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Methane  is  a  powerful  greenhouse  gas  that  contributes  significantly  to
climate  warming.  Biogeochemical  cycling  of  methane  has  long  been  the
focus of earth and environmental  research.  The ocean is a source of atmo-
spheric  methane,  which  is  usually  supersaturated  in  surface  seawaters.
However, biogenic methane is generally thought to be produced via conven-

tional methanogenesis which is mediated by strictly anaerobic methanogenic
archaea, while this conventional methanogenesis is inhibited in the presence
of  oxygen  and  sulfate.1 Therefore,  the  production  of  excess  methane  in
oxygenated marine waters remains elusive and this phenomenon is referred
to as the marine methane paradox. 

TRADITIONAL  EXPLANATIONS  FOR  METHANE  SUPERSATURATION  IN
MARINE WATERS

A  number  of  hypotheses  have  been  proposed  to  explain  the  methane
supersaturation in surface ocean. In shallow coastal waters, lateral or vertical
transport of methane from sedimentary sources (e.g., advective seeps, ebulli-
tion,  diffusion)  and  river  discharge  and  subsequent  trapping  of  methane  on
density isopycnals as it moves through the water column could generate the
observed high saturation of  methane in  the  surface ocean.2 However,  these
exogenous sources account for a minor fraction of surface methane super-
saturation in pelagic waters with greater depths.

In  situ production  of  methane  in  oxic  waters  provides  a  more  plausible
explanation for the methane paradox. Early studies suggested that methane
production from archaeal methanogenesis occurred in anoxic microhabitats,
such as suspended organic debris, fecal particles and zooplankton digestive

tracts.1,3 For  example,  methane generated  within  zooplankton  guts  could  be
released through the formation of fecal pellets and subsequently exchanged
with  surrounding  waters  (Figure  1).  Although  the  correlations  between
zooplankton  abundance  and  methane  concentrations  were  observed,  the
magnitude and feasibility of this methanogenic pathway remained controver-
sial.  The  brief  duration  of  slowing-growing obligate  anaerobic  microorgan-
isms  such  as  methanogenic  archaea  in  anoxic  aggregates  challenges  their
ability  to  grow  in  fully  oxygenated  seawater.  Mass  balance  calculations
suggest  that  this  pathway  is  insufficient  to  maintain  mixed  layer  methane
saturation and air-sea flux. 

NOVEL PATHWAYS FOR METHANE PRODUCTION IN OXIC WATERS
In contrast to the canonical paradigm of anaerobic methane production by

methanogens,  the  non-archaeal  formation  of  methane  has  been  reported
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Figure 1.  Sources of methane and pathways for methane production in oxygenated seawater Pathways of microbial methane production from methyl compounds that have
been confirmed in the ocean are marked with red solid lines, and the red dashed lines represent the potential pathways that have not been evidenced in marine environments.
MPn: methylphosphonate; DOM: dissolved organic matter; C-P lyase: carbon-phosphorus lyase; Pi: phosphate; ROS: reactive oxygen species; DMSP: dimethylsulfoniopropionate;
DMS: dimethyl sulfide; DMSO: dimethyl sulfoxide.
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frequently  in  oxygen-rich  seawater.  Field  studies  often  observed  positive
correlations  between  methane  and  chlorophyll  concentrations,  raising  the
intriguing possibility of methane production by marine phytoplankton.3 Incu-
bation experiments with  isotope labelling further  confirmed that  widespread
marine algae are capable of producing methane using bicarbonate or methy-
lated  sulfur  compounds  as  a  precursor  under  oxygenated  conditions.
Furthermore,  it  has  been  demonstrated  that  cyanobacteria  are  important
contributors  for  methane  production  via  multiple  mechanisms  in  aquatic
environments.3 Cyanobacteria  that  can  fix  nitrogen  have  the  capability  of
phosphonate metabolism;  the  demethylation  of  methylphosphonate  gener-
ates methane as a byproduct. Diverse nitrogen-fixing bacteria from different
environments have  been  documented  to  reduce  carbon  dioxide  simultane-
ously with nitrogen gas to yield methane when expressing iron-iron nitroge-
nase.3 Considering that nitrogenase is an ATP-requiring enzyme prevalent in
nitrogen-fixing  cyanobacteria,  it  is  plausible  that  ATP  generated  during
photosynthesis  could  drive  the  enzymatic  conversion  of  carbon  dioxide  to
methane. In  addition,  cyanobacteria  living  in  marine,  freshwater,  and  terres-
trial  environments  can  convert  fixed  inorganic  carbon  into  methane  under
light  conditions  at  substantial  rates,  which  further  highlights  the  role  of
photoautotrophs in methane production.

In  global  oceans,  microbial  growth  is  often  limited  by  nutrient  availability
(e.g., N,  P,  Fe).  To  cope  with  P-limiting  conditions,  microbes  have  evolved
specific  strategies  to  degrade  dissolved  organic  phosphorus  (DOP)  and
acquire  inorganic  P  for  cell  growth.  Particularly,  organic  phosphorus
compounds  containing  C-P  bonds  such  as  methylphosphonate  (MPn)  are
readily used and the decomposition of these compounds through C-P lyase
can release methane as a byproduct.2 Since the discovery of this mechanism
of  oxic  methanogenesis,  increasing  evidence  suggests  that  this  pathway  is
prevalent  in  marine  waters.  Methane  production  was  always  observed  in
incubation  experiments  following  amendment  of  MPn to  coastal  or  oceanic
waters. Metagenomic analyses revealed that key genes associated with MPn
biosynthesis,  such  as  phophoenolpyruvate  mutase  gene  (pepM)  and
methylphosphonate  synthase  (MPnS),  are  ubiquitous  among  marine
microbes  globally.1-3 Furthermore,  microbes  catabolizing  MPn  through  C-P
lyase pathway, which is encoded by a 14 gene operon (phnC–phnP) induced
by  the pho  regulon under  phosphate  starvation,  have  been  shown  to  be
widespread across the global ocean. Although the concentrations of MPn in
seawater  were  barely  reported,  phosphonate  esters  are  abundant  in  the
ocean  as  they  are  important  constituents  of  dissolved  organic  matter.1

Bacterial  degradation  of  polysaccharide  esters  of  phosphonic  acids  in
dissolved organic matter (DOM) can also release methane, and daily cycling
of only a minor fraction of semi-labile DOM polysaccharide-MPn esters can
support observed sea-air methane fluxes.

In  addition  to  the  C-P  lyase  from  phosphonate,  aerobic  degradation  of
other  methyl  compounds  such  as  dimethylsulfoniopropionate  (DMSP)  or
methylamines could  be  linked  to  methane  production  in  aquatic  environ-
ments.  DMSP  or  methylamines  are  osmolyte  compounds  produced  by
marine  biota  and  play  important  roles  in  microbial  ecology  and  seawater
chemistry.  It  is  well  documented  that  DMSP  or  methylamines  constitute
energy-rich  substrates  for  methanogens  in  marine  sediments.  In  the  upper
ocean, direct evidence for DMSP-induced methane production came from the
observed methane formation after the addition of DMSP to water samples or
the  occasional  correlations  between  in  situ  methane  and  methylated  sulfur
compound  concentrations.2,3 However,  the  detailed  mechanism  for  this
process  is  quite  enigmatic,  as  the  microorganisms,  biochemistry  or  genes
involved  in  this  pathway  remain  unclear.  Similarly,  microbial  conversion  of
methylamine to methane under aerobic conditions has been reported in oxic
lakes.4 The  critical  gene  that  encodes  pyridoxylamine  phosphate-dependent
aspartate  aminotransferase  has  been  identified  for  the  aerobic  bacterial
methane  synthesis  from  methylamine. While  these  findings  underscore  the
potential  of  methylamine  as  a  methanogenic  substrate  in  aquatic  systems,
evidence is required for the occurrence of methylamine-driven methanogen-
esis  in  marine waters.  In  contrast  to  the high abundance of  methylamine in
freshwater  lakes,  considerably  lower  concentrations  of  methylamine  in  the
ocean and the fact that methylamine serves primarily as an energy source for
methylotrophs,  may  significantly  limit  the  conversion  of  methylamine  to
methane. Therefore,  while this pathway remains possible in marine environ-
ments, current evidence suggests that if this process occurs, it may proceed
at extremely low rates that were not readily detected. More future investiga-

tions employing advanced analytical and genomic techniques, are necessary
to elucidate the role of methylamine in marine methane cycling.

In addition  to  biological  production,  abiotic  photoproduction  from  chro-
mophoric dissolved organic matter (CDOM) also contributes to the methane
efflux  in  the  open  ocean.3 Methane  derived  from  the  photodegradation  of
CDOM  could  account  for  approximately  20–60%  of  the  open-ocean  sea-air
methane emission  fluxes,  indicating  that  other  methane production  mecha-
nisms  exist  to  support  oceanic  methane  supersaturation.  More  recently,  a
novel  non-enzymatic  methane  formation  pathway  has  been  proposed  in  all
living organisms.5 This process is triggered by reactive oxygen species (ROS)
and free  iron,  with  methylated  sulfur  or  nitrogen  compounds  as  intermedi-
ates. ROS are highly reactive metabolites of oxygen that are produced during
aerobic metabolism in cells;  this is a ubiquitous process in the ocean. Since
ROS could be toxic to living cells, marine organisms have developed antioxi-
dant  systems  to  prevent  oxidative  stress.  In  particular,  DMSP  released  by
phytoplankton can serve as an antioxidant that can scavenge hydroxyl radi-
cals and other ROS. Hence, it is reasonable to expect that methane synthesis
from  ROS-driven  demethylation  of  sulfur-methyl  compounds  may  occur  in
the  ocean.  However,  current  investigations  on  this  pathway  are  limited  to
laboratory  experiments  with  stressed  conditions,  while  the  environmental
relevance and significance of methane production remain uncertain in nature. 

CONCLUSIONS AND PERSPECTIVES
Collectively,  marine  methane  production,  previously  attributed  solely  to

anaerobic  processes,  is  now  being  recognized  as  a  multifaceted  puzzle
involving  multiple  aerobic  biological,  biochemical  and abiotic  pathways.  The
emerging  evidence  challenges  traditional  notions  and  provides  alternative
explanations  for  the  methane  paradox.  Although  these  pathways  are  still
being refined, what emerges is a picture of concurrent and parallel processes
contributing  to  the  pervasive  supersaturation  of  methane  in  oxic  marine
waters (Figure 1).  To better understand these newly discovered pathways, it
is  important  to  identify  the  biochemistry  and  the  microorganisms  involved
through  robust  laboratory  and  field  work.  Given  the  large  spatio-temporal
variation in microbiology and biogeochemistry among oceanic environments,
the  magnitude  and  contribution  of  each  pathway  for  methane  production
could be different and require further investigation. Therefore, future research
should  revisit  these  oxic  methane  sources  across  marine  systems,  with  a
focus on the practical possibilities and specific contribution of each identified
pathway under in situ conditions. A better understanding of the physiological
and  environmental  controls  of  individual  methanogenesis  pathways  will
advance  the  knowledge  of  the  long-term  impact  of  the  environmental
changes  (e.g.,  algal  blooms,  global  warming,  elevated  ROS)  on  the  aerobic
production  of  methane.  Ultimately,  the  methane  production  under  changes
should  be  linked  to  the  oceanic  emissions  of  methane  to  the  atmosphere,
which influences the global methane budget and potential climate feedbacks.
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