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INTRODUCTION

The discovery of super-saturated concentrations of
methane, relative to atmospheric levels, within the
marine pelagic environment (Lamontagne et al.
1973) and its apparent in situ biological production
(Scranton & Brewer 1977, Traganza et al. 1979, Ward
et al. 1987, Damm et al. 2008, 2010) raises a number
of fundamental questions regarding the nature and
location of methane production and the microbes
that mediate this process. To date, 2 hypotheses have
been proposed for this oceanic methane paradox
(Kiene 1991): (1) anaerobic methanogenesis is medi-
ated by Archaea (Oremland 1979, Bianchi et al. 1992,

Marty 1993, Marty et al. 1997), and (2) methane is
produced (‘aerobic production’) via metabolism of
organic phosphonates under phosphate limitation
(Karl et al. 2008) or metabolism of dimethylsulfonio-
propionate where the nitrate:phosphate (N:P) ratio is
low (Damm et al. 2010). The present study aimed to
investigate the potential for the first of these hypo -
theses by using culture-independent methods to
identify methanogen rRNA gene sequences and
anaerobic incubation experiments to study the
potential for methanogenesis to occur in sedimenting
particles.

The existence of anoxic micro-sites in marine sedi-
menting particles, organic-rich faecal pellets and the
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digestive tracts of zooplankton could explain how
methane production can occur in the oxygenated wa-
ter column (Oremland 1979, Sieburth 1987, Bianchi et
al. 1992, Marty 1993, Marty et al. 1997). Previous re-
ports have provided evidence of in situ methane pro-
duction associated with particulate material (e.g. Karl
& Tilbrook 1994, Tilbrook & Karl 1995) and zooplank-
ton blooms (Traganza et al. 1979, Damm et al. 2008).
This has been further substantiated by measurements
of methane production during incubation experiments
with copepods (de Angelis & Lee 1994), sedimenting
particulate material and zooplankton faecal pellets
(Bianchi et al. 1992, Marty 1993, Marty et al. 1997)
and through the detection of methanogens and
metha nogen-like populations in pelagic material (Cy-
nar & Yayanos 1991, Sieburth et al. 1993, van der
Maarel et al. 1999). To date, only members of the
Methanosarcinaceae have been identified from mar-
ine pelagic samples. These organisms are known
 primarily for their ability to metabolise methylated
compounds, and this, along with the potential for
methanogens to be outcompeted by sulphate reducers
for other common substrates (e.g. formate or H2-CO2),
has led to the hypothesis that methanogenesis in the
upper oceans occurs mainly via the metabolism of
methylated compounds, such as the phytoplankton-
derived methyl amines and dimethylsulphide (Sie -
burth & Donaghay 1993).

In addition, while methanogens were traditionally
considered to be obligately anaerobic, therefore
unlikely to survive in well-oxygenated waters, they
have been shown to be metabolically active in envi-
ronments that are not completely anoxic (e.g. Lead-
better et al. 1998, Gray et al. 2002). Moreover, some
methanogen species, Methano micro coccus, Meth a -
no brevibacter (Tholen et al. 2007, Sprenger et al.
2007), Methanosarcina and Methano cella (Angel et
al. 2011), have now been shown to survive and con-
tinue to produce methane under oxic conditions.
These organisms have the ability to remove oxygen,
thus creating micro-conditions appropriate for their
growth (Tholen et al. 2007, Sprenger et al. 2007,
Angel et al. 2011). This trait would potentially allow
methanogenic species to survive and be metaboli-
cally active in the dynamic oxic/anoxic micro-envi-
ronment of particulate material.

The present study aimed to determine if meth -
anogenic Archaea were associated with sediment-
ing particulate material and copepod faecal pellets
collected from Scottish sea lochs and to assess
whether the indigenous methanogenic community
was viable by measuring methane production under
anoxic conditions.

MATERIALS AND METHODS

Sampling

Sedimenting particulate material and copepods
were collected during the summer months (2006)
from 2 interconnected sea lochs (Loch Creran,
56° 31’ N, 05° 23’ W, and Loch Linnhe, 56° 28’ N,
05° 30’ W; salinity ~30 to 35 ppt) on the west coast of
Scotland. A sediment trap (Leftley & MacDougall
1991) was suspended in Loch Creran (56° 31.12’ N,
05° 22.34’ W) at a depth of 27 m (water depth ~50 m)
for 24 h to obtain sedimenting particulate material for
DNA analysis. Trap material was mixed for 10 min at
150 rpm on an orbital shaker, then washed twice with
sodium phosphate buffer (120 mM, pH 8.0) to remove
extracellular nucleic acids (Tsai & Olson 1991) before
storage at −80°C.

To obtain sufficient material for methane produc-
tion measurements, the sediment trap was rede-
ployed at the same location for 4 d (8 to 11 June and
11 to 14  August 2006). After retrieval of the trap,
sedimenting material from the collection tubes was
pooled and siphoned through a 500 µm mesh to
remove zooplankton caught in the trap. Sediment-
ing particulate samples were stored on ice prior to
microcosm preparation (see ‘Methane production in
sedimentary particulate material and faecal pellet
microcosms’).

Natural (field) and laboratory-reared copepods
were collected from a vertical zooplankton trawl
taken on 8 June 2006 from below the chloro -
phyll maximum in Loch Linnhe (56°28.75’N, 05°
30.10’W). Copepod populations were collected
from Loch Linnhe (an interconnected loch) instead
of Loch  Creran as populations were greater at time
of sampling in Loch Linnhe. Following field sam-
pling, natural copepod populations were allowed to
defecate for 3 h, after which time faecal pellets
were collected. Approximately 300 fresh faecal pel-
lets (total wet weight ≈ 0.1 mg; average length
~200 µm) were collected, examined by light micro -
scopy, centrifuged at 13000 × g for 10 min and
stored at −80°C prior to DNA extraction. Adult
copepods Temora longicornis and Acartia clausi,
also isolated from the zooplankton trawl, were
maintained in the laboratory for 6 mo,  using their
natural prey Rhinomonas sp. and Oxyr rhis marina,
prior to collection of faecal pellets. Faecal pellets
harvested from the laboratory-reared copepods
were collected and stored as above. Copepod
faecal pellets were also collected from laboratory-
reared adult T. longicornis for methane production
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measurements (see ‘Methane production in sedi-
mentary particulate material and faecal pellet
microcosms’).

DNA extraction and PCR amplification of 
16S rRNA genes

DNA was extracted from the sedimenting particles
and faecal pellets following the procedure of van der
Maarel et al. (1998) with minor modifications; specif-
ically, the phenol chloroform step was repeated
twice, and nucleic acids were ethanol precipitated
before resupension in 100 µl of Tris-ethylene-
 diamine tetraacetic acid (TE) buffer. Euryarchaeotal
16S rRNA gene sequences were amplified using the
semi-nested PCR described by Munson et al. (1997).
It should be noted that the primers used in the pres-
ent study are not universal for all Archaea but have
been shown to amplify all known groups of me -
thanogens (Munson et al. 1997). First round amplifi-
cation was performed using primers Arch 1Af (5’-
TCY GKT TGA TCC YGS CRG AG-3’) and Arch
1404r (5’-CGG TGT GTG CAA GGR GC-3’; Munson
et al. 1997) followed by a semi-nested PCR amplifica-
tion with the same forward primer (Arch 1Af) and
Arch 1100r (5’-TGG GTC TCG CTC GTT G-3’; Emb-
ley et al. 1992). Five replicate reactions from the first
round of PCR were pooled (to avoid stochastic biases;
Wagner et al. 1994) and concentrated to 20 µl with
Montage PCR purification columns (Millipore).
Replicate 2 µl aliquots of the cleaned PCR products
were used in the second round of the semi-nested
amplification. PCR cycling parameters are given
in Table 1.

Cloning and sequencing of 
16S rRNA gene  fragments

16S rRNA gene fragments were cloned using p-
GEM-T Easy vector (Promega) and transformed into
Escherichia coli DH5α cells. Random colonies were
picked from each clone library, and the 16S rRNA
gene inserts were reamplified using vector-based
primers (ARD-F 5’-GCC ATG GCG GCC GCG GGA
ATT - 3’ and ARD-R 5’-AGG CGG CCG CGA ATT
CAC TAG-3’; PCR conditions given in Table 1). Re-
striction fragment length polymorphism (RFLP) was
em ployed to screen clone PCR products (~40 clones
from each library) and identify different clone types.
PCR products were digested with RsaI (Promega) for
15 h according to the manufacturer’s instructions, and
the restricted fragments were separated on a 2.5%
Metasieve agarose gel. The restriction fragments
from each clone were visually compared to each
other and restriction patterns from environmental
clones closely related to isolated Methanogenium
(accession no. AY177815) and Methanolobus spp.
(AY177812; Purdy et al. 2003). One or more clone
 representatives of each RFLP type detected from
each clone library were sequenced using BigDye®
Terminator v1 chemistry (Applied Biosystems) and
analysed on an ABI Prism 377 DNA sequencer (Se-
quencing Facility, Natural History Museum, London).

Phylogenetic analysis of the 
16S rRNA gene clone sequences

The identity of each sequenced clone was initially
established by BLASTn analysis (Altschul et al.
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Primers Hotstart PCR Denaturation Annealing Extension No. of Final
step cycles extension

1 min, 63°C
1 1 min, 94°C reduce 1°C cycle−1 1 min, 72°C

Arch 1Af (9 cycles) (9 cycles) (9 cycles)
Arch1404r 5 min, 95°C ———————————————————————————————— 33 5 min, 72°C
touchdown 2 30 s, 92°C 30 s, 53°C 30 s, 72°C

(24 cycles) (24 cycles) (24 cycles)

1 1 min, 94°C 1 min, 50°C 1 min, 72°C
Arch 1Af (9 cycles) (9 cycles) (9 cycles)
Arch1100r 5 min, 95°C ———————————————————————————————— 33 5 min, 72°C

2 30s, 92°C 30 s, 50°C 30 s, 72°C
(24 cycles) (24 cycles) (24 cycles)

ARD-F
ARD-R 5 min, 95°C 1 30 s, 95°C 30 s, 55°C 1 min, 60°C 26 10 min, 60°C

Table 1. Temperature cycling parameters for PCR amplifications used in the present study (25 µl reaction volume)



1997). The partial 16S rRNA gene clone sequences
(~900 bp) from the particulate and faecal pellet sam-
ples were aligned with published 16S rRNA gene
sequences from Euryarchaeota using ARB (ARBuntu
2.0, Ribocon; Ludwig et al. 2004). The ARB FastAl-
igner program was used for initial sequence align-
ment, and all alignments were then verified manu-
ally. A phylogenetic distance tree was generated
using the Jukes and Cantor correction (Jukes & Can-
tor 1969) and the neighbour-joining algorithm (Saitou
& Nei 1987) in ARB. Bootstrap (1000 replicates;
Felsenstein 1988) values >50% are shown at nodes
in Fig. 1.

Nucleotide sequence accession numbers

The 16S rRNA partial sequences obtained from the
sedimenting particulate and faecal pellet samples in
the present study are available from the European
Molecular Biology Laboratory (EMBL) nucleotide
sequence database (accession numbers EF043518,

EF043523 to EF043529, EF043531 and EF051586 to
EF051588).

Methane production in sedimentary particulate
material and faecal pellet microcosms

Anaerobic incubation experiments were set up to
investigate the production of methane from particu-
late material. Sediment trap material (~1 g wet
weight; ~0.4 g dry weight) was decanted into each
triplicate sterile 15 ml glass vials. Vials were filled
with aged 0.5 µm-filtered autoclaved seawater (col-
lected from 56°37.19’N, 06°23.53’W, near Tiree;
salinity 30 to 35 ppt) and sealed with crimp top teflon
lined stoppers. A 4 ml headspace of oxygen-free
 nitrogen was introduced into the microcosms by
 degassing through a needle, and at the same time,
the seawater was expelled using another  needle.
Controls consisted of filtered seawater only and an
autoclaved sedimenting particulate control. Sedi-
ment trap microcosms were incubated in the dark at
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Fig. 1. Phylogenetic distance tree based on 16S rRNA gene sequences (~900 bp) showing the relationships among
methanogenic reference taxa and clones from sedimenting particulate material (SPM), faecal pellets of natural (Field) and lab-
oratory-reared copepods (Acartia clausi: Acartia; Temora longicornis: Temora). Sequences detected in the present study are
shown in bold, bootstrap values >50% are shown at nodes, and GenBank accession numbers are given after each name
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13°C (ambient seawater temperature when sampled)
and manually mixed twice daily. Anaerobic incuba-
tions using faecal pellet material (see ‘Sampling’)
were prepared as follows. Approximately 600 faecal
pellets (~0.2 mg wet weight, dry weight evaluated to
be 30% of the wet weight; Morales 1987) were trans-
ferred to each triplicate 15 ml glass vial, and these
were prepared and conducted as above with the
modification that the samples were reduced by the
addition of sodium dithionite (Sigma Aldrich; final
conc. 200 µmol) to ensure that the reducing condi-
tions required for methanogenesis were achieved
(Oremland 1979). Headspace samples were removed
every 1 to 2 d  using a gas tight syringe and replaced
by oxygen-free nitrogen. Methane was analysed by
gas chroma tography (Varian 3400cx GC fitted with a
1.8 m × 0.3 cm packed molecular sieve column and a
flame ionization detector, operated with temperature
program of 45 to 80°C; Wilson 2007) and calibrated
using methane standards from Alltech Asso ciates.
The total methane production in the microcosms
(water- and gas-phase) and methane production
rates were  determined from the headspace concen-
tration using the calculations of Kampbell & Vande-
grift (1998).

RESULTS

Methanogenic populations in sedimenting
 particulate material and faecal pellets

The semi-nested euryarchaeotal-specific PCR
(Table 1) successfully amplified 16S rRNA gene
sequences from DNA extracted from all samples.
Only 3 distinct RFLP patterns were detected in all of
the clone libraries (data not shown), and representa-
tive clones from each library were sequenced.

While all sequenced clones were most closely
related to other environmental clones (from Antarctic
sediments and termite guts; Table 2), they also had
high sequence identity with cultured methanogens
(96 to 99%; Fig. 1, Table 2) from the genera Meth a -
no genium, Methanobacterium and Methano lobus.
All 4 clone libraries were dominated by Methano -
genium organophilum-like sequences, with 56 to
98% of clones in the 4 libraries closely related to this
organism. In the 3 faecal pellet libraries, 2 different
methanogen sequence types groups were detected:
Methanogenium organophilum- and Meth a no lobus
vulcani-like sequences in Temora longicornis faecal
pellets and Methanogenium organo phi lum- and
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Sample type and nearest neighbour Clone Similarity  Clone frequency Origin of relative
(clones and cultured representatives) (%) (%)

Sedimenting particulate materiala

Clone LH14 (AY177806) PSW22 97−99 78 Antarctic sediment
Methanogenium organophilum PSW30 (Purdy et al. 2003)
Clone Mg38 (AB181818) PSW20 99 19 Termite guts
Methanobacterium bryantii (Deevong et al. 2004)
Clone SB05 (AY177812) PSW24 97 3 Antarctic sediment
Methanolobus vulcani (Purdy et al. 2003)

Faecal pellets from lab-reared T. longicornisb

Clone LH14 (AY177806) PSW02 99 98 Antarctic sediment
Methanogenium organophilum (Purdy et al. 2003)
Clone SB05 (AY177812) PSW09 96 2
Methanolobus vulcani

Faecal pellets from lab-reared A. clausi c

Clone LH14 (AY177806) PSW15 99 56 Antarctic sediment
Methanogenium organophilum (Purdy et al. 2003)
Clone Mg38 (AB181818) PSW12 99 44 Termite guts
Methanobacterium bryantii (Deevong et al. 2004)

Faecal pellets from field copepodsd

Clone LH14 (AY177806) PSW25 99 97 Antarctic sediment
Methanogenium organophilum (Purdy et al. 2003)
Clone Mg38 (AB181818) PSW28 98 3 Termite guts
Methanobacterium bryantii (Deevong et al. 2004)

Number of clones per sample: an = 40; bn = 46; cn = 40; dn = 42

Table 2. Nearest neighbour (clones and cultured representatives) of the euryarchaeotal cloned sequences identified from sedi -
menting particulate material and faecal pellets from laboratory-reared and field Temora longicornis and Acartia clausi samples
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Meth ano bacterium bryantii-like sequences in Acar-
tia clausi and natural faecal pellets (Fig. 1, Table 2).
All 3 sequence types were observed in the sediment-
ing particulate material.

Methanogenic potential of sedimenting particulate
material and faecal pellets

To determine whether the indigenous methan genic
population was viable in the faecal pellets and sedi-
mentary particulate material, methane production was
measured in anaerobic microcosm experiments. Head-
space methane was detected in all micro cosms con-
taining sedimenting particulate ma terial and Temora
longicornis faecal pellets (Fig. 2). Methane production
in the sedimentary particulate material microcosms
was evident from Day 1, with headspace methane in
both samples reaching a maximum at Day 5 (maxi-
mum methane production rates 0.032 ± 0.005 and
0.006 ± 0.002 µmol CH4 g−1 d−1 for June and August
respectively). In microcosm experiments using faecal
pellets from T. longicornis, the maximum methane
production rates were 1.23 ± 0.56 µmol CH4 g−1 d−1,
which corresponds to 0.192 ± 0.096 pmol CH4 faecal
pellet−1 d−1. This observed production of methane in
the microcosms suggests that the indigenous popula-
tion was viable under the conditions tested; however, it
does not show specifically which methanogenic path-
ways were involved (methylotrophic and/or hydro -
geno trophic). No significant production of methane
was observed in the control incubations containing fil-
tered seawater only (no sedimenting particulate mate-
rial or faecal pellets) or filtered seawater plus auto-
claved sedimentary particulate material.

DISCUSSION

Culture-independent analysis of sedimentary par-
ticulate material and copepod faecal pellets identi-
fied 3 different methanogen sequence types (Fig. 1):
hydrogenotrophic Methanogenium- and Methano -
bacterium-like sequences and methylotrophic Meth -
ano lobus-like sequences. Although all 3 methanogen
genera have previously been detected in marine sed-
iments (Liu & Whitman 2008), our study represents
the first 16S rRNA-based identification of methano -
gens in copepod faecal pellets, which Marty (1993)
and de Angelis & Lee (1994) suggested may have
originated in the copepod gut, and extends the diver-
sity of methanogen-like sequences that have been
found in sedimenting particulate material. Further-
more, the diversity revealed by the present study
suggests that there is the potential for both hydro -
genotrophic and methylotrophic methanogenesis to
occur within these environments rather than
methane production being limited to the degradation
of methyl compounds, as had been hypothesised
 previously (Kiene 1988, de Angelis & Lee 1994, van
de Maarel et al. 1999, Damm et al. 2008). In fact, the
2 hydrogenotrophic genera Methanogenium and
Meth  anobacterium (Whitman et al. 2006) dominated
all 4 clone libraries and therefore are potentially
important members of the methanogenic communi-
ties in sedimenting particulate material. These
results support the findings of Marty (1993), who
reported methylotrophic and hydrogenotrophic me -
thano genesis in some enrichments derived from sed-
imenting particles and zooplankton. The presence of
potentially active hydrogenotrophic metha no gens in
these sulphate-rich anaerobic micro- environments
would place these organisms in direct competition
for hydrogen with sulphate-reducing bacteria, and
yet the present work and other studies (e.g. Marty
1993) suggest that methane production in the upper
ocean could occur via both of these methanogenic
pathways.

Sedimenting particles are potential hotspots of
microbial activity (Simon et al. 2002), and the detec-
tion of methanogen sequences in sedimenting partic-
ulate material and copepod faecal pellets suggests
that sufficiently anoxic conditions can exist in these
particles. Furthermore, there is good evidence sup-
porting the existence of anaerobic conditions in the
oxygenated pelagic environment, such as detection
of anaerobic organisms (Bianchi et al. 1992), the
products of anaerobic processes (e.g. sulphide;
Shanks & Reeder 1993) and the existence of anoxic
micro-sites (Alldredge & Cohen 1987). Tang et al.
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Fig. 2. Headspace methane production in anaerobic incuba-
tions of sedimenting particulate material (collected at 2 time
points, June and August 2006). Data are the mean of tripli-
cate experiments (error bars = ±1 SD). Where error bars are 

not visible, they are smaller than symbols
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(2011) have also recently observed oxygen under -
saturation and steep oxygen gradients culminating in
complete anoxia along the guts of 2 types of copepod
(Calanus hyperboreus and C. glacialis). However, the
occurrence of anoxic microsites in copepod faecal
pellets and sedimenting material has been ques-
tioned. Micro-electrode measurements in marine
faecal pellets and theoretical mass balance calcula-
tions indicate that anoxia within pelagic particulate
material is limited to larger macro-aggregates
(>600 µm) under specific environmental conditions
(Simon et al. 2002, Ploug et al. 1997, Ploug & Jør-
gensen 1999). Ploug et al. (1997) suggested that
anoxic conditions are ephemeral and that, due to the
dynamic nature of the particulate environment, slow-
growing obligately anaerobic methanogens would
not survive. Despite this, sequences closely related
to methanogens were repeatedly recovered from
Temora longicornis and Acartia clausi faecal pellets
that measure, on average, only 200 µm in length.
Whilst the presence of 16S rRNA gene sequences
does not indicate that the methanogens were active,
we did demonstrate methane production from T.
longicornis faecal pellet incubations, indicating via-
bility of the indigenous population if provided with
suitable conditions. These results confirm previous
findings of methane production associated with incu-
bation experiments of copepod faecal pellets and
particulate material (Bianchi et al. 1992, Marty 1993,

Marty et al. 1997). However, in the present study,
methane production was demonstrated in all samples
(Table 3) at ambient seawater temperatures, over rel-
atively short timescales (7 d) and without any dis-
cernible lag in methane production. In contrast, pre-
vious studies produced inconsistent results (0 to
100% of samples with detectable methane; Bianchi
et al. 1992, Marty 1993) and used long incubations
(up to 40 d; Bianchi et al. 1992). In the present study,
the rapid (production after 1 d) and consistent (100%
of samples with detectable methane) response of the
incubations suggests that the methanogenic commu-
nity was active within the sedimentary particulate
material and copepod faecal pellets under the anaer-
obic conditions tested.

It has also been hypothesised that pelagic methane
may be produced via aerobic decomposition (see
comment on aerobic decomposition by Grossart et al.
2011) of phosphorus-containing organic compounds,
specifically phosphonates (Karl et al. 2008), under
conditions of phosphate depletion. This pathway was
first identified in 1979 by Daughton et al., who ob-
served that a strain of Pseudomonas testosteroni could
grow using methylphosphonate as a phosphorous
source, with the aerobic cleavage of the C-P bond re-
sulting in the release of methane. In 2008, Karl et al.
showed the microbial breakdown of methylphos -
phonate in phosphate-stressed seawater samples,
providing evidence for unconventional meth a no -
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Study Sample type and Time Temp. % of sample with Methane production 
no. of samples (d) (°C) detectable CH4 rate

Bianchi  SPM (n = 2)
15 0 0

et al. 40
30 100 12.5 µmol g−1 d−1

(1992) Faecal pellets (n = 2)
15 0 0
30 50 0.05 µmol l−1 pellet suspension d−1

Marty
SPM (40 m trap, n = 4) 0 0

(1993)a SPM (80 m trap, n = 10) 30
25

20 5.3 µmol l−1 d−1

Faecal pellets (n = 16) (in situ) 25 <0.001 µmol l−1 pellet suspension d−1

Present SPM (June n = 3) 100 0.032 ± 0.005 µmol g−1 d−1

study SPM (August n = 3) 7
13

100 0.006 ± 0.002 µmol g−1 d−1

Faecal pelletsb (n = 3)
(in situ)

100 1.23 ± 0.56 µmol g−1 d−1

aMarty et al. (1997) also detected methane production in particulate incubation experiments, but results were expressed as
the amount of methane produced per tube not as rates of production (sediment trap 3 to 11 nmol CH4 per tube in 30% of
samples, and faecal pellets 4 to 125 nmol CH4 per tube in 36% of samples)

bThe rate of methane production in the faecal pellets in the present study corresponds to 0.192 ± 0.096 pmol faecal
pellet d−1

Table 3. Comparison of methane production in anaerobic incubation experiments of sediment trap particulate material and
copepod faecal pellets under differing conditions. Direct comparisons of faecal pellet rates are not possible as other studies
express the rates per ml of faecal pellet suspension not per gram, and sodium dithionite was added as a reducing agent in the 

present study but not in other studies. SPM: sedimenting particulate material
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genesis (Ingall 2008). They showed that marine bacte-
ria may be capable of using methyl phosphonate, the
simplest form of phosphonates, as their sole phospho-
rous source in the absence of phosphate and sug-
gested that increased nutrient limitation could pro-
mote the use of phosphonates (Karl et al. 2008). This
pathway depends on both the limitation of phosphate
and the presence of methylphosphonate, and there is
now evidence for the presence of phosphonates in the
diazotroph Trichodesmium (Dyhrman et al. 2009) and,
interestingly, sinking marine particles (Paytan et al.
2003, Benitez-Nelson et al. 2004). However, it has not
yet been fully clarified how much of this phosphonate
pool is made up of methylphosphonate. Damm et al.
(2010) also proposed an ‘aerobic’ methane production
pathway. The authors of this study demonstrated a re-
lationship between DMSP removal, methane pro -
duction and low N:P ratios, but the main pathway in-
volved was not fully elucidated. The identification of
these pathways and the suggestion that they may
help address the ocean methane paradox reinforce
the need for further research to understand the mech-
anisms contributing to methane production in the
oceans. Due to the coastal location of Loch Creran,
neither nitrate or phosphate were limited in the water
column or particulate material (K. Black pers. comm.),
suggesting that the nutrient-limited pathways pro-
posed by Karl et al. (2008) and Damm et al. (2010) may
play less of a role in the production of methane in
these sites. It is highly likely, however, that both the
‘aerobic’ and anaerobic pathways exist and may fill
specific niches contributing to the production of
methane in different oceanic regions, but without fur-
ther research into both pathways, we are unlikely to
unravel the ocean methane paradox.

The recent work of Grossart et al. (2011) demon-
strated active methanogenesis in the oxygenated
water column of a freshwater lake, including the
detection of hydrogenotrophic/acetoclastic methano -
gens and mcrA gene activity, supporting methane
production by Archaeal methanogens. Importantly,
this demonstrates that methanogenesis can occur in
the oxygenated regions of the water column, and it is
not improbable that this process also occurs in the
ocean’s surface. The sedimenting material and faecal
pellet samples analysed in the present study were
treated to create anoxic conditions to maximise the
potential for methanogenesis. As analysis of dis-
solved oxygen concentration was not conducted, we
cannot say whether methane production occurred in
the presence of residual oxygen, as could potentially
occur if the results of Grossart et al. (2011) can be
applied to the marine environment.

In summary, the present study identified methano -
gen genera that have not been reported previously in
marine sedimenting material or copepod faecal
 pellets, including, for the first time, potentially hydro -
geno trophic methanogens. Furthermore, methane
production measured in particulate material incu-
bated under anaerobic conditions demonstrated the
viability of the associated methanogenic community.
The recovery of methanogen 16S rRNA gene se -
quences, including those of hydrogeno tro phic meth -
ano gens, from material theoretically too small to host
anaerobic processes suggests that the ‘oceanic
methane paradox’ is still some way from being
resolved. Work in this laboratory is currently under-
way to investigate the contribution of different meta-
bolic pathways to methane production.
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