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Stable isotope probing of magnetic-bead-captured rRNA (Mag-SIP) indicated clear differences in in situ organic substrate utili-
zation by major microbial groups between the more oxidized (0 to 2 cm) and sulfate-reducing (2 to 5 cm) horizons of marine
intertidal sediment. We also showed that cyanobacteria and diatoms may survive by glucose utilization under dark anoxic
conditions.

The microbial community in marine sediments is highly diverse
and consists mainly of microorganisms related only distantly

to described isolates, whose functions are therefore difficult to
predict (1–3). A recent study indicated a higher functional re-
dundancy in the oxidized top layer of marine sediments, where
higher disturbance rates and higher availability of substrates
may lead to the formation of a community of fast-growing
generalists (4). In contrast, a consortium of microbes consist-
ing of specialized fermenting and sulfate-reducing bacteria is
thought to be involved in organic matter degradation under
sulfate-reducing conditions (5). However, intermediate me-
tabolites are generally at low concentrations due to their high
turnover rates, making in situ identification of the microbial
groups utilizing them difficult. We utilized a recently devel-
oped stable isotope-probing method based on magnetic bead
capturing of specific 16S rRNA and subsequent sensitive 13C
analysis of the captured material (Mag-SIP) (6, 7) to show
major differences in substrate utilization by predominant mi-
crobial groups between the oxidized top layer and sulfate-re-
ducing deeper layer of an intertidal marine sediment.

In this study, sediment cores (internal diameter, 5.2 cm)
were collected at an intertidal flat in the Rattekaai area of
the Oosterschelde Bay (The Netherlands) in May 2008 and
injected with D-[13C]glucose, sodium [13C]propionate, sodium
[13C]acetate, or a 13C-labeled alga-derived amino acid mixture
(Cambridge Isotope Laboratories, Andover, MA) (98% to 99%
13C). Final substrate concentrations were 0.2 �mol 13C cm�3

for amino acids and 0.9 �mol 13C cm�3 for the other three
substrates. These substrates represent both major constituents
of the organic matter pool (carbohydrates and amino acids)
and the main fermentation products (acetate and propionate)
in marine sediments. Cores were incubated (24 h, 14°C) and
sectioned in surface layers (0 to 2 cm) and deeper layers (2 to 5
cm), which corresponded to a clear color change of the sedi-
ment from brown-yellow to dark gray. A nested set of probes
targeting approximately 80% of the rRNA sequences recovered
from the two sediment layers was used with the Mag-SIP pro-
tocol (7). The testing of the probes for total bacterial rRNA
(EUB338), Deltaproteobacteria rRNA (DELTA495a), and Des-
ulfobacteraceae rRNA (Dbact653) was previously described by
Miyatake et al. (7). Probe CYA361 was used to target cyanobac-
terium and chloroplast rRNA (20% formamide [8]). We de-
signed a new specific probe and matching helper probes that

target the 16S rRNA of most Beta- and Gammaproteobacteria
(specific probe BG553 sequence, CGC CCA GTA ATT CCG
ATT [60% formamide]; helper probe BG553_up_help se-
quence, AAC CGC CTR CGN RCG CTT TA; helper probe
BG553_down_help sequence, AAC GCT YGC ACC CTM CTG
ATT). In this study, the BG553 probe is basically Gammapro-
teobacteria specific, as we did not detect Betaproteobacteria-
related sequences in any of the clone libraries (see Fig. S1 and
S2 in the supplemental material). Optimal formamide concen-
trations in terms of capture efficiency versus specificity were
determined as previously described (7) and resulted in speci-
ficity of more than 90% (see Fig. S1 in the supplemental mate-
rial). Clone libraries of reverse-transcribed 16S rRNA from
both the total RNA extracts and from the captured 16S rRNA
fractions were constructed as described before (7). In addition,
clone libraries of the 16S rRNA gene were made from DNA
extracted at pH 7.0 using the same phenol-chloroform proto-
col as was used for RNA. Nucleotide sequences have been de-
posited in the GenBank/DDBJ/EMBL database (see below).

We compared 16S rRNA- and rRNA gene-derived clone li-
braries, which are considered to represent metabolically active
populations and numerically abundant populations, respec-
tively (Fig. 1; see also Fig. S1 in the supplemental material)
(9–11). Desulfobacteraceae clones were found in similar (6%)
proportions in the rRNA gene libraries corresponding to both
depths but were much more abundant in the rRNA library of
the deeper layer (19%) than of the surface layer (2%), suggest-
ing that that this group was mainly active in the deeper layer.
Gammaproteobacteria clones were found in almost the same
proportions in rRNA gene and rRNA libraries from the two
layers. Interestingly, cyanobacterial and diatom chloroplast se-
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quences were much more abundant in the rRNA libraries than
in the rRNA gene libraries, and nearly all cyanobacterium/
chloroplast rRNA gene phylotypes were found in the rRNA
libraries (Fig. 1), suggesting that they were viable and actively
growing even in dark anoxic sediments. Moreover, in the Mag-
SIP incubations, cyanobacteria and diatoms incorporated all
the tested 13C substrates in the surface layer and glucose and
propionate in the deeper layer (Fig. 2), which clearly shows that
they were metabolically active in both layers. Active hetero-
trophic growth of cyanobacteria and diatoms on glucose under
oxic conditions in the dark is well known (12, 13). Under an-
oxic conditions, many cyanobacteria are able to gain energy
from fermentation of storage carbohydrates accumulated dur-
ing photoautotrophic growth, but fermentation of external or-
ganic substrates in free-living cyanobacteria is poorly docu-

mented (14). Viability and growth of cyanobacteria under dark
anoxic conditions have also been observed in Baltic Sea sedi-
ment, based on 16S rRNA libraries and incorporation of bro-
modeoxyuridine into DNA (15). Recently, Kamp et al. (16)
reported that diatoms are able to perform dissimilatory nitrate
reduction of intracellular stored nitrate under anoxic dark con-
ditions, which may aid in their survival in anoxic sediments.
Many of the cyanobacteria and diatoms in marine sediments
may therefore be mixotrophs, suggesting that the functional
distinction between phototrophic primary producers and
heterotrophic bacteria is blurred, as has also been found for
oceanic waters (17).

There were strong differences in label incorporation between
substrates and microbial groups in the deeper layer (Fig. 2) repre-
senting the sulfate-reducing zone of the sediment (18). Gamma-

FIG 1 Proportion of clones affiliated with major phylogenetic groups among members of each library derived from 16S rRNA gene or reverse-transcribed
16S rRNA in either the surface layer (0 to 2 cm) or the deeper layer (2 to 5 cm). Total numbers of clones sequenced are indicated (n). The shaded parts
of the bars in rRNA gene libraries indicate the proportions of clones which were also found in the rRNA library (at the level of �97% sequence similarity)
in each depth layer.

FIG 2 The increase in �13C ratios between labeled sediments and unlabeled control sediment (��13C) for the different captured-16S rRNA fractions. Notice that
the glucose data for the layer at 2 to 5 cm are plotted on a different axis (left-hand axis) than the data for the other substrates (right-hand axis), as indicated by
the vertical line. The probes used in this study targeted bacteria (EUB338), Deltaproteobacteria (DELTA495a), Desulfobacteraceae (Dbact653), Gammaproteo-
bacteria (BG553), and cyanobacteria-diatoms (CYA361). Data for 13C-amino acid-labeled sediment were normalized to the amount of 13C added with the other
substrates. Part of the results determined for [13C]glucose, [13C]propionate, and [13C]acetate in the deeper layer are derived from Miyatake et al. (7); all results
from the surface layer, amino acid labeling in both layers, and new target organisms (Gammaproteobacteria, cyanobacteria, and diatoms) in both layers are new
data. Averages and standard deviations of the results determined for duplicate sediment incubations are presented. Captured rRNA from unlabeled controls had
�13C values between �15‰ and �20‰, within the typical range for marine phytobenthos and bacteria (23), and the �13C values determined in duplicate
analyses of unlabeled controls were within 2‰.
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proteobacteria clearly showed much higher glucose incorporation
than other groups, but they were relatively less important for the
other substrates. Desulfobacteraceae, which primarily belonged to
the Desulfosarcina-Desulfococcus group (see Fig. S2 in the supple-
mental material), were main consumers of propionate, acetate,
and amino acids (Fig. 2). The Desulfosarcina-Desulfococcus group
is ubiquitous and sometimes predominates in microbial com-
munities in anoxic coastal sediments (1, 2, 19), and isolates are
complete oxidizing members of the sulfate-reducing bacteria
that are able to use a wide range of substrates but typically do
not utilize carbohydrates (5, 20). The relatively minor labeling
of Desulfobacteraceae with glucose in the deeper layer may sug-
gest some direct incorporation but could also be explained by
the use of labeled fermentation products produced by Gamma-
proteobacteria, which were the dominant glucose consumers
(Fig. 2). Webster et al. (21) applied DNA-SIP to study the use of
[13C]acetate in anoxic intertidal sediment, and their results
partially agree with those of our study, as Desulfobacteraceae
were indicated as major consumers of acetate. Epsilonproteo-
bacteria, which were not detected in any of the clone libraries in
our study (see Fig. S1 and S2 in the supplemental material),
were the dominant consumers of [13C]acetate in another study
by the same group on anoxic sediments of the Severn estuary
(22). This difference in active community structure may be due
to the frequent mixing of the intertidal sediments in the mac-
rotidal Severn estuary or to the low sulfate concentrations de-
tected in the sediment porewater. Our results are in agreement
with the model that a consortium of specialized bacteria are
involved in anaerobic organic matter degradation and suggest
that the major active phylogenetic groups are also the main
functional groups in sulfate-reducing marine sediments.

Differences in labeling between groups and substrates were
much smaller in the surface layer, indicating limited substrate
specialization (Fig. 2). The surface layer also contained the top of
the anoxic sediment, and it may well be that the small differences
in labeling detected were actually due to incorporation by bacteria
in this anoxic part of the surface layer. Based on community dy-
namics in relation to sediment biogeochemistry and in agreement
with our observations, Böer et al. (4) also suggested a higher func-
tional redundancy in the top layer, which was attributed to high
disturbance rates and high availability of substrates leading to a
community of fast-growing generalists.

In summary, clear shifts between the two layers in the relation-
ship between active phylotypes and substrate incorporation were
observed by using Mag-SIP. At the surface, all substrates were
evenly utilized by all major groups, indicating limited specializa-
tion at the phylogenetic level in this study. In contrast, the major
phylogenetic groups were also the main functional groups in the
deeper layer, with Gammaproteobacteria dominating glucose uti-
lization and Desulfobacteraceae, specifically members of the Des-
ulfosarcina-Desulfococcus group, important in the utilization of
fermentation products. We also showed that the Mag-SIP proto-
col is sensitive enough to target groups accounting for only 1% to
2% of the total 16S rRNA clones, which means that it can be used
to study in situ substrate utilization by dominant environmental
clades. Additionally, Mag-SIP labeling results indicate that cyano-
bacteria and diatoms may survive by glucose utilization under
dark anoxic conditions.

Nucleotide sequence accession numbers. Nucleotide se-
quences have been deposited in the GenBank/DDBJ/EMBL database
under accession numbers GQ449821 to GQ450274.
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