC B5 −3.5 Y = −3.52 X + 44.53 0.99 This study

2.2.3. Sediment Slurry Experiments

Replicate sediment slurry experiments were carried out in sterile 120 mL bottles in
order to identify the major pathways of methanogenesis for CH4 production from man-
grove sediment samples amended with methanol, acetate, and H2 substrates (Table 3). A
10 g sediment sample from each slice was weighed in the laboratory, stored in a 120 mL
bottle, and then mixed with 10 mL seawater collected from the mangrove waters. Through-
out this preparation, UHP N2 was continuously flushed inside the bottle to maintain a
consistent low oxygen environment. Thirty mL of 10 mM liquid methanogenic substrates
(i.e., methanol and acetate) were poured into the sediment slurry before the bottles were
sealed with grey butyl rubber stoppers. H2 was added to the sediment slurry by flushing it
with 100% H2 for about 1 min before sealing. There were two control treatments, as follows:
(1) the sediments were autoclaved at 121 ◦C for 2 h and received no amendment of any of
the three methanogenic substrates, and (2) untreated sediments that were not autoclaved
and received no substrates. All bottles were kept in the dark and at room temperature.
The gas headspace was sampled once a week, beginning 7 days after the preparation and
lasting approximately 5 weeks. The autoclave treatments were sampled only on the last
day of the experiment. On Days 0 and 28, all sediment slurries were microbially counted
using the spread plate count method in units of CFU mL−1 slurry. On Day 28, during
the peak of CH4 concentration, sediment slurries were collected using syringes to avoid
gas contamination.

Table 3. Treatment conditions for sediment slurry experiments.

Treatments Volume, Duration,
and Concentration

Experiment
Length (Days) Replicates Number of

Sites Depth Levels

Controls
No additional

substrates N2 headspace 37 2 3 5

Autoclaved N2 headspace 37 2 3 5

Treatments
(methanogenic

substrates)

Methanol 30 µL, 10 mM 37 2 3 5
Acetate 30 µL, 10 mM 37 2 3 5
H2 gas 100%, 1 min 37 2 3 5

Gas headspace samples were collected using plastic syringes. A 20 mL gas sample was
withdrawn from each bottle. The same volume of UHP N2 was injected into the experiment
bottle to compensate for the gas pressure change. The gas samples were transferred into
gas-tight aluminium bags (Shanghai Sunrise Instrument Co., Ltd., Shanghai, 15 × 15 cm2,
30 mL). These sample bags were sent to the Greenhouse Gases Laboratory of the Research
Institute for Agricultural Environment of the Indonesian Agency for Agricultural Research
and Development in Pati, Central Java, Indonesia, for further analysis. Shimadzu type
14A gas chromatography (GC) equipped with a flame ionisation detector and a Porapak Q
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packed column was used to analyse the gas samples. The GC was set to 25 ◦C (injector),
50 ◦C (column), and 300 ◦C (detector). For CH4, this instrument has a detection limit of
0.12 ppmv.

3. Results
3.1. Abundances of Methanogens, Methanotrophs, and SRBs

The estimation of relative abundance of methanogens, methanotrophs, and SRBs
based on the qPCR method showed that methanogen abundance was generally higher than
SRB abundance at the three sampling sites (Sites 1, 2, and 3). The relative abundance of
methanogens in the sediment samples ranged between 72 and 6 × 105 CFU g−1 sediment,
while SRBs ranged from 2 × 102 to 2 × 105 CFU g−1 sediment (Figure 2). During the wet
season, however, the relative abundance of SRBs was greater than that of methanogens
in the surface sediments (10–20 cm). The relative abundance of methanotrophs ranged
between 7 and 8 × 104 CFU g−1 sediment. The relative abundance of methanotrophs was
found to be one order of magnitude lower than that of methanogens and SRBs.
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SRBs) from the qPCR method. Panels represent the three selected sites. Sediment samples were
collected in the dry and wet seasons.

The abundance of methylotrophic and acetotrophic methanogens (CFU g−1) revealed
by the plate count method is depicted in Figure 3. The abundances of methylotrophic
methanogens ranged from 8.3 × 102 to 5.1 × 104 CFU g−1, while the abundances of ace-
totrophs ranged from 0 to 7.7× 102 CFU g−1. In other words, methylotrophic methanogens
were two orders of magnitude more abundant than acetotrophs. Only during the dry
season was this dominance observed in all 50 cm sediment depths at the three selected sites
(i.e., Sites 1, 2, and 3). Here, we assumed that hydrogenotrophic methanogens were lower
than methylotrophic methanogens, as evidenced by the high number of SRBs in qPCR
results (Figure 2). SRBs outcompeted hydrogenotrophic methanogens, resulting in a low
abundance of this methanogen. Therefore, the dominance of methylotrophic pathways is
clear in the current study sites.
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Figure 3. The abundance of methylotrophic and acetotrophic methanogens via the spread plate count
method. The number of panels represents the three sampling sites. Data were only collected in the
dry season. The values are the average of two replicates. “nd” means “not detected”.

3.2. Potential CH4 Production

Methanol addition to sediment slurries resulted in a massive amount of CH4, up
to 9 × 104 ppm (Figure 4). Due to the lack of a clear pattern with sediment depth, the
headspace CH4 was presented as an average of two replicates and five depths in this
figure. The surge of CH4 in the methanol amendment occurred similarly in all three sites
from the first measurement on Day 7 to the end on Day 37. On Day 7, the headspace
CH4 concentration at Site 1 was 1.9 (±1.8) × 104 ppm and continued to rise. It peaked at
5.8 (±2.1) × 104 ppm on Day 28 and then began to fall slightly by Day 37. Similarly, on
Day 28, Sites 2 and 3 showed peaks with values of 7.3 (±1.2)× 104 and 6.8 (±2.5) × 104 ppm,
respectively. By Day 37, they had also shown a slight decrease. The minimum CH4 value at
Site 2 was 4.4 (±3.2) × 104 ppm (Day 21), while it was 2 (±3.4) × 104 ppm at Site 3 (Day 14).

The headspace CH4 observed in the methanol amendment treatment was one to two
orders of magnitude greater than that observed in the control experiments (Figure 4). The
magnitudes for autoclaved sediments ranged from 3.3 (±8.1)× 102 to 1.9 (±2.1) × 103 ppm,
while values for no substrate amendments ranged from 4 (±9) × 102 to 3.7 (±3.6) × 103 ppm.
Meanwhile, the other two treatments had headspace CH4 levels on par with the controls.

The methanogen colonies on the selective agar media were counted on Days 0 and
28 of the incubation period, confirming that methylotrophic methanogens were important
in methane production in the sediment samples (Figure 5). The methanol amendment
treatment clearly demonstrated that the abundance of methylotrophs on Day 28 was
approximately eight orders of magnitude greater than those on Day 0. Furthermore, similar
results were obtained in the other treatments and controls, indicating that SRB did not
inhibit methylotrophic methanogens. These figures were observed at all three of the sites
chosen (i.e., Site 1, 2, and 3). Even though the sediment samples had been autoclaved,
methylotrophic methanogens survived and were able to grow normally.

Acetotrophic methanogens, on the other hand, appear to have been outcompeted by
SRBs in the slurry sediment experiments. The experiments showed that acetotrophs were
not detected on Day 28 in several samples, despite being abundant on Day 0 (Figure 6). The
autoclaved sediment experiments revealed that acetotrophic methanogens survived and
could grow. Thus, the abundance of acetotrophs on Day 28 was 10 orders of magnitude
greater than on Day 0. This suggested that SRBs were killed after autoclaving the sediments
and thus did not inhibit the acetotrophic methanogens.
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4. Discussion

We investigated microbial enumerations and potential methane production to de-
termine the dominant pathway of methanogenesis at the study sites. This study was
conducted to characterise the phenomenon of CH4 in the mangrove ecosystem, noted by
Ulumuddin et al. [34]. They discovered that the CH4 in the pore water of mangroves on
Tanakeke Island, Indonesia, was super saturated compared to the atmospheric CH4, and
that pore water sulphate did not correlate with CH4 concentrations. The qPCR method
confirmed that SRBs and methanogens coexist in the sediment samples. Indeed, the plate
count method reveals that the abundance of methylotrophic methanogens was two or-
ders of magnitude greater than that of acetotrophs. Furthermore, when methanol was
added to sediment samples in the sediment slurry experiments, CH4 production increased
rapidly (Figure 3). Overall, these findings indicate that methylotrophic methanogens are
the dominant pathway for methane production at the study sites.

4.1. Microbial Enumerations

The relative abundance of methanogen ranged from 7.2 × 101 to 6 × 105 CFU g−1, and
the relative abundance of the functional gene of methanogens (mcrA) ranged from 72 to
6 × 105 gene copies g−1 (see the Section 2 and Figure 2). This range was lower than previously
reported values, such as 108 gene copies g−1 in river sediments, 2.5 × 106–3.7 × 109 gene
copies g−1 in paddy soils, and 106 gene copies g−1 in saltmarshes [48–52]. However, it is
comparable to those found in tidal flat subsurface (0–4 × 105 gene copies g−1 sediments)
and lake sediment (5× 106 gene copies g−1) [53,54]. The low population of methanogens in
this study could be attributed to a scarcity of methanogenic substrates. The study sites have
relatively poor organic carbon in their sediment (140 Mg C ha−1) [55], although Indonesia’s
mangrove forests are typically high in sediment organic carbon (848.9 Mg C ha−1) [56].
This is because the study sites are overwashed mangrove forests which are located on a
coral-filled island and rotational forest cutting takes place in the forests.

The abundance of SRBs appeared to indicate that sulphate reduction has less of
an impact on methane production. It was generally less abundant than methanogens
(Figure 2). During the wet season, it can be higher than methanogens, for example, in
the top layer of sediments (10–20 cm). In such a case, we may conclude that SRBs can
inhibit methanogens because of a shift in methanogenic communities caused by environ-
mental changes. Reshmi et al. [57] noted, for example, that during the wet season, more
organic matter is supplied from terrestrial ecosystems, which improves the metabolism
of acetotrophic methanogens in estuarine sediments. Thus, this methanogen group was
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more abundant during the wet season than during the dry season, whereas methylotrophic
methanogen abundance did not differ between seasons. In the meantime, Jing et al. [37]
discovered that heavy metals shifted the methanogenic pathways in polluted mangrove
sediments. Furthermore, this type of shift may occur as a result of wetland vegetation
changes, which cause changes in methanogenic substrates [58]. SRBs were found to coexist
with methanogens in the current study, but seasonal variations in geochemical pore wa-
ter and sediment properties may alter the methanogenic communities at the top layer of
sediments, causing SRBs to be more abundant in the wet season than the dry season.

The fact that methylotrophic methanogens were more abundant than acetotrophic
methanogens in all samples supports the coexistence of SRBs and methanogens. The
abundance of methylotrophic methanogens in our mangrove sediments ranged from
8.3 × 102 to 5.1 × 104 CFU g−1, while the abundance of acetotrophs ranged from 0 to
7.7 × 102 CFU g−1. In comparison, Reshmi et al. [57] found that methylotrophs in estuarine
sediments ranged from 1.9 × 102 to 103 CFU g−1, while acetotrophs ranged from 2 × 102

to 8.1 × 102 CFU g−1. According to Torres-Alvarado et al. [59], during the dry season,
methylotrophs were the most abundant in estuarine sediments (106–2 × 107 cells g−1),
while acetotrophs accounted for between 3 × 104 and 105 cells g−1. During the wet
season, they discovered a similar abundance of acetotrophs (106–2 × 107 cells g−1) and
methylotrophic methanogens (107–2 × 107 cells g−1).

To our knowledge, there have been only a few studies in mangrove sediments address-
ing methanogen enumeration in mangrove sediments. This makes comparing our research
to previous studies difficult. Mohanraju and Natarajan [60] made an early attempt and
found that the total abundance of methanogens ranged from 3.6× 102 to 1.1 × 105 cells g−1.
They did not, however, mention the abundance of each group of methanogens. Jing
et al. [37], on the other hand, presented a detailed study on methanogenic communities
up to class-level taxonomic groups. They discovered that methylotrophic methanogens
were prevalent in nearly all of their samples. This is consistent with our findings and may
provide additional evidence to support the hypothesis that methylotrophic methanogenesis
is the dominant pathway of methane production in the current study.

4.2. Potential CH4 Production

The control experiment with autoclaved sediments yielded an unexpected result that
the sediments produced CH4 at roughly the same rate as the other control treatment on
Day 37 (no additional substrates) (Figure 4). Furthermore, bacterial counts on Days 0
and 28 showed that methanogens survived and grew well (Figures 5 and 6). These are
fascinating findings because methanogen archaea has no spored forms and thus is not
heat-resistant [61]. However, Otte et al. [62] noted that a few survivors remain in marine
sediment samples after three-time autoclaving. Among the survivors are spore-forming
bacteria, which is unusual for methanogens [63,64]. To the best our knowledge, only
methanogen archaea found in thermal vents can survive at the autoclave temperature of
110 ◦C [65,66]. Otherwise, we may say that there was a contamination in the incubation
bottles. Nevertheless, the CH4 concentration in control treatments (autoclaved and no
substrate) was fairly low, compared to the treatments with additional substrates. Thus,
it made no difference to the conclusion about the effect of additional substrates on CH4
production. More research is needed to characterise the methanogens in our study sites,
whether there were contaminations or physiological methanogen characteristics under
autoclaving treatments.

Meanwhile, the addition of methanol to the sediment slurry resulted in the rapid
and high production of CH4 (Figure 4), which was observed in all three selected sites’
sediments (i.e., Site 1, 2, and 3). On Day 7 of Site 1, for example, CH4 concentrations in
the bottle headspace with methanol amendment were two orders of magnitude higher
(1.9 (±1.8) × 104 ppm) than the control (no additional substrates) (4 (±9.2) × 102 ppm).
Following this, the amount of CH4 in the headspace increased gradually, reaching a peak
on Day 28. This is consistent with the findings of Chuang et al. [67], Xiao et al. [68], and
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Lyimo et al. [23]. Even though the in situ concentrations were extremely low, they found
that methylated compounds were more favourable for methanogens than competitive
substrates (i.e., H2 and acetate). The experiments with hydrogen and acetate amendments,
on the other hand, produced CH4 of the same order of magnitude as the controls. As a
result, only the experiments with methanol amendment produced more CH4.

When the number of methanogens in the experiment’s sediment slurry was counted,
methylotrophic methanogens were found in all treatments and controls (Figure 5). Fur-
thermore, methylotrophic methanogens proliferate successfully in autoclaved sediments.
Methanogen abundance was eight orders of magnitude higher on Day 28 than on Day 0. In
contrast, acetotrophic methanogens did not survive until Day 28 in all treatment conditions,
particularly those with acetate and H2 amendments (Figure 6). This suggests that SRBs
inhibited acetotrophs by competing for the same substrates (acetate or H2) [22]. As a result,
the slurry sediment experiments confirmed that methylotrophic methanogenesis is the
dominant pathway in our study sites.

4.3. Synthesis

Despite the fact that sulphate (SO4
2−) was abundant in the pore water at the mangrove

sites [34], it did not appear to reduce methane production. The presence of SO4
2− influences

methane production via two possible mechanisms: (1) SRBs outcompete acetotrophic and
hydrogenotrophic methanogens for common substrates [22], and (2) in order to oxidise
methane, SRBs collaborate with anaerobic methanotrophs (ANMEs) [69,70].

First, we found that although SRBs outcompeted acetotrophic and hydrogenotrophic
methanogens, methylotrophic methanogens played a major role in methane production. We
discovered that methanogens were more abundant than SRBs. Furthermore, methylotrophic
methanogens outnumbered acetotrophs in the methanogen community. The sediment
slurry experiments also revealed that adding methanol to sediment samples resulted in
the highest yield of headspace CH4. On Day 28 of incubation, investigations into the
methanogens in the sediment samples revealed that methylotrophic methanogens grew
well, while acetotrophic methanogens were undetected. H2 and acetate stimulation, on
the other hand, produced CH4 in the same order of magnitude as those that were not
stimulated or the experimental control.

Second, although SRBs may collaborate with anaerobic methanotrophs, their low
abundance and the high abundance of SO4

2− (because of the marine environment) suggest
that this pathway may be less important in controlling pore water CH4. In the sediment
samples, we discovered the presence of methanotrophs. Because mangrove sediments were
always anaerobic (i.e., a low ORP value), these methanotrophs were possibly anaerobic
methanotrophs [34]. Methanotrophs were one order of magnitude less abundant than
methanogens (7–8 × 104 CFU g−1) (72 and 6 × 105 CFU g−1). As a result, we may conclude
that the rate of CH4 production was greater than the rate of CH4 oxidation. However,
Tong et al. [49] cautioned that this interpretation should be used with caution because they
discovered a weak correlation between methane production and methanogen abundance.

5. Conclusions

This study shows that although this is a marine environment and an overwashed
mangrove forest with low soil organic matter, mangrove sediment is a suitable habitat
for methanogens and producing high CH4. This also confirms the importance of the
methylotrophic pathway in methane production in mangrove environments. The results of
microbial enumerations and potential CH4 production all point to this pathway. In fact, the
rate of in situ methane production would be primarily determined by the concentrations
of methylated compounds introduced into the sediment. In addition, it is surprising that
methanogens survived autoclaving treatments, thus requiring further investigation to
confirm or characterise the surviving methanogens. Finally, future research should consider
the supply of methylated compounds and the mass balance of methanogenesis in order to
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quantify the relative importance of methylotrophic methanogenesis in mangrove forests
and how it controls methane emissions.
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