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Abstract: Aerobic methane (CH4) oxidation plays a significant role in marine CH4 consumption.
Temperature changes resulting from, for example, global warming, have been suggested to be able to
influence methanotrophic communities and their CH4 oxidation capacity. However, exact knowledge
regarding temperature controls on marine aerobic methane oxidation is still missing. In this study,
CH4 consumption and the methanotrophic community structure were investigated by incubating
sediments from shallow (Bohai Bay) and deep marine environments (East China Sea) at 4, 15, and
28 ◦C for up to 250 days. The results show that the abundance of the methanotrophic population,
dominated by the family Methylococcaceae (type I methanotrophs), was significantly elevated after all
incubations and that aerobic methane oxidation for both areas had a strong temperature sensitivity. A
positive correlation between the CH4 oxidation rate and temperature was witnessed in the Bohai Bay
incubations, whereas for the East China Sea incubations, the optimum temperature was 15 ◦C. The
systematic variations of pmoA OTUs between the Bohai Bay and East China Sea incubations indicated
that the exact behaviors of CH4 oxidation rates with temperature are related to the different methan-
otrophic community structures in shallow and deep seas. These results are of great significance for
quantitatively evaluating the biodegradability of CH4 in different marine environments.

Keywords: marine environment; methanotroph; aerobic methane oxidation; temperature

1. Introduction

At present, gas hydrates are the most abundant source of methane on the earth [1–3].
A great amount of methane is released due to the decomposition of gas hydrates from
submarine reservoirs [4], which are gradually consumed by anaerobic methanotrophic
archaea (ANME) in anoxic sediment layers and aerobic methanotrophs in oxic layers [5,6].
Methanotrophs are a subset of methylotrophs that utilize CH4 and other C1 compounds
as the sole carbon and energy sources under aerobic conditions [7,8]. Aerobic methane
oxidation in natural ecosystems is, thus, one important way to control CH4 emissions in
the atmosphere, reducing the potential of global warming [9–12]. Thus, better knowledge
on the aerobic methane oxidation of natural ecosystems is of great significance to precisely
characterize the emissions of CH4 and trends of global warming.

Temperature is an important factor that controls microbial processes. A larger number
of studies have been conducted to investigate the effects of temperature on aerobic methane
oxidation for various ecosystems, and they have shown the distinct response patterns of
methanotrophic community structures and activities, as well as CH4 oxidation rates to
temperature [13–16]. For instance, the optimum temperature of aerobic methane oxidation
for most ecosystems is between 20–45 ◦C [7], whereas methanotrophs from acid soils in the
Arctic had optimum growth temperatures of less than 10 ◦C [6]. The lower temperature
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limits for aerobic methane oxidation in nature are also different. Mohanty et al. [17]
found that the lower temperature limits in rice fields and forest soil were quite different
(15 ◦C and 5 ◦C, respectively), although both soils showed similar maximum aerobic
methane oxidation rates at 25–35 ◦C. However, these studies were mainly focused on
terrestrial ecosystems, and works specifically examining aerobic methane oxidation in
marine ecosystems are absent.

In fact, aerobic methane oxidation in marine environments also plays a significant
role in the biodegradability of CH4 in nature. Aerobic methane oxidation driven by
methanotrophs is very common in shallow marine environments, such as the Santa Barbara
Channel in California (at a water depth of 5–70 m) and the Coal Oil Point seep field in
Bohai Bay (at a water depth of 17–23 m) [18,19]. In deep marine environments, such as
hydrothermal plumes in the Okinawa Trough [20], aerobic methane oxidation has also
been reported [21–23]. It is not hard to deduce that aerobic methane oxidation patterns in
shallow marine environments should be significantly influenced by temperature, which
shows evident seasonal fluctuations and is susceptible to solar radiation and sea–air heat
transfer [24,25]. Although variations in temperature resulting from seasonal fluctuations
may be quite limited and the bottom water temperature is usually stable (2–7 ◦C) for
deep marine environments, it may be influenced by ocean currents [26]. The temperature
sensitivity of methanotrophs is susceptible to other environmental factors, such as water
content and sediment characteristics [27–29], and thus, the response of aerobic methane
oxidation patterns to temperature in terrestrial ecosystems such as rice fields, forests, or
permafrost soils may be quite different from that in marine environments [30,31]. Currently,
exact knowledge regarding temperature controls on marine aerobic methane oxidation is
still missing.

In this study, the CH4 consumption and methanotrophic community structures were
investigated by incubating sediments from shallow (Bohai Bay) and deep marine envi-
ronments (East China Sea) at 4, 15, and 28 ◦C. By comparing the incubations representing
shallow and deep marine environments, we aimed to illustrate the exact effects of tempera-
ture on methanotroph community structures and aerobic methane oxidation patterns in
marine ecosystems.

2. Materials and Methods
2.1. Sediment Source

The marine sediment samples were collected from two seas, the Shaleitian Coal
Oil Point seep field of Bohai Bay (BB) and the cold seep system in the western slope of
Mid-Okinawa Trough in East China Sea (ECS), which represent different water depths
and temperature conditions. The sediment samples from BB and ECS were collected
by a remotely operated submersible box sampler and a gravity corer, respectively. It
has been reported that potential methane leakages with significant CH4 concentration
anomalies exist in both areas [32,33]. In this study, the headspace methane concentrations
of sediments were 10–167 µL/L in BB [34] and 33 µL/L in ECS (Table 1). Both sediment
samples were confirmed to contain the methanotrophic community that can degrade CH4
via aerobic oxidation by microbial community composition in original sediments along
with preliminary cultivating experiments [35]. The physical and chemical characteristics of
both samples are given in Table 1. The sampling position in BB was located at a water depth
of 23 m, where the surface temperature of the seafloor varies obviously from 6.3 to 28.6 ◦C,
influenced by the seasons [36]. The BB sample used in this study was taken in July and the
water temperature at the seabed was 19 ◦C. The water depth at another sampling position
in ECS was 979 m, where the surface temperature is constant at about 4 ◦C. The ORP value
of the BB sediment sample was −28 mV, indicating a relatively oxidized environment. The
two collected samples were stored at a temperature of ~2 ◦C.
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Table 1. Physical and chemical characteristics of the sediments used in this study.

Location Water
Depth (m)

Bottom Water
Temperature 1

(◦C)
Water

Content TOC Median Grain
Size (µm)

CH4
Concentration 2

(µL/L)
pH ORP 3/mV

BB 23 6.3–28.6 39.2% 0.66 6.0 10–167 8.7 −a28
ECS 979 ~4.0 46.3% 1.51 18.5 33 8.3 -
1 Bottom water temperature was annual monitoring data. 2 CH4 concentrations of BB were obtained from several sediments from Shaleitian
Coal Oil Point seep field cited from Zhang [34]. The BB sediment sample used in this study was collected during the same sampling. 3 ORP
is the abbreviation for oxidation–reduction potential.

2.2. Sediment Incubations

We filled a 100 mL serum vial with 60 mL of medium and 120 g of sediment, suc-
cessively, and sealed it with a butyl rubber stopper followed by an aluminum crimp cap
(Figure 1). The medium was composed of (g L−1) K2HPO4 (1.5500), NaH2PO4·2H2O
(1.1050), NH4Cl (2.0000), MgCl2·6H2O (0.0750), and (NH4)2SO4 (0.1000), ZnSO4·7H2O
(0.0044). The medium was supplemented with 1 mL/L trace element solution. A 360 mL
gas-tight glass bottle for storing gas was connected with the serum vial by two pipelines.
The hermetic performance of the bottle was assured by adding about 60 mL of medium be-
fore the gas injection. On one of the pipelines, a multi-channel peristaltic pump (BT100-1L,
Longer, Shanghai, China) was installed to circulate the experimental gas through the sedi-
ment column from bottom to top. In the experiment, a flow rate of 50 µL min−1 (72 mL d−1)
was adjusted in the range of the CH4 flux in marine seepage [4].
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Figure 1. Experimental setup for incubation. Four treatments were run with the setup simultaneously
in this study.

After the connection, the experimental system was vacuumed for half an hour. The
360 mL glass bottle was then injected with 60 mL of CH4 and 300 mL of O2. The proportions
of CH4 and O2 were determined on the basis of stoichiometry for complete CH4 oxidation,
as well as the amount of organic matter in sediments. The sediment samples from two
marine areas were incubated at different temperatures (4 ◦C, 15 ◦C, and 28 ◦C), respectively.
The temperature was set according to the temperature range for CH4 oxidation in extensive
shallow and deep oceans. Three incubations with different temperatures were performed
in duplicate (two experimental treatments), along with one control for each sediment
sample. Finally, 14 treatments were conducted for the sediments from both areas in this
study. About 500 mL of ultrahigh purity (UHP) N2 was injected into each treatment as an
overpressure, such that gas sampling did not draw a vacuum. An extra 60 mL of UHP
N2 was added into the control as a substitute for CH4 to achieve similar pressure with the
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experimental treatment. All the treatments were incubated in a dark biochemical incubator
(LT-BIX120L, Leadtech, Shanghai, China), with a temperature uniformity of ±0.5 ◦C.

CH4 oxidation in each incubation was monitored by assessing changes in gas con-
centrations in the headspace, microbial community compositions, and methanotrophic
biomass. The headspace gases of the 100 mL serum vial were subsampled by a 100 µL
Hamilton microsyringe (Hamilton 81056, Tianjin, China) for the compositional measure-
ment at intervals of 3–7 days. The amount of gas sampled in a single sampling operation
was 50 µL. At the same time as the gas subsampling, the system pressure was also mea-
sured using a pressure sensor connected to a steel needle. The accuracy of the pressure
sensor is 0.001 MPa and the pressure loss of each measurement is less than ~0.002 MPa.
Thus, the influence on the subsequent analyses of CH4 composition resulting from the
subsampling and pressure measurement is negligible. The incubations were terminated
after the complete consumption of the CH4, or after 250 days if the CH4 was not completely
consumed. At the end of each temperature experiment, sediment slurries were transferred
to 50 mL centrifuge tubes by centrifuging them at 9000 rpm for 10 min, discarding the
supernatant, and freezing them at −20 ◦C for later DNA extraction.

2.3. Methane Oxidation Measurement

The oxidation of CH4 in the headspace was tracked over time using a gas chromatograph
coupled with thermal conductivity and flame ionization detectors (GC-TCD/FID, Thermo,
Shanghai, China). The gas chromatographic separation of the headspace gases, including CH4,
CO2, N2, and O2, was performed with an HP-PLOT Q (30 m × 0.32 mm × 20.0µm) column.
The column oven temperature was programmed at 60 ◦C for 4 min. Helium (UHP, 99.999%)
was used as the carrier gas at a 3 mL/min flow rate. The gas injection was conducted in
split mode with a split ratio of 10:1. The injector, TCD, and FID temperatures were set at
200 ◦C, 200 ◦C„ and 280 ◦C, respectively. The flow rates of hydrogen, air, and make-up gas
for the FID detector were 40, 450, and 40 mL/min, respectively. Combined with CH4%
(v/v) acquired by GC, headspace pressure, and temperature, the CH4 content (mmol) in
the headspace was calculated with the ideal gas law.

The CH4 consumption curves of the CH4 headspace concentration vs. the incubation
time at different temperatures are given. The data on the variation of CH4 oxidation rates
with temperature in the BB sediments were described in our previous study [37], but we
optimized the calculation method in this study. The steepest parts of the curves were
selected to characterize the CH4 oxidation by calculating the CH4 oxidation rate from linear
regression analysis using a minimum of six points [17,29,38]. The CH4 oxidation rates were
normalized to the dry weight of the sediments.

2.4. DNA Extraction

DNA was extracted from the original sediments and the sediment slurries after in-
cubation using the EZNA® Soil DNA kit (Omega Bio-Tek, Beijing, China) based on the
manufacture’s recommended protocol. The DNA concentrations were quantified by a
NanoDrop2000 Spectrophotometer. The DNA extracts were stored at −20 ◦C, and each
extract was divided into two portions for MiSeq PE300 sequencing (Majorbio Bio-Pharm
Technology Co., Ltd., Shanghai, China) and quantitative real-time PCR.

2.5. PCR Amplification, Illumina Miseq Sequencing, and Data Processing

The methanotrophic communities in the incubations were analyzed using the univer-
sal primer pair A189F-mb661R, targeting the pmoA genes (an indicator of methanotroph)
for PCR amplification. The PCR amplification was performed on an ABI GeneAmp® 9700
PCR System (Applied Biosystems, Arlington, USA). The PCR reaction mixture (20 µL)
contained 0.4 µL 5× FastPfu Buffer, 2 µL dNTPs (2.5 mM), 0.8 µL forward and reverse
primers, 0.4 µL FastPfu Polymerase, 0.2 µL BSA, and approximately 10 ng of template
DNA. The temperature cycle consisted of 95◦C for 3 min, followed by 30 cycles of 95 ◦C for
30 s, 55 ◦C for 30 s, 72 ◦C for 45 s, and a final extension at 72 ◦C for 10 min.
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The Illumine Miseq sequencing for PCR-amplified pmoA genes was carried out on an
Illumina Miseq PE300 platform by Majorbio Bio-Pharm Technology Co., Ltd., Shanghai,
China. The sequences were assigned to OTUs at a sequence similarity of 97% with UCLUST.
The fgr/pmoA gene database and NCBI database project (http://www.ncbi.nlm.nih.gov, ac-
cessed on 24 September 2021) was used for taxonomic annotation analysis of the pmoA gene
sequences. Relative abundances of the OTUs in each sample were performed to determine
the variations of the methanotrophic community structures during the incubation.

2.6. Quantitative Real-Time PCR Assays

The quantitative real-time PCR (qPCR) assays targeting the methanotroph were per-
formed by an ABI 7300 real-time PCR system (Applied Biosystems, Arlington, USA).
Fragments of pmoA genes were amplified by the same primer sets as the PCR amplification
in Illumina Miseq sequencing. The reaction component (20 µL) contained 10 µL of SYBR®

Premix Ex Tag TM (Ta-KaRa, Dalian, China), 0.2 µmol L−1 of each primer, and 2 µL of
template DNA. The samples were analyzed in triplicate. The results are expressed as the
number of marker gene copies per gram of sediment.

2.7. Statistical Analyses and Temperature Sensitivity Calculations

Statistical analyses of the effect of temperature on the CH4 oxidation process, including
biomass yields (i.e., pmoA gene copy numbers) and CH4 oxidation rates, were conducted
using one-way ANOVA by IBM SPSS Statistic 25 software. The differences were considered
statistically significant for p-values below 0.05 [39].

Temperature sensitivity analyses were performed using empirical descriptor Q10
values. Q10 values describe the changes in the CH4 oxidation rate when the temperature
increases by 10 ◦C [29]. The Q10 values were calculated by the following equation:

Q10 = (
R2

R1
)

10
T2−T1 (1)

where R1 and R2 are the CH4 oxidation rates at the different temperatures T1 and T2.

3. Results
3.1. Methane Consumption

The aerobic CH4 consumption in all experimental treatments was higher than that
of the organic matter oxidation in the control treatments (<10.0%), which indicates that
the CH4 oxidation driven by methanotrophs occurred at 4–28 ◦C in the sediments in both
areas. The residual CH4 concentrations (µM) in the headspace over incubation time are
shown in Figure 2 and Table S1. The consumption time for a similar amount of CH4
from both areas showed consistent characteristics at different temperature intervals. The
consumption times of CH4 at 4 ◦C were the longest (>250 days for BB and >160 days
for ECS). Accordingly, the CH4 oxidation rates obtained by linear regression analysis
show that the CH4 oxidation rates at 4 ◦C in both areas were lower than those at high
temperatures (Table 2 and Table S2). The aerobic methane oxidation rates from the BB
sediments increased by an order of magnitude as the temperature rose, which indicates that
higher temperatures will promote the oxidation process. In contrast to the BB sediments,
although the oxidation time of the ECS sediments at 15 ◦C was longer than that at 28 ◦C,
the average oxidation rate at 15 ◦C (2.61 µmol gdw−1 d−1, R2 range of 0.96–0.98) was
the fastest and nearly twice the average rate at 28 ◦C (1.39 µmol gdw−1 d−1, R2 range of
0.96–0.99).

http://www.ncbi.nlm.nih.gov
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Table 2. Potential CH4 oxidation rates (µmol gdw−1 d−1), Mean (R2), Q10 values, and one-way ANOVA.

Ecosystem Temperature CH4 Oxidation Rate 1

(R2 2)

Q10 Values One-Way ANOVA 3

Source
4–15 ◦C 15–28 ◦C d.f 4 p

BB
4 ◦C 0.06 (0.97–0.99)

8.3 2.1 2 0.007

This paper

15 ◦C 0.64 (0.89–0.91)
28 ◦C 1.64 (0.95–0.98)

ECS
4 ◦C 0.56 (0.92)

4.1 0.6 2 0.00915 ◦C 2.61 (0.97–0.99)
28 ◦C 1.39 (0.96–0.99)

Eight lakes in
central Sweden 4–30 ◦C 0.01–0.63 (0.83–1.00) 0.5–2.4 - - [29]

Two forest zones 10–25 ◦C <0.0002 (-) 0.2–1.9 - - [31]

Zion landfill site 6–40 ◦C 0.85–4.84 (-) 1.4–3.3 - <0.004 [40]
1 CH4 oxidation rate at each temperature in this study was obtained by averaging two slopes by linear regression analysis of the two
experimental treatments. 2 R2 values were the correlation coefficients from the linear regression. 3 One-way ANOVA was conducted with
CH4 oxidation rates obtained from all six experimental treatments. 4 d.f is degree of freedom in one-way ANOVA.

In this study, p values obtained from one-way ANOVA of the effect of temperature
on aerobic methane oxidation rates in BB (p = 0.007) and ECS (p = 0.009) sediments were
both less than 0.01 (Table 2), indicating a strong effect of temperature on the CH4 oxidation
activity in both areas. The temperature coefficient (Q10) was also calculated to characterize
the temperature sensitivity of CH4 oxidation (Table 2). Q10 values for CH4 oxidation in the
BB sediments were 8.3 over the temperature range of 4–15 ◦C, which was higher than that
at 15–28 ◦C (Q10 = 2.1). Similarly, the Q10 values for CH4 oxidation in the ECS sediments
at low temperatures were also much higher (Q10 = 4.1 at 4–15 ◦C; Q10 = 0.6 at 15–28 ◦C).
However, for the same temperature interval, the Q10 values for the BB incubations were
systematically higher than those for the ECS incubations, indicating a higher temperature
sensitivity of the CH4 oxidation for the BB incubations.

3.2. Methanotrophic Community Structure

After CH4 biodegradation at different temperatures, 233,592 high-quality sequences
were obtained from 2 original and 12 incubated sediments, which were classified into
125 OTUs with a similar cutoff of 97%. Number of sequences for each sample in BB and
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ECS incubations was shown in Table S4. The community structure of the pmoA genes
was examined by dominant OTUs with relative abundance higher than 1% (Figure 3). It
is shown that proportions of pmoA sequences affiliated with Methylocystis (OTU98) from
type II methanotrophs in the original sample from BB were as low as 1.94%, while the
remainder were non-methanotrophs. In contrast to the BB sediment, the methanotrophs in
the original sample from ECS, including Methylocystis (OTU14) and Methylocaldum (OTU54),
accounted for as much as 84.2%. After the incubations at different temperatures, although
the dominant OTUs of incubated sediments from BB and ECS both belong to the family
Methylococcaceae from type I methanotrophs, they varied between different incubations.
For the BB incubation, the unclassified _Methylococcaceae (OTU1) was dominant at all
temperatures, accounting for 91.91–99.48% of the family Methylococcaceae (Figure 3a). The
relative abundance of pmoA sequences derived from Methylobacter (OTU9 and OTU13)
was less than 0.01% in the incubation at 4 ◦C and up to 8.0% in the incubation at 28 ◦C,
showing a positive correlation with temperature. Similar to the pmoA sequences of the
BB incubations, the unclassified_Methylococcaceae was also predominant in the incubated
sediments from ECS which accounted for 97.80–99.97% (Figure 3b). However, the unclassi-
fied_Methylococcaceae in the ECS incubations consisted of two OTUs, OTU1 and OTU4. A
few pmoA sequences (0.03–2.17%) affiliated with Methylobacter (OTU9) were also observed
in the ECS samples, with the abundance decreasing with the elevated temperature.
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3.3. Abundance of Methanotrophic Population

The CH4 consumption was accompanied by the growth of methanotrophic popula-
tions, the abundance of which varied at different temperatures (Table 3 and Table S3). In the
BB sediments, the growth of methanotrophic populations characterized by pmoA genes was
consistent with the CH4 consumption curves. At both temperature intervals (4–15 ◦C and
15–28 ◦C), the abundance of pmoA genes increased by two orders of magnitude. It should
be noted that the abundance of pmoA genes from the 4 ◦C incubation is not completely
suitable for the comparison because, unlike other incubations, CH4 in the headspace was
not fully consumed within the experimental time of this study. However, the results here
at least suggest that the growth of methanotrophs in marine sediments grow more slowly
at 4 ◦C than that at higher temperatures. In contrast to the BB sediments, the abundance
of methanotrophic population in the ECS sediments was as high as 1.25 × 109 copies/g
at 15 ◦C, where the fastest CH4 oxidation rate (2.61 µmol gdw−1 d−1) was observed. The
p value obtained from the one-way ANOVA of the effect of temperature on the abundance
of pmoA genes in ECS sediments (p = 0.046) is smaller than 0.05, indicating a significant
effect of temperature on the growth of methanotrophic biomass in the ECS incubations.
Nevertheless, the p value calculated from the BB incubations is 0.135, suggesting that
temperature did not have a significant effect on the growth of methanotrophic biomass in
the studied BB incubations.

Table 3. Active methanotrophs, abundance of pmoA genes 1 (copies/g) and ANOVA of the effect of temperature on
methanotrophic populations.

Ecosystem Temperature Type of Active
Methanotrophs

Initial Abundance
of pmoA Genes

Average
Abundance of
pmoA Genes

One-Way ANOVA 2

Source
d.f 3 p

BB
4 ◦C unclassified_Methylococcaceae

4.18 × 104
6.35 × 105

2 0.135

This paper

15 ◦C unclassified_Methylococcaceae
Methylobacter

2.94 × 107

28 ◦C 1.48 × 109

ECS
4 ◦C unclassified_Methylococcaceae

Methylobacter 4.78 × 104
4.86 × 105

2 0.04615 ◦C 1.25 × 109

28 ◦C unclassified_Methylococcaceae 4.84 × 108

Arctic lake 4–21 ◦C Methylobacter; Methylophilus;
Methylomonas; Methylophilus - - - - [14]

Two forest
zones 10–25 ◦C

Methylobacter; Methylocaldum;
Methylomicrobium;

Methylocystis
- - - - [31]

Zion landfill
site 6–40 ◦C Methylobacter; Methylocystis;

Methylocaldum; Methylotenera - - - - [40]

1 Average abundance of pmoA genes calculated from the two treatments at each temperature. 2 One-way ANOVA was conducted with
abundance of pmoA genes obtained from all six experimental treatments. 3 d.f is degree of freedom.

4. Discussion
4.1. Temperature Effect on CH4 Oxidation Rate

Despite the consensus that temperature fluctuations influence aerobic CH4 oxidation
patterns, some published studies suggest that such influences are minor (Table 2). This
is supported by the generally low Q10 values (generally < 3) reported for ecosystems,
including wetlands, peat soils, forest soils, and lake sediments [29,31,41,42], and is gener-
ally explained by the sensitivity of the enzymes to low temperatures and the decreasing
solubility of CH4 and O2 with elevated temperatures [29]. In this study, the temperature
sensitivity of methanotrophs in the BB and ECS incubations at the high temperatures of
15–28 ◦C was low (Q10 values 0.6–2.1), which is therefore consistent with previous stud-
ies for most terrestrial ecosystems. Nonetheless, our study revealed that marine aerobic
methane oxidation may be highly sensitive to low temperatures (e.g., 4–15 ◦C), as indicated
by the high Q10 values ranging from 4.1 to 8.3. This indicates that temperature plays a
more significant role in controlling aerobic CH4 oxidation patterns for marine ecosystems.

The results of this study indicate that CH4 biodegradation over the temperature range of
4–28 ◦C was quite different in shallow and deep marine environments (Figure 4a). Average
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aerobic methane oxidation rates from the BB incubations were 0.06–1.64 µmol gdw−1 d−1 at
temperatures ranging from 4 to 28 ◦C. This is consistent with the results
(0.01–0.63 µmol gdw−1 d−1) obtained from laboratory incubations using, for example, lake
sediments at 4–30 ◦C [29]. Meanwhile, the CH4 oxidation rates from the BB incubations
increased 10-fold over the studied temperature interval. This positive correlation between
the temperature and CH4 oxidation rates is also consistent with many studies which have
shown increment trends of CH4 oxidation below 30 ◦C [28,40], and the optimum tem-
perature for CH4 oxidation ranges from 20 to 38 ◦C [6,13,17,43]. However, in contrast to
incubations using the BB sediments, the CH4 oxidation rates for incubations using the ECS
sediments did not increase with elevating temperatures, and the optimum temperature of
aerobic methane oxidation was 15 ◦C. This is not uncommon and in fact, some published
studies have found that the optimum temperature for CH4 oxidation could be as low
as 10 ◦C, or even lower in cold environments, such as the Arctic [44]. The uncoupling
of temperature and aerobic methane oxidation rates for the deep marine environments
could be explained by the existence of some specific methanotrophic community in deep
oceans [31]. Another feature of aerobic methane oxidation reported in this study is that
a 10-fold higher rate was observed at the same temperature (except for 28 ◦C) in the ECS
incubations than that in the BB incubations. Thus, it is reasonable to deduce that the CH4
oxidation capacity in deep-sea sediments, like ECS, is stronger than that in shallow-sea
sediments, like BB.
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It is noted that although our results of aerobic methane oxidation rates
(0.06–2.61 µmol gdw−1 d−1) are broadly similar to the previous experimental data
(0.1 × 10−4–12.2 µmol gdw−1 d−1) obtained from terrestrial habitats [31,40], they are
very different from those obtained by in situ observations (6–289 mmol m−3 d−1) [45].
Thus, great caution should be taken when applying the results from this study to natu-
ral ecosystems.

4.2. Temperature Effect on Methanotrophic Community

Almost all pmoA sequences in the incubated sediments in our study (representing the
active communities from BB and ECS) phylogenetically belong to type I methanotrophs
(families Methylococcaceae), which is different from other ecosystems with abundant species
or types of methanotrophs (Table 3). It is generally recognized that type I methanotrophs
are one of the main methanotrophic communities found in marine environments by natural
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observations [46]. Nonetheless, significant variations of pmoA OTUs were found between
the same sediment samples at different temperatures and between different samples at the
same temperatures (Figure 3). OTU13, which clusters to Methylobacter, was only observed
in the BB incubations and displayed a positive correlation with temperature. This may be a
main reason for the increases in the CH4 oxidation rates of the BB incubations from 4 to
28 ◦C. In contrast, OTU4, which clusters to unclassified_ Methylococcaceae, only occurred in
the ECS incubations at 4 ◦C (close to the in situ temperature). It is not hard to deduce that
the relative complex relationship between the CH4 oxidation state and temperature for the
ECS incubations must be related to the special methanotrophic community structure (e.g.,
OTU4). However, a straightforward relationship between the methanotrophic community
structure and CH4 biodegradation activity was still not fully revealed by this study and
needs further clarification.

Nonetheless, the high correlation coefficients for the correlations between methan-
otrophic abundance and the aerobic methane oxidation rates for both BB and ECS incuba-
tions (0.71 and 0.61, respectively) suggest that the response of methanotrophic abundance
to temperature was consistent with that of the aerobic methane oxidation rates in both areas
(Figure 5). However, the abundances of pmoA genes, representing active methanotrophic
communities, varied for the BB and ECS incubations at different temperatures (Figure 4b).
For the BB incubations, the abundance of methanotrophic communities responded pos-
itively to temperature, with the optimum temperature being 28 ◦C in the experimental
conditions of this study. This temperature was close to that of maximum methanotrophic
activity (20–31 ◦C) in land cover soil, peat soil, wetland, and forest soil [6,40]. For aerobic
methane oxidation in BB with seasonal climate, the above results also indicate that the
biomass growth and CH4 oxidation rate in the seabed sediments should be the fastest
in summer. In contrast, the optimum growth temperature of methanotrophs in the ECS
sediments was only about 15 ◦C, which has also been reported for cold ecosystems, such
as the Arctic [6,47]. Considering that the in situ temperature of the BB sediments is much
higher than that of the ECS sediments, the contrasting optimum temperature for aero-
bic methane oxidation between BB and ECS further suggests that the aerobic methane
oxidation patterns are controlled by in situ environments.
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5. Conclusions

In this study, we investigated the effect of temperature on aerobic methane oxidation
and methanotrophic communities using marine sediments collected from BB (a shallow
sea with a water depth of 23 m) and ECS (a deep sea with a water depth of ~1000 m). The
aerobic methane oxidation rates for the BB sediments increased by an order of magnitude
(0.06–1.64 µmol gdw−1 d−1) from 4 to 28 ◦C, whereas those for the ECS incubations reached
the maximum (2.61 µmol gdw−1 d−1) at 15 ◦C. CH4 oxidation in the two areas was more
sensitive to low temperatures (Q10 = 4.1–8.3) than high temperatures (Q10 = 0.6–2.1). The
active methanotrophs in both areas were Methylococcaceae from type I methanotrophs.
However, the pmoA OTU composition was different, and the two areas had their own
unique OTU types. The different responses of the methanotrophic growth and the CH4
oxidation rates to temperature for incubations from the two areas indicate that shallow and
deep marine environments are characterized by different CH4 oxidation patterns. These
results are of great significance for quantitatively evaluating the biodegradability of CH4
in different marine environments.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jmse9111261/s1, Table S1: CH4 contents at subsequent time points (nmol) in the headspace
of the BB and ECS incubations, Table S2: CH4 oxidation rate (µmol/gdw/day) of each treatment
of the BB and ECS incubations, Table S3: Abundance of pmoA genes (copies/g) in each sediment
sample after the BB and ECS incubations, Table S4: Number of sequences for each sample in BB and
ECS incubations.
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