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ABSTRACT: The endpoint of anaerobic degradation of organic compounds in aquatic ecosystems
is methane. This methane-carbon is not necessarily lost for ecosystem processes as it can be utilized by methane-oxidizing bacteria (MOB), and possibly recycled into benthic and pelagic food
webs. The dominant zooplankton in many lakes are daphnids, which could act as vectors for channeling methane-carbon from methanotrophic bacteria upwards in the food chain. We demonstrate, using 13C-enriched diets in laboratory experiments, that methane-carbon can enter the
pelagic food web via filtration of MOB by cladoceran zooplankton. Because carbon use efficiency
in Daphnia appears to be limited by the availability of dietary sterols on prokaryotic diets, we test
the hypothesis that the uptake of MOB, the only prokaryotes possessing sterols and sterol-like
compounds, can lead to a quantitative and qualitative upgrading of phytoplankton diets of Daphnia. Our results confirm the general superiority of eukaryotic over prokaryotic food sources for
Daphnia growth and reproduction. Although MOB addition compensated for limited food quantity, we found no evidence for a qualitative upgrading through MOB. Consequently, there was no
direct relationship between the quantity of food available and the fitness (somatic growth) of
Daphnia, but rather a strong food quality effect, independent of MOB addition. Our findings support the view that methane is an important carbon source to pelagic ecosystems and thus have
strong implications for qualitative and quantitative assessments of carbon recycling pathways in
aquatic ecosystems.
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In lakes (also ponds, wetlands and streams), large
quantities of organic matter are degraded under
anaerobic conditions through methanogenesis (Rudd
& Taylor 1980, Ingvorsen & Brock 1982, Mattson &
Likens 1993). Lakes in particular have been found to
be ‘hot spots’ of methane production and thus contribute a large amount (1−16%) to global natural
methane emissions (Bastviken et al. 2004). Methano-

genesis contributes 30 to 80% of the anaerobic carbon mineralisation in lake waters and sediments
(Rudd & Hamilton 1978, Fallon et al. 1980, Bédard &
Knowles 1991). The fraction of methane oxidised
strongly depends on the type of release — diffusion in
small bubbles or ebullition, the latter leading to a
higher flux of methane to the atmosphere (Steele et
al. 2009). It is also established that methane emissions and oxidation can vary spatially in lakes
between profundal sediments, open water and lit-
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toral areas. Nevertheless, a large proportion of the
methane produced in profundal sediments is oxidized by methane-oxidizing bacteria (MOB) as it
passes into the oxic zones within sediment or water
(Rudd & Taylor 1980, Frenzel et al. 1990, Oremland
et al. 1993, Utsumi et al. 1998). This suggests that a
large proportion of methane can be converted to
MOB biomass. This bacterial biomass is not only
accessible to protozooplankton/phagotrophic protozoans (i.e. heterotrophic nanoflagellates and ciliates)
but also to metazooplankton, such as cladocerans.
Bacteria can be very effectively consumed by zooplankton and can constitute a substantial part of zooplankton diets (e.g. Gophen & Geller 1984, Kankaala
1988, Pace & Cole 1994). Feeding on MOB biomass
would be one of the few cases where microbially produced carbon in the form of methane, otherwise
unavailable for higher organisms, can enter the zooplankton trophic level via direct transfer from MOB.
Reports from studies of different stratified lakes
show that considerable methanotrophic biomass can
develop, accounting for up to 3% of total DAPI counts
(Eller et al. 2005, Schubert et al. 2010); a study using
group-specific phospholipid fatty acid analysis estimated that MOB can account for up to 41% of the total
bacterial biomass (Sundh et al. 2005). This indicates
that the production of organic carbon in oxic water
layers by MOB may be similar to the carbon fixation
by all heterotrophic bacteria (Hessen & Nygaard
1992). Besides a zone of aerobic methane oxidation,
an additional zone of anaerobic methane oxidation in
the anoxic water body may be present, suggesting
that aerobic and anaerobic MOB can be active
throughout the water column (Eller et al. 2005). Further, the ability of zooplankton to exploit bacterial resources is not limited to the aerobic parts of lakes. Because of the vertical migration commonly observed in
zooplankton (Lampert 1992, 1993), foraging in deeper
water layers may be advantageous even if there are
high food concentrations in the surface water. Besides
reducing the risk of predation by predators such as
fish (Lampert 1993), foraging in deeper water layers
would also enable exploitation of the potentially dense
microbial community in or below the oxycline (e.g.
Cole et al. 1993). In particular, methanotrophic bacteria (Jones et al. 1999, Bastviken et al. 2003, Kankaala
et al. 2006, Taipale et al. 2008) and perhaps green sulfur bacteria (Kuuppo-Leinikki & Salonen 1992) can be
exploited as food by zooplankton able to graze around
the oxic−anoxic interface. Jones & Grey (2011) recently reviewed evidence for the transfer of methanederived carbon to higher trophic levels in freshwater
food webs. In addition to field studies (e.g. Bunn &

Boon 1993, Jones et al. 1999, Bastviken et al. 2003),
laboratory experiments (Kankaala et al. 2006, 2007)
and experimental field data by Taipale et al. (2007,
2008) support the hypothesis that Daphnia feed on
MOB. Generally, MOB consumption was estimated
via the characteristically depleted δ13C values of MOB
and, hence, MOB consumers, which is due to the
strongly depleted δ13C signal of methane-carbon.
However, there are alternative hypotheses explaining
the observed low δ13C values of zooplankton: for example, Lennon et al. (2006) argued that the low δ13C
values they found in northeastern lakes of the USA
could also be attributed to zooplankton feeding on
13
C-depleted phytoplankton. Most of the studies on
MOB consumption used stable carbon isotope analysis
(δ13C), which is now being widely used in studies of
the sources and fluxes of organic matter in lake food
web analysis (Grey et al. 2001, Pace et al. 2004, Grey
2006). However, there is still limited evidence that
MOB provide a suitable food source for zooplankton.
In laboratory experiments, Kankaala et al. (2006)
found the δ13C signature of Daphnia to be significantly
more depleted when feeding on microbial suspensions
enriched with biogenic methane compared with
non-enriched cultures. The cultures enriched with
methane also showed equal or greater Daphnia
growth rates than the non-enriched cultures.
Taking recent work into account, which has identified dietary sterol content as a crucial factor in determining food quality for Daphnia (von Elert et al. 2003,
Martin-Creuzburg et al. 2005b, 2008, 2009), MOB
could play an important role not only in terms of
quantity, but also in terms of dietary quality. MOB are
unique among prokaryotes in possessing relatively
large amounts of sterols or sterol-like compounds,
which are absent in most other prokaryotes (Bird et
al. 1971, Cvejic et al. 2000, Volkman 2003). Experimental evidence suggests that sterol-like compounds,
such as hopanoids, can fulfill functions equivalent to
those of sterols (Ourisson et al. 1987, Raederstorff &
Rohmer 1988, Cvejic et al. 2000). Because sterols are
essential for multiple physiological processes and
arthropods are incapable of the de novo synthesis of
sterols, these compounds must be obtained from the
diet (Grieneisen 1994). Sterols are precursors of
steroid hormones, such as ecdysteroids, which are involved in the process of molting and the manufacture
of membrane constituents (Grieneisen 1994).
Here, we test the hypotheses that methane via
MOB can serve as a supplementary carbon source for
zooplankton and that MOB could potentially be a
dietary source for sterols or hopanoids, thus biochemically upgrading sterol-free diets. By using 13C-
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enriched methane, carbon isotope values of MOB
can be manipulated, allowing the flow of methanecarbon into zooplankton to be tracked. When this
enriched methane is utilized by MOB, their carbon
isotope value will become correspondingly enriched.
In standardized growth experiments, a eukaryotic
green alga rich in phytosterols and a sterol-free
cyanobacterium were supplied to Daphnia magna to
simulate a diet with high and low dietary sterol availability. By adding high and low amounts of additional
MOB, we simulated spring conditions with a low proportion of MOB in the seston and autumn conditions
with a higher proportion of MOB in the edible size
fraction of the plankton. In this way, we tested the
relative importance of food quantity and food quality
(i.e. sterol/hopanoid availability) on growth and
reproduction of the keystone herbivore Daphnia.

removed and replaced by 200 ml 12/13CH4 at a mixing
ratio of 70/30 ([v/v], 13CH4 99 atom percentage;
Isotec). Pre-incubation was carried out at 20°C in the
dark on a rotary shaker (120 rpm) for 2 d prior to use in
the experiment. Before the feeding experiments, bacteria were harvested by centrifugation, washed and
re-suspended in filtered lake water. Cell numbers of
MOB were determined from samples fixed with 2%
formaldehyde. MOB cells were stained with 4’, 6diamidino-2-phenylindole (DAPI) and counted by
epifluorescence microscopy (Porter & Feig 1980) and
volumes were adjusted. An effect of the culture
medium on the quality of MOB as food seems
unlikely, as a study by Bodelier et al. (2009) showed
that growth on different substrates did not affect the
biochemical composition (fatty acid profiles) of the
investigated MOB strains.

MATERIALS AND METHODS

Experimental design

Cultivation and preparation of food organisms

Laboratory growth experiments were conducted
with fourth clutch juveniles (birth ± 6 h) of a clone of
Daphnia magna, which was originally isolated from
Großer Binnensee, Germany (Lampert 1991). The
newborn experimental animals were cultured to the
age of 48 h on Scenedesmus obliquus (2 mg particulate organic carbon [POC] l−1) as described in von
Elert et al. (2003). The growth experiment was carried out in 1.5 l glass beakers filled with 600 ml of filtered Lake Schöhsee water (0.4 µm pore-sized membrane filter) and 6 D. magna at 20°C and a constant
16 h light:8 h dark cycle.
The experiment was designed to test whether
methanotrophic bacteria can provide a significant
food source for lake zooplankton and whether their
sterols can increase the carbon transfer efficiency of
cyanobacterial carbon known for its low content of
sterols. Six treatments with 6 replicates each were
produced by factorial combination of 3 food suspensions containing Scenedesmus obliquus (SCE) or
Synechococcus elongatus (SYN) with 3 different
amounts of MOB. The carbon concentration of phytoplankton added per day was 0.1 mg POC l−1. This
non-saturating amount was chosen because it is
intermediate between the food threshold concentration of Daphnia magna for somatic growth (approximately 0.017 mg POC l−1, Gliwicz 1990) and the
incipient limiting level of approximately 0.25 mg
POC l−1 (Lampert & Muck 1985). The 3 MOB additions were as follows: no MOB added (NO-MOB); 1 ×
108 Methylosinus trichosporium cells l−1 added (LOMOB), representing approximately 50% of the

The green alga Scenedesmus obliquus (Kützing),
strain SAG 276.3a, was used as food for the stock culture of daphnids and the experiments. It was grown in
a chemostat culture in Chu12-medium (Müller 1972)
at a dilution rate of 0.5 d−1 at 20°C at approximately
100 µmol photons m−2 s−1 light intensity with a 12 h
light:12 h dark photoperiod. S. obliquus is rich in phytosterols, which daphnids can convert into the major
crustacean sterol, cholesterol (Martin-Creuzburg &
von Elert 2004). The sterol-free cyanobacterium
Synechococcus elongatus (Nägeli) was grown in
semi-continuous batch culture in WC medium (Guillard 1975) at a dilution rate of 0.2 d−1 under the same
light and temperature conditions as S. obliquus. Although the large-celled S. obliquus was concentrated
by sedimentation, the cyanobacterium S. elongatus
was concentrated by centrifugation. Subsequently,
both phytoplankton species were resuspended with
filtered lake water and the carbon concentrations of
the food suspensions were estimated from photometric
light extinction (800 nm) and from carbon extinction
equations determined previously. The MOB strain
Methylosinus trichosporium (NCIMB strain number
11131) was grown in nitrate mineral salt (NMS)
medium with 1/10 of the standard nitrate concentration (modified from Whittenbury et al. 1970) and supplemented with 13C-labelled methane. Two 1 l screw
cap glass bottles were filled with 0.5 l NMS medium,
inoculated with M. trichosporium and closed with a
rubber stopper. From the headspace, 180 ml air were
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phytoplankton (S. obliquus or S. elongatus) carbon
added; and 1 × 109 M. trichosporium cells l−1 added
(HI-MOB), representing approximately 500% of the
phytoplankton carbon added. This particular MOB
concentration (LO-MOB) was chosen because MOB
can represent up to 2 to 3% of all DAPI-stained cells
in lake water (Eller et al. 2005, Schubert et al. 2010).
In contrast, the HI-MOB treatment simulates a situation where all lake bacteria would be MOB. Every
day the animals were transferred into new jars with
fresh food suspensions. The experiment lasted until
animals from one treatment reached maturity and
made investments into their first clutch, which was at
Day 7 at saturating food quantities of S. obliquus and
at Day 8 in all other treatments. After counting clutch
sizes (numbers of neonates per individual for each
replicate and treatment) under a dissecting microscope, the animals were dried in an oven for 24 h at
60°C, and somatic growth rates and stable carbon
isotopes determined from the dried samples. Somatic
growth rates (g) were determined as the increase in
dry mass (M ) during the experiment using the equation g = (lnMt − lnM0)/t. Samples of the experimental
animals were taken at the beginning (M0) and at the
end (Mt) of the experiment. The samples consisting of
4 to 10 animals were dried for 24 h at 60°C and
weighed on an electronic balance for n = 6 replicates.

Analyses of POC and stable carbon isotopes
Algal and MOB samples were sampled each day
during the experiment by filtration on pre-combusted Whatman GF/F glass fiber filters, dried at
60°C over night and stored in an exsiccator until
analysis using a FISONS® NA2000 elemental analyzer. Cladocerans from the growth measurements
were transferred into tin cups and stored in an exsiccator for subsequent analysis of stable carbon isotopes. Algal and MOB samples were sampled by filtration every day using pre-combusted Whatman
GF/F glass fiber filters. After drying for 24 h at 60°C,
filters were stored in an exsiccator prior to analysis.
Isotope analyses were performed using a Micromass
IsoPrime continuous flow isotope ratio mass spectrometer interfaced with a Carlo-Erba NA1500 elemental analyzer. Isotope ratios are expressed using
the δ notation in units per mil (‰) as follows: δ13C (‰)
= [(Rsample/Rstandard) − 1] × 1000 with R = 13C/12C. The
reference material used was a secondary standard of
known relation to the international standard of
Vienna Pee Dee belemnite. Typical precision for a
single analysis was ± 0.1 ‰ for δ13C.

Statistics and modelling
Somatic growth rates, survival as well as δ13C values of daphnids using food treatment as the effect
variable were compared using 2-way ANOVA and
Tukey’s honestly significant difference (HSD) post
hoc test. Incorporation of methane carbon by daphnids was tested with a one-way ANOVA. Data were
tested with a Tukey−Kramer post hoc test for significant differences between the groups. Statistical
analyses were performed either with the SigmaStat
module of SigmaPlot v.11 (Systat) or JMP 5.0.1.2. To
estimate the percent contribution of MOB to Daphnia, a 2-source isotope mixing model (Phillips &
Gregg 2001) was applied, using MOB and phytoplankton as alternative dietary carbon sources.

RESULTS
Food biomass in experimental treatments
Food concentrations of Scenedesmus obliquus and
Synechococcus elongatus (± SD) were 0.072 ± 0.005
and 0.086 ± 0.027, respectively, and thus only slightly
lower than the planned 0.1 mg POC l−1. The intention
of the high and low MOB addition was to add 50%
(0.05 mg POC l−1) or 500% (0.5 mg POC l−1) to the
approximately 0.1 mg phytoplankton carbon l−1. The
actual values of MOB carbon determined in the
added cultures were close to the target concentrations with 0.042 ± 0.011 mg POC l−1 for the LO-MOB
treatment and 0.423 ± 0.114 mg POC l−1 for the HIMOB treatment.

Daphnia magna growth and egg production rates
Saturating amounts of the high-quality food alga
Scenedesmus obliquus allowed for high growth
rates (0.35 d−1) of Daphnia magna, whereas all treatments with food concentrations below the incipient
limiting level (approximately 0.25 mg POC l−1; Lampert & Muck 1985) yielded somatic growth rates
below 0.2 d−1 (Fig. 1). Both the phytoplankton
organism offered as food to D. magna and the addition of MOB had a significant influence on the
somatic growth of the daphnids, as indicated by a
2-way ANOVA and post hoc comparisons with
Tukey’s HSD tests (PHYTO F1, 35 = 557.2, p < 0.001,
MOB F2, 35 = 71.0, p < 0.001, PHYTO × MOB F2, 35 =
25.8, p < 0.001). Growth rates with or without addition of MOB were always higher on the green
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Fig. 1. Relationship between somatic growth rate (means ±
1 SD, n = 6) of Daphnia magna fed either Scenedesmus
obliquus (filled symbols) or Synechococcus elongatus (open
symbols) and available food quantity (particulate organic
carbon [POC] l−1, note log scale). Squares: limiting quantities
of phytoplankton without addition of methane-oxidizing
bacteria (MOB); triangles: addition of MOB in low concentration; circles: addition of MOB in high concentration; diamond:
saturating quantity of algae (S. obliquus, 2 mg POC l−1)
(phytoplankton food quantities in the other treatments were
limiting, at 0.1 mg POC l−1). All growth rates — except
for those on a diet of S. elongatus without MOB (open square)
or S. elongatus with MOB in high concentration; (open
circle) — were found to be significantly different (2-way
ANOVA, Tukey’s honestly significant difference, p < 0.05)
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Daphnia feeding on S. obliquus (e.g. Wacker & von
Elert 2001). However, a further increase in the availability of MOB-derived carbon (i.e. in the high-MOB
addition treatments) led to a decoupling of the relationship between carbon availability and somatic
growth, as can clearly been seen in the comparison
with the treatment in which saturating amounts of S.
obliquus (2 mg POC l−1) were offered to D. magna
(Fig. 1). The mortality of D. magna did not differ
between treatments (2-way ANOVA).
Similar to the growth rates, saturating amounts of
the high-quality reference food Scenedesmus
obliquus led to the production of high egg numbers
(mean ± SD of 9.62 ± 0.44) (Fig. 2). When the food
quantity (on the high-quality organism S. obliquus)
was limiting (0.1 instead of 2.0 mg POC l−1), lower
numbers of eggs per mother were produced. This
food quantity effect could be partly ameliorated by
the addition of MOB at a carbon concentration equivalent to 0.042 mg POC l−1, which led to an increase in
egg number per female from 0.06 ± 0.14 with low
amounts of S. obliquus only to 1.59 ± 0.34 in the treatment where low amounts of MOB (LO-MOB) were
added to the same amount of S. obliquus (Fig. 2).

alga S. obliquus than the respective MOB treatment
on the cyanobacterium Synechococcus elongatus
(Fig. 1), thus confirming the higher food quality of
the eukaryotic versus the prokaryotic phytoplankton
organism. For both phytoplankton organisms, addition of low amounts of MOB (equivalent to 0.042 mg
POC l−1) to approximately 0.1 mg l−1 of phytoplankton POC (see above) significantly increased the
somatic growth rates of the daphnids compared
with the treatments without addition of MOB (Fig. 1).
Addition of high amounts of MOB (equivalent to
0.423 mg POC l−1) to approximately 0.1 mg l−1 of
phytoplankton POC (see above) yielded somatic
growth rates intermediate to those with and without
the addition of low amounts of MOB on a basic diet
of S. obliquus (Fig. 1). On a basic diet of S. elongatus, addition of high amounts of MOB decreased the
growth rates to the same level (no significantly difference) as that on S. elongatus without addition of
MOB, but to a significantly lower level than with the
addition of low amounts of MOB (Fig. 1).
Overall, an increase in carbon availability through
the addition of low amounts of MOB to both
Scenedesmus obliquus and Synechococcus elongatus led to an increase in somatic growth that is consistent with other food quantity limitation studies with
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Fig. 2. Egg numbers (means ± 1 SD, n = 6) in the first brood
of Daphnia magna fed Synechococcus elongatus without
methane-oxidizing bacteria (MOB) (SYN-NO-MOB),
Scenedesmus obliquus without MOB (SCE-NO-MOB), S.
elongatus with a low concentration of MOB (SYN-LOMOB), S. obliquus with a low concentration of MOB (SCELO-MOB), S. elongatus with a high concentration of MOB
(SYN-HI-MOB) or S. obliquus with a high concentration of
MOB (SCE-HI-MOB). The control treatment for food-saturated growth (SCE-CONTROL) was S. obliquus at a saturating food quantity of 2 mg POC l−1; phytoplankton food quantities in the other treatments were limiting (0.1 mg POC l−1)
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However, when MOB at a high carbon concentration
equivalent to 0.42 mg POC l−1 (HI-MOB) was added
to a diet of S. obliquus, no eggs were observed in the
maternal brood chambers, indicating an inhibitory
effect of high amounts of dietary MOB on the reproduction of D. magna (Fig. 2). None of the treatments
with Sycnechococcus elongatus as the basic diet
produced eggs independent of the addition of MOB
(Fig. 2).

Daphnia magna stable isotope patterns
Daphnia magna collected at the end of the experiment exhibited significant differences in their mean
δ13C values depending on the amount of MOB biomass added. At the start of the experiment, δ13C values of D. magna were −16.6 ± 0.1 ‰. At the end of the
experiment, mean δ13C values for D. magna fed
Scenedesmus obliquus were −10.9 ‰; for animals fed
Synechococcus elongates, this value was −20.3 ‰,
and for those fed labelled MOBs it was 10 293.9 ‰.
The δ13C values of D. magna differed significantly
depending on the food treatment (F5, 30 = 1495.48, p <
0.0001) (Fig. 3). δ13C values of daphnids in the NOMOB treatments were −14.0 ± 0.7 ‰ with S. obliquus
and −17.8 ± 2.0 ‰ with S. elongatus as the food
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Fig. 3. δ13C (‰, means ± 1 SD, n = 6) of Daphnia magna fed
Synechococcus elongatus without methane-oxidizing bacteria (MOB) (SYN-NO-MOB), Scenedesmus obliquus without
MOB (SCE-NO-MOB), S. elongatus with a low concentration of MOB (SYN-LO-MOB), S. obliquus with a low concentration of MOB (SCE-LO-MOB), S. elongatus with a high
concentration of MOB (SYN-HI-MOB) or S. obliquus with a
high concentration of MOB (SCE-HI-MOB)

organism. Increasing proportions of MOB led to a
significant enrichment in δ13C of D. magna in all
treatments (S. obliquus: LO-MOB 3589.0 ± 297.3 ‰,
HI-MOB 6980.9 ± 268.7 ‰; S. elongatus: LO-MOB
4551.3 ± 120.4 ‰, HI-MOB 9580.8 ± 418.1 ‰; Fig. 3).
LO- and HI-MOB treatments significantly differed
between both algal treatments, with daphnids feeding on S. elongatus and MOB being more enriched.
The mixing model estimated that under LO-MOB
conditions and Scenedesmus obliquus as the algal
food source, 35% of Daphnia magna biomass was
assimilated from methane-derived carbon; this
increased to 68% under HI-MOB conditions. For
daphnids grown on Synechococcus elongatus and
MOB, a similar trend was found with 44% (LO-MOB)
and 93% (HI-MOB) of methane-derived carbon contributing to Daphnia biomass.

DISCUSSION
Although methane cycling in lakes has been studied for more than 40 yr, it was not until recently that
methane has gained interest as an alternative carbon
and energy source in freshwater ecosystems. Compared with benthic food webs in lakes where the
contributions of methane-carbon have been intensively studied, there is less evidence for a methanecarbon contribution to the carbon cycling in planktonic food webs of lakes (Jones & Grey 2011). Field
data suggest that the exploitation of methane-carbon
by zooplankton can be quite variable and that lake
morphology, trophic status and seasonality have a
profound impact on how much methane-carbon can
be utilized. Low δ13C values in zooplankton are usually indicative of the uptake of MOB via grazing (e.g.
Jones et al. 1999, Taipale et al. 2007). Nevertheless, it
is important to keep in mind that there are other
potential pathways that could result in low δ13C values of zooplankton without the consumption of MOB,
such as selective feeding on 13C-depleted phytoplankton (Lennon et al. 2006, Jones & Grey 2011).
Another aspect that has not yet been investigated in
more detail is the potential of MOB to upgrade the
food quality of cyanobacterial carbon or to serve as a
sole carbon source for daphnids, by supplying essential sterols or sterol-like compounds.
Our results support recent findings that methanecarbon can re-enter freshwater food webs by the
direct consumption of MOB by cladoceran zooplankton (Kankaala et al. 2007, Taipale et al. 2007). The
addition of MOB pre-cultured with 13C labelled
methane strongly affected the δ13C signatures of
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Daphnia magna. Increasing proportions of MOB in
the diet led to an increased enrichment (label incorporation) in D. magna. This suggests that D. magna
would also utilize this resource in nature where MOB
can be suspended in the water column.
As predicted by our hypothesis, the nutritional
quality of the supplied phytoplankton species strongly affected daphnids’ fitness (i.e. somatic growth and
reproduction). High rates of growth and reproduction of Daphnia magna were found on the highquality food Scenedesmus obliquus. Limiting quantities of this high-quality food organism obviously
reduced growth and reproduction as compared with
saturating food quantities. In all treatments, D.
magna growth was higher on the eukaryotic S.
obliquus as the base food compared with the
prokaryotic Synechococcus elongatus as base food.
This supports the view that Daphnia growth on
cyanobacteria is limited by the prokaryotes’ lack of
essential lipids such as PUFAs and sterols (DeMott &
Müller-Navarra 1997, von Elert et al. 2003, MartinCreuzburg et al. 2005b). Addition of MOB in low
abundance increased the somatic growth of D.
magna on both phytoplankton diets. This can be
interpreted as a partial compensation of the food
quantity limitation in the experiment. Addition of
MOB in high abundance to a (quantity-limited) diet
of S. obliquus resulted in higher D. magna growth
rates than without MOB, but lower growth rates than
with the addition of MOB in low abundance, whereas
an addition of MOB in high abundance to a (quantity-limited) diet of S. elongatus yielded the same
D. magna growth as a diet of pure S. elongatus without addition of MOB. Kankaala et al. (2006) found a
linear relationship between the natural logarithm of
food concentration and Daphnia growth rates, irrespective of food type (algae with or without MOB). In
contrast to this, our results suggest that MOB as an
almost sole food source (HI-MOB treatment) is detrimental for D. magna growth and cannot compensate
for a limitation by food quantity. This becomes particularly apparent when comparing the somatic growth
rates on phytoplankton plus high availability of
MOB-derived carbon with the treatment in which
saturating quantities of S. obliquus were fed to D.
magna: although the high growth rates on saturating
quantities of S. obliquus are consistent with other
experiments on the relationship between food quantity and somatic growth (e.g. Wacker & von Elert
2001), the growth yield on both phytoplankton
species with the addition of MOB in high (albeit different) abundance is much lower than would be
expected by a compensation of food quantity limita-
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tion through the supplementation of MOB-carbon.
This strongly indicates that MOB are qualitatively
inferior to (eukaryotic) phytoplankton, although the
mechanisms underlying this observation remain
unclear. Despite the notion that bacteria are generally poorly assimilated, glucosaminidase enzymes
digesting peptidoglycans in bacterial cell walls can
be found in heterotrophic bacteria, protists and metazoa (Zubkov & Sleigh 1998). Recent studies have further confirmed the nutritional value of bacterial food
such as methane-utilizing bacteria as a source of protein. This was based on criteria such as chemical
composition, effects on energy metabolism, digestibility, growth performance and animal health (Øverland et al. 2010).
Daphnia magna reproduction is highly dependent
on both resource quantity and quality, as shown in
previous studies (e.g. Urabe & Sterner 2001). Saturating quantities of the high-quality food organism
Scenedesmus obliquus yielded high egg numbers.
Limiting food quantities caused a reduction in egg
numbers even on the high-quality food organism.
This apparent food quantity limitation could be ameliorated by the addition of (low amounts of) MOB.
Addition of MOB in high abundance suppressed egg
formation on a S. obliquus diet, which indicates that
MOB alone are insufficient for a successful population growth of daphnids. MOB might even contain
constituents that inhibit D. magna reproduction at
high concentrations. Aquatic bacteria, with their
remarkable biosynthetic versatility, produce a vast
range of secondary metabolites that are biologically
active towards protozoan and metazoan grazers,
functioning as antipredator compounds (Jensen &
Fenical 1994, Matz & Kjelleberg 2005, Deines et al.
2009). As shown in previous investigations, freshwater proto- and metazooplankton appear to have
well-defined sensitivity levels to bacterial metabolites such as microcystins and violacein (Christoffersen 1996, Deines et al. 2009). It has been estimated
that Daphnia species need at least 50% of the green
algae S. obliquus in their diet to compensate for a
dietary sterol deficiency when consuming a sterolfree diet such as cyanobacteria (Martin-Creuzburg et
al. 2005b). This suggests that we exceeded this
boundary with our HI-MOB treatment, as shown by
the isotope mixing data, where 68% (S. obliquus) and
93% (Synechococcus elongatus) of Daphnia carbon
was contributed by MOB. No reproduction was
observed in any of the treatments where D. magna
was fed Synechococcus, independent of MOB addition. This corroborates the strong impact of dietary
quality on Daphnia reproduction (e.g. Martin-
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Creuzburg et al. 2008, 2009). In a recent study by
Martin-Creuzburg et al. (2011), 6 different bacterial
isolates from 5 phylogenetically distinct groups were
tested for their food quality, one of them being a
methanotrophic bacterium. By supplementing bacterial food suspensions with sterols and/or polyunsaturated fatty acids, the sterol limitation of Daphnia on
prokaryotic food organisms was confirmed. Interestingly, D. magna did not produce eggs in any of the
different treatments of Martin-Creuzburg et al.
(2011) within the experimental period (6 d), except
for a single animal (on Flavobacterium sp. supplement with cholesterol and eicosapentaenoic acid).
Our data are in line with these findings, supporting
the hypothesis that a bacterial or bacterial-dominated diet can lead to sterol limitation of reproduction in daphnids.
We have demonstrated here that the addition of
MOB to limiting quantities of phytoplankton carbon
is able to (at least partially) compensate for growth
limitation by food quantity. However, we found no
evidence for a similar compensatory mechanism on
the level of food quality (no sterol-effect on Synechococcus elongatus vs. Scenedesmus obliquus).
This could suggest that plant/phytoplankton and
prokaryote (MOB) sterols are not substitutable. An
overlap in the occurrence of certain sterols between
microalgae and bacteria has been reported (Volkman 2003), but comparisons between phytoplankton
and bacteria are lacking. Martin-Creuzburg et al.
(2011) tested the food quality of different heterotrophic bacteria and demonstrated that somatic growth
rates in Daphnia magna increased significantly
upon supplementation with cholesterol. Their study
thus demonstrates that the major food quality constraint in bacteria is the lack of sterols, owing to the
fact that sterols are vital components of eukaryotic
cell membranes (Martin-Creuzburg et al. 2011).
However, sterols could potentially be replaced by
other, functionally equivalent compounds, such as
tetrahymanol, hopanoids and other polyterpenoids
(Ourisson et al. 1987, Raederstorff & Rohmer 1988,
Martin-Creuzburg et al. 2006). To date, almost nothing is known about sterol or hopanoid compositions
and concentrations from prokaryotes in lakes. Only
a few studies have looked at depth distributions of
phytosterols (such as sitosterol) and zoosterols (such
as cholesterol) in lakes (e.g. Bechtel & Schubert
2009). Likewise, information on sterol and hopanoid
biosynthesis in MOB are scarce; a few species, such
as Methylococcus capsulatus (Jahnke & Nichols
1986), however, have been studied in more detail.
Literature on biochemical differences between type I

and type II MOB in relation to sterol and hopanoid
composition is not available at this point. In Methylosinus trichosporium, hopanoids have been detected and isolated (Neunlist & Rohmer 1985, Cvejic
et al. 2000) that are functionally equivalent to
sterols as structural components of cell membranes
(Conner et al. 1968, Harvey & McManus 1991). Further, hopanoids have been shown to be incorporated
into the membranes of eukaryotes as sterol supplements. This can explain the high nutritional value of
hopanoid-rich flagellates and ciliates for herbivorous zooplankton, which can at least partly release
this zooplankton from sterol limitation (MartinCreuzburg et al. 2005a, 2006, Bec et al. 2006). It
remains to be tested whether the hopanoid content
of M. trichosporium used in the present study was
too low to release Daphnia from sterol limitation. It
is known that the composition and amount of
hopanoids varies strongly between different strains
of MOB (Cvejic et al. 2000). A naturally diverse
community of MOB with quantitative and qualitative differences in sterol and hopanoid biosynthesis
might provide a better resource than a single strain
as used here. In addition to direct grazing on MOB,
methane-derived carbon could also enter higher
trophic levels (e.g. Daphnia) via intermediate consumers (i.e. heterotrophic nanoflagellates and ciliates; Jones & Lennon 2009) which could synthesize
sterols and hopanoids that subsequently release
zooplankton feeding on these intermediate consumers from sterol limitation (Martin-Creuzburg et
al. 2005a, 2006, Bec et al. 2006).
To gain a better understanding of the benefits and
limitations of bacteria as a carbon source for daphnids, further studies are needed to elucidate how different mixtures of algae and MOB (using a variety of
strains) support growth and reproduction in Daphnia.
Although there is general evidence for methanederived carbon to be considered as a potential important carbon source for lake zooplankton (see review
by Jones & Grey 2011), the extent to which zooplankton exploit methane-carbon through grazing (direct),
an intermediate consumer pathway, or an indirect
pathway via phytoplankton remains to be explored,
taking various environmental conditions and lake
characteristics into account.
Acknowledgements. We thank Elke Blohm-Sievers for technical assistance with the 13C analyses, Kyle M. Meyer for
editing the English, and Winfried Lampert and the MaxPlanck-Society for support and funding. We thank Ruben
Sommaruga and 3 anonymous referees for their helpful and
constructive comments which helped to improve an earlier
version of the manuscript.

Deines & Fink: Daphnia and methanotrophs

LITERATURE CITED

➤
➤

➤

➤
➤
➤
➤

➤
➤
➤

➤
➤

➤
➤

➤
➤

➤

➤

Bastviken D, Ejlertsson J, Sundh I, Tranvik L (2003)
Methane as a source of carbon and energy for lake
pelagic food webs. Ecology 84:969−981
Bastviken D, Cole J, Pace M, Tranvik L (2004) Methane
emissions from lakes: dependence of lake characteristics,
two regional assessments, and a global estimate. Global
Biogeochem Cycles 18:GB4009 doi:10.1029/2004GB00
2238
Bec A, Martin-Creuzburg D, von Elert E (2006) Trophic
upgrading of autotrophic picoplankton by the heterotrophic nanoflagellate Paraphysomonas sp. Limnol
Oceanogr 51:1699−1707
Bechtel A, Schubert CJ (2009) Biogeochemistry of particulate organic matter from lakes of different trophic levels
in Switzerland. Org Geochem 40:441−454
Bédard C, Knowles R (1991) Hypolimnetic O2 consumption,
denitrification, and methanogenesis in a thermally stratified lake. Can J Fish Aquat Sci 48:1048−1054
Bird CW, Lynch JM, Pirt FJ, Reid WW, Brooks CJW, Middleditch BS (1971) Steroids and squalene in Methylococcus capsulatus grown on methane. Nature 230:473−474
Bodelier PLE, Bär-Gillisen MJ, Hordijk K, Sinninghe Damsté
JS, Rijpstra WIC, Geenevasen JAJ, Dunfield PF (2009) A
reanalysis of phospholipid fatty acids as ecological biomarkers for methanotrophic bacteria. ISME J 3:606−617
Bunn SE, Boon PI (1993) What sources of organic-carbon
drive food webs in billabongs? A study based on stableisotope analysis. Oecologia 96:85−94
Christoffersen K (1996) Ecological implications of cyanobacterial toxins in aquatic food webs. Phycologia 35:42−50
Cole JJ, Pace ML, Caraco NF, Steinhart GS (1993) Bacterial
biomass and cell-size distributions in lakes: more and
larger cells in anoxic waters. Limnol Oceanogr 38:
1627−1632
Conner RL, Landrey JR, Burns CH, Mallory FB (1968) Cholesterol inhibition of pentacyclic triterpenoid biosynthesis in Tetrahymena pyriformis. J Protozool 15:600−605
Cvejic JH, Bodrossy L, Kovacs KL, Rohmer M (2000) Bacterial triterpenoids of the hopane series from the methanotrophic bacteria Methylocaldum spp.: phylogenetic
implications and first evidence for an unsaturated
aminobacteriopanepolyol. FEMS Microbiol Lett 182:
361−365
Deines P, Matz C, Jürgens K (2009) Toxicity of violaceinproducing bacteria fed to bacterivorous freshwater
plankton. Limnol Oceanogr 54:1343−1352
DeMott WR, Müller-Navarra DC (1997) The importance of
highly unsaturated fatty acids in zooplankton nutrition:
evidence from experiments with Daphnia, a cyanobacterium and lipid emulsions. Freshw Biol 38:649−664
Eller G, Känel L, Krüger M (2005) Cooccurrence of aerobic
and anaerobic methane oxidation in the water column of
Lake Plußsee. Appl Environ Microbiol 71:8925−8928
Fallon RD, Harrits S, Hanson RS, Brock TD (1980) The role of
methane in internal carbon cycling in Lake Mendota
during summer stratification. Limnol Oceanogr 25:
357−360
Frenzel P, Thebrath B, Conrad R (1990) Oxidation of
methane in the oxic surface-layer of a deep lake sediment (Lake Constance). FEMS Microbiol Ecol 73:
149−158
Gliwicz ZM (1990) Food thresholds and body size in cladocerans. Nature 343:638−640

205

➤ Gophen M, Geller W (1984) Filter mesh size and food parti-

➤

➤

➤

➤

➤

➤
➤
➤
➤
➤
➤

➤

➤

cle uptake by Daphnia. Oecologia 64:408−412
Grey J (2006) The use of stable isotope analyses in freshwater ecology: current awareness. Pol J Ecol 54:563−584
Grey J, Jones RI, Sleep D (2001) Seasonal changes in the
importance of the source of organic matter to the diet of
zooplankton in Loch Ness, as indicated by stable isotope
analysis. Limnol Oceanogr 46:505−513
Grieneisen ML (1994) Recent advances in our knowledge of
ecdysteroid biosynthesis in insects and crustaceans.
Insect Biochem Mol Biol 24:115−132
Guillard RRL (1975) Culture of phytoplankton for feeding
marine invertebrates. In: Smith, WL, Chanley, MH (eds)
Culture of marine invertebrate animals. Plenum Press,
New York, NY
Harvey HR, McManus GB (1991) Marine ciliates as a widespread source of tetrahymanol and hopan-3β-ol in sediments. Geochim Cosmochim Acta 55:3387−3390
Hessen DO, Nygaard K (1992) Bacterial transfer of methane
and detritus: implications for the pelagic carbon budget
and gaseous release. Arch Hydrobiol 37:139−148
Ingvorsen K, Brock TD (1982) Electron flow via sulfate
reduction and methanogenesis in the anaerobic
hypolimnion of Lake Mendota. Limnol Oceanogr 27:
559−564
Jahnke LL, Nichols PD (1986) Methyl sterol and cyclopropane fatty-acid composition of Methylococcus capsulatus grown at low oxygen tensions. J Bacteriol 167:
238−242
Jensen PR, Fenical W (1994) Strategies for the discovery of
secondary metabolites from marine bacteria: ecological
perspectives. Annu Rev Microbiol 48:559−584
Jones RI, Grey J (2011) Biogenic methane in freshwater food
webs. Freshw Biol 56:213−229
Jones SE, Lennon JT (2009) Evidence for limited microbial
transfer of methane in a planktonic food web. Aquat
Microb Ecol 58:45−53
Jones RI, Grey J, Sleep D, Arvola L (1999) Stable isotope
analysis of zooplankton carbon nutrition in humic lakes.
Oikos 86:97−104
Kankaala P (1988) The relative importance of algae and bacteria as food for Daphnia longispina (Cladocera) in a
polyhumic lake. Freshw Biol 19:285−296
Kankaala P, Taipale S, Grey J, Sonninen E, Arvola L, Jones
RI (2006) Experimental δ13C evidence for a contribution
of methane to pelagic food webs in lakes. Limnol
Oceanogr 51:2821−2827
Kankaala P, Eller G, Jones RI (2007) Could bacterivorous
zooplankton affect lake pelagic methanotrophic activity?
Arch Hydrobiol 169:203−209
Kuuppo-Leinikki P, Salonen K (1992) Bacterioplankton in a
small polyhumic lake with an anoxic hypolimnion.
Hydrobiologia 229:159−168
Lampert W (1991) The dynamics of Daphnia in a shallow
lake. Verh Int Verein Limnol 24:795−798
Lampert W (1992) Zooplankton vertical migrations: implications for phytoplankton-zooplankton interactions. Arch
Hydrobiol 35:69−78
Lampert W (1993) Ultimate causes of diel vertical migration
of zooplankton: new evidence for the predator-avoidance hypothesis. Arch Hydrobiol 39:79−88
Lampert W, Muck P (1985) Multiple aspects of food limitation in zooplankton communities: The Daphnia-Eudiaptomus example. Arch Hydrobiol 21:311−322
Lennon JT, Faiia AM, Feng XH, Cottingham KL (2006) Rel-

206

➤
➤

➤
➤
➤

➤
➤

➤
➤

➤
➤

➤
➤

Aquat Microb Ecol 65: 197–206, 2011

ative importance of CO2 recycling and CH4 pathways in
lake food webs along a dissolved organic carbon gradient. Limnol Oceanogr 51:1602−1613
Martin-Creuzburg D, von Elert E (2004) Impact of 10 dietary
sterols on growth and reproduction of Daphnia galeata.
J Chem Ecol 30:483−500
Martin-Creuzburg D, Bec A, von Elert E (2005a) Trophic
upgrading of picocyanobacterial carbon by ciliates for
nutrition of Daphnia magna. Aquat Microb Ecol 41:
271−280
Martin-Creuzburg D, Wacker A, von Elert E (2005b) Life
history consequences of sterol availability in the aquatic
keystone species Daphnia. Oecologia 144:362−372
Martin-Creuzburg D, Bec A, von Elert E (2006) Supplementation with sterols improves food quality of a ciliate for
Daphnia magna. Protist 157:477−486
Martin-Creuzburg D, von Elert E, Hoffmann KH (2008)
Nutritional constraints at the cyanobacteria-Daphnia
magna interface: the role of sterols. Limnol Oceanogr 53:
456−468
Martin-Creuzburg D, Sperfeld E, Wacker A (2009) Colimitation of a freshwater herbivore by sterols and polyunsaturated fatty acids. Proc Biol Sci 276:1805−1814
Martin-Creuzburg D, Beck B, Freese HM (2011) Food quality of heterotrophic bacteria for Daphnia magna: evidence for a limitation by sterols. FEMS Microbiol Ecol 76:
592−601
Mattson MD, Likens GE (1993) Redox reactions of organicmatter decomposition in a soft-water lake. Biogeochemistry 19:149−172
Matz C, Kjelleberg S (2005) Off the hook − how bacteria survive protozoan grazing. Trends Microbiol 13:302−307
Müller H (1972) Wachstum und Phosphatbedarf von
Nitzschia uctinustroides (Lemm.) v. Goor in statischer
und homokontinuierlicher Kultur unter Phosphatlimitierung. Arch Hydrobiol Suppl 38:399−484
Neunlist S, Rohmer M (1985) The hopanoids of Methylosinus trichosporium: aminobacteriohopanetriol and
aminobacteriohopanetetrol. J Gen Microbiol 131:
1363−1367
Oremland RS, Miller LG, Colbertson CW, Robinson SW and
others (1993) Aspects of the biogeochemistry of methane
in Mono Lake and the Mona Basin of California. In:
Oremland RS (ed) Biogeochemistry of Global Change.
Chapman & Hall, New York, NY
Ourisson G, Rohmer M, Poralla K (1987) Prokaryotic
hopanoids and other polyterpenoid sterol surrogates.
Annu Rev Microbiol 41:301−333
Øverland M, Tauson AH, Shearer K, Skrede A (2010) Evaluation of methane-utilising bacteria products as feed
ingredients for monogastric animals. Arch Anim Nutr 64:
171−189
Pace ML, Cole JJ (1994) Comparative and experimental
approaches to top-down and bottom-up regulation of
bacteria. Microb Ecol 28:181−193
Pace ML, Cole JJ, Carpenter SR, Kitchell JF and others
Editorial responsibility: Ruben Sommaruga,
Innsbruck, Austria

➤
➤
➤
➤

➤

➤

➤

➤
➤
➤

➤
➤

➤

(2004) Whole-lake carbon-13 additions reveal terrestrial
support of aquatic food webs. Nature 427:240−243
Phillips DL, Gregg JW (2001) Uncertainty in source partitioning using stable isotopes. Oecologia 127:171−179
Porter KG, Feig YS (1980) The use of DAPI for identifying
and counting aquatic microflora. Limnol Oceanogr 25:
943−948
Raederstorff D, Rohmer M (1988) Polyterpenoids as cholesterol and tetrahymanol surrogates in the ciliate Tetrahymena pyriformis. Biochim Biophys Acta 960:190−199
Rudd JWM, Hamilton RD (1978) Methane cycling in an
eutrophic shield lake and its effects on whole lake
metabolism. Limnol Oceanogr 23:337−348
Rudd JWM, Taylor CD (1980) Methane cycling in aquatic
environments. Adv Aquat Microbiol 2:77−150
Schubert CJ, Lucas FS, Durisch-Kaiser E, Stierli R and others (2010) Oxidation and emission of methane in a
monomictic lake (Rotses, Switzerland). Aquat Sci 72:
455−466
Steele JH, Thorpe SA, Turekian KK (eds) (2009) Elements of
physical oceanography: a derivative of the encyclopedia
of ocean science, 2nd edn. Elsevier Science Academic
Press, London
Sundh I, Bastviken D, Tranvik LJ (2005) Abundance, activity, and community structure of pelagic methane-oxidizing bacteria in temperate lakes. Appl Environ Microbiol
71:6746−6752
Taipale S, Kankaala P, Jones RI (2007) Contributions of different organic carbon sources to Daphnia in the pelagic
foodweb of a small polyhumic lake: results from mesocosm DIC13C-additions. Ecosystems 10:757−772
Taipale S, Kankaala P, Tiirola M, Jones RI (2008) Whole-lake
dissolved inorganic 13C-additions reveal seasonal shifts
in zooplankton diet. Ecology 89:463−474
Urabe J, Sterner RW (2001) Contrasting effects of different
types of resource depletion on life-history traits in Daphnia. Funct Ecol 15:165−174
Utsumi M, Nojiri Y, Nakamura T, Nozawa T, Otsuki A, Seki
H (1998) Oxidation of dissolved methane in a eutrophic,
shallow lake: Lake Kasumigaura, Japan. Limnol
Oceanogr 43:471−480
Volkman JK (2003) Sterols in microorganisms. Appl Microbiol Biotechnol 60:495−506
von Elert E, Martin-Creuzburg D, Le Coz JR (2003) Absence
of sterols constrains carbon transfer between cyanobacteria and a freshwater herbivore (Daphnia galeata). Proc
Biol Sci 270:1209−1214
Wacker A, von Elert E (2001) Polyunsaturated fatty acids:
evidence for non-substitutable biochemical resources in
Daphnia galeata. Ecology 82:2507−2520
Whittenbury R, Phillips KC, Wilkinson JF (1970) Enrichment, isolation and some properties of methane-utilizing
bacteria. J Gen Microbiol 61:205−218
Zubkov MV, Sleigh MA (1998) Heterotrophic nanoplankton
biomass measured by a glucosaminidase assay. FEMS
Microbiol Ecol 25:97−106
Submitted: June 16, 2011; Accepted: September 28, 2011
Proofs received from author(s): December 1, 2011

