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INTRODUCTION

The occurrence of natural halogenated organic com-
pounds among temperate marine infauna is wide-
spread (Woodin et al. 1987, Fielman et al. 2001). A vari-
ety of infaunal polychaetes and hemichordates contain
high concentrations of halogenated noxious secondary
metabolites that are released into the sediment in the
proximity of worm burrows (Ashworth & Cormier
1967, Higa & Scheuer 1975a,b, King 1986, Woodin et
al. 1987, Steward et al. 1992, Lincoln et al. 2005). 

In previous studies, the effect of halometabolites on
microorganisms (Zsolnai 1960, Higa & Scheuer 1975b,

Sheikh & Djerassi 1975, King 1988, Reineke 2003), fish
(Malins et al. 1987, Casillas & Myers 1989) and fish
eggs (Reineke 2003) was generally toxic. The potent
deterrent effect of halometabolites on epibenthic pre-
dation by fishes and crabs at environmentally realistic
sediment concentrations in the nano- to micromolar
range indicated that these compounds may potentially
play an ecological role in sediments populated by
infaunal organisms (King 1986, 1988, Cowart et al.
2000, Reineke 2003). However, the role of halometabo-
lites as biogenic antimicrobials thus far has not been
unequivocally identified. For example, although bro-
mophenols were assumed to selectively target micro-
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bial activity in worm burrows (King 1986, 1988), other
studies did not detect any significant antimicrobial
effect of this compound class (Jensen 1992, Steward et
al. 1992, 1996, Steward & Lovell 1997, Lovell et al.
1999). Besides their antimicrobial effect, biogenic
haloaromatic metabolites have been demonstrated to
reduce recruitment of heterospecific infauna and deter
predators via allelopathy (Woodin et al. 1993, 1997,
Cowart et al. 2000). The general hypothesis in all these
studies was based on the assumption that the produc-
tion of halometabolites serves as a defense strategy
against microorganisms, predators and interspecific
competition.

In addition to the direct role of biogenic halometabo-
lites as negative settlement cues for infaunal poly-
chaetes (Woodin et al. 1993, 1997), we tested the
hypothesis that halometabolites may indirectly influ-
ence larval settlement of an infaunal polychaete Stre-
blospio benedicti. The hypothesis was inspired by our
previous finding that competent larvae of S. benedicti,
albeit significantly rejecting ashed sediment in com-
parison with natural sediment, were stimulated to set-
tle in ashed sediment that was re-inoculated with
viable microorganisms obtained from natural sediment
(Sebesvari et al. 2006). Thus, we raised the question
whether polychaete-derived halometabolites may alter
the microbial abundance and richness in surface sedi-
ments and, in turn, indirectly affect settlement of poly-
chaete larvae. 

We experimentally addressed this hypothesis with
2 infaunal polychaetes, Streblospio benedicti and
Capitella sp. I. The adult organisms qualitatively differ
in their halometabolite contents; S. benedicti contains
at least 11 chlorinated and brominated alkylhalides
(Fielman et al. 1999), whilst Capitella sp. I contains
3 brominated aromatic compounds (Cowart et al.
2000). For both species, the predominant halometabo-
lites in worm tissues were determined and quantified
by coupled gas chromatography-mass spectrometry
(GC-MS). Commercially available halogenated com-
pounds identical or similar to the dominant halo-
metabolites in worm tissue served as experimental
proxies in laboratory settlement assays with larvae of
S. benedicti. In accordance with Cowart et al. (2000),
S. benedicti mainly contained an unidentified isomer
of chlorononane that was approximated with 1-chloro-
nonane. Capitella sp. I mainly contained 2,6-dibromo-
phenol, which was commercially available.

To test the direct effect of halogenated proxies on
larval settlement, sterilized sediment, i.e. without
viable microorganisms, was mixed with individual
halogenated compounds at different concentrations
and subjected to larval settlement assays over time.
The indirect effect was tested similarly, but with nat-
ural sediment, i.e. sediment containing viable microor-

ganisms. These assays were accompanied by positive
and negative controls of natural and sterile sediment,
respectively. The concentration of added proxies was
simultaneously measured when assays were evaluated
for settlement rates of larvae. In a more ecologically
realistic protocol adult Streblospio benedicti or Capi-
tella sp. I were used to contaminate natural sediments
with halometabolites and possibly modify the micro-
bial community composition. To visualize and sta-
tistically compare the effect of halogenated proxies on
the community composition of bacteria associated with
the treated sediment and untreated controls, we
applied the molecular fingerprinting tool of denaturing
gradient gel electrophoresis (DGGE) of PCR-amplified
16S rRNA bacterial gene sequences. This approach
was used to test whether the qualitative modification of
the bacterial community associated with sediment due
to exposure to halogenated metabolites resulted in less
attractive sediment for larval settlement. The verifica-
tion of this hypothesis would indicate a new ecological
mechanism through which larval settlement of infau-
nal polychaetes is affected by adult polychaetes.

MATERIALS AND METHODS

Adult brood stocks and larval test organisms.
Laboratory brood stocks of Streblospio benedicti were
obtained at mud flats near Hooksiel, Germany
(53° 38’ 31’’ N, 8° 04’ 55’’ E). At the sampling site, S. be-
nedicti occurs at densities of 5000 ind. m–2 (authors’
pers. obs.). Adults and larvae were cultured under lab-
oratory conditions according to Sebesvari et al. (2006).
Every day newly hatched larvae were sieved (50 µm
mesh) and rinsed into aerated culture vessels. The lar-
val age distribution within the same batch differed by
24 h at maximum. Larvae reached competence after
6 to 8 d. Larval competence was estimated according to
larval body length and the number of setigers
(Sebesvari et al. 2006). To ensure larval competence
and selectivity, 2 no-choice settlement assays were per-
formed. First, an aliquot of test larvae was subjected to
a positive control known to trigger settlement, i.e. fresh
natural sediment obtained from the natural habitat.
Second, an aliquot of test larvae was subjected to a
negative control rejected by larvae, i.e. ashed sedi-
ment. If larval settlement in the negative control was
significantly lower than in the positive control, larvae
were considered suitable for subsequent bioassays.

Laboratory brood stocks of Capitella sp. I were
obtained from J. M. Rosario (Institute of Marine and
Coastal Sciences, Rutgers State University, New Jer-
sey, USA). Larvae were obtained and reared according
to Grassle & Grassle (1976) and Butman & Grassle
(1992).
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Sediment. Sediment was collected during low tide
in mudflats of Hooksiel, Germany (53° 38’ 31’’ N,
8° 04’ 55’’ E) throughout the summer of 2006. Newly
collected sediment was stored in the dark in plastic
containers at 4°C for no longer than 1 wk (referred to
as ‘natural sediment’). Natural sediment was sterilized
by autoclaving prior to bioassays (referred to as ‘sterile
sediment’). Natural sediment was combusted to ash at
600°C for 4 h in a muffle kiln. Before use in the bioas-
say, ashed sediment was covered with sterile filtered
seawater and autoclaved (referred to as ‘ashed sedi-
ment’).

Larval settlement assays. Larval settlement assays
with single- and multiple-choice options were perfor-
med in still water.

No-choice: Settlement assays with only a single
choice of sediment for larvae were performed with dif-
ferent sediment treatments in sterile 12 well micro-
plates (3.8 cm2 well surface area, Corning). A 2.5 g
(wet weight) aliquot of sediment was transferred into
each well, resulting in a layer of 7 mm sediment. The
sediment was covered with 1.75 ml of sterile-filtered
seawater (i.e. filtered through 0.22 µm membranes)
and 10 larvae were added into each well. Experimen-
tal dishes were incubated for 1 h with replication (n =
12). Afterwards, swimming larvae were stained with
the vital stain Neutral Red (Sigma) at 10 ng ml–1 for 1 h.
Stained larvae were counted under a stereomicro-
scope. Stained larvae without burrowing activity on
the sediment surface were interpreted as not settled.
Natural (positive control) and sterile or ashed sediment
(negative control) were assayed at the same time.
Assays were always performed with larvae obtained
from the same batch.

Multiple-choice: Multiple-choice settlement assays
were performed with 4 different sediment treatments in
sterile, cylindrical, Plexiglas plates (17 × 1.5 cm) con-
taining 16 cylindrical holes (2 × 0.3 cm) and equipped
with a removable bottom. The wells were arranged in
4 rows and 4 columns separated by 1 cm. In a 4 × 4
Latin-square design, 4 replicates of different sediment
treatments were transferred into wells, i.e. every sam-
ple was placed exactly once per row and column. The
plate was filled with 200 ml of sterile-filtered seawater
and ca. 1000 larvae were added. After 20 h, the water
was poured off and the bottom was removed. Individual
sediment samples were transferred onto glass plates.
Settled larvae were stained as described previously and
counted under the stereomicroscope. The settlement
index in replicated samples was calculated based on
the total number of settled larvae (100%), discounting
all larvae still swimming or lying on the sediment sur-
face without burrowing activity.

Specimen collection and compound extraction.
Adult worms were pooled from laboratory brood

stocks. The average length and width (n = 10) of adult
specimens was measured under the binocular micro-
scope and the tissue volume was calculated assuming
a cylindrical shape of worms. The extraction consisted
of placing pooled worms (60 individuals of Streblospio
benedicti and 40 individuals of Capitella sp. I) in 600 µl
of GC-MS grade acetone (S. benedicti) or methanol
(Capitella sp. I). Samples were stored for 48 h at 4°C.
Insoluble tissue material was separated by centrifuga-
tion and the supernatant dried in vacuo. The dry
extract residue was dissolved in 50 µl of acetone or
methanol for quantification.

Sample analysis. Samples were analyzed using cou-
pled GC-MS. All samples were centrifuged prior to
analysis to remove particular matter. A WCOT VF-5ms
capillary column (Varian) (30 m × 0.25 mm × 0.25 µm
film thickness) was used on a Varian 3900 gas chro-
matograph equipped with a Saturn 2100T (Varian) ion
trap mass selective detector. Samples were injected in
splitless mode with an inlet pressure of 72 kPa. The
injection port and the interface were held at 270°C.
The gas chromatograph temperature was held at 70°C
for 3 min and increased at 5°C min–1 to 210°C (for
Streblospio benedicti and spiked sediment) or 150°C
(for Capitella sp. I and spiked sediment), then at
50°C min–1 to 320°C and held for 3 min. Helium was
used as the carrier gas. The mass selective detector was
operated in scan mode (specific mass to charge ratio,
m/z, of 40 to 350). The electron impact ion-spectra of
volatile tissue extract components were compared with
entries in the National Institute of Standards and Tech-
nology (NIST) mass spectral library (NIST 05).

A calibration using halogenated proxies was per-
formed with 1-chlorononane and 2,6-dibromophenol
(Sigma Aldrich). The average concentrations of halo-
genated proxies were calculated from the mean of 3
injections of each sample. Following this protocol, we
determined the resulting average amount of the sum of
chlorononane isomers (for Streblospio benedicti) and
dibromophenols (for Capitella sp. I) to be 70.57 ± 0.08
ng mm–3 (mean ± SE) and 20.71 ± 1.65 ng mm–3 tissue
volume, respectively (Table 1).

Spiking of sediment with halogenated proxies. The
amount of halogenated proxies used to spike sediment
aliquots of 2.5 g each (see ‘Bioassays’) was equivalent
to the concentration of chlorononane isomers and
dibromophenols determined in 20 adults (referred to
as 1× concentration). This final target concentration
reflected a homogeneous distribution of halometabo-
lites under the assumption that these compounds were
completely dissolved in the sediment. Given the pos-
sibility that halometabolites were more patchily dis-
tributed in spots of high concentration (e.g. worm bur-
rows), a 10-fold elevated target concentration of
halogenated proxies was used in bioassays as well
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(referred to as 10× concentration). Stock solutions of
the halogenated proxies 1-chlorononane and 2,6-di-
bromophenol were prepared in 100 µl of acetone and
methanol, respectively. Aliquots of the stock solutions
were diluted with 5 ml of sterile-filtered seawater and
mixed with sterile or natural sediment. The final target
concentrations in sediment treatments for bioassay
purposes were 0.56 and 5.6 µg 1-chlorononane g–1 sed-
iment, and 0.165 and 1.65 µg 2,6-dibromophenol g–1

sediment. Blank controls were prepared by adding
100 µl of methanol or acetone to sediment treatments. 

To determine the actual concentration of halogena-
ted proxies in spiked sediments, sediment aliquots
were extracted. Briefly, 5 g of spiked sediment were
centrifuged at 3900 × g for 10 min to discard the pore
water containing dissolved proxies. Sediments were
extracted with 3 ml of dichloromethane for 1 h on a
rotor shaker. After centrifugation the supernatant was
collected. The extraction was repeated and pooled
supernatants were concentrated by rotary evaporation,
followed by solid phase extraction on silica cartridges.
The dichloromethane eluate was reduced to 100 µl and
used for quantification of halogenated proxies by
GC-MS as described previously. 

Bioassays. Direct effect of halogenated proxies
on larval settlement: In a replicated no-choice assay
(n = 2) the halogenated proxies, 1-chlorononane and
2,6-dibromophenol, were assayed at both spiking con-
centrations along with natural sediment (positive con-
trol), ashed and autoclaved sediments (negative con-
trols), and the solvent treatments (blank controls). In
multiple-choice assays with replication (n = 3), each of
the halogenated proxies at 1× and 10× concentrations
were tested along with the negative control and the
blank control. In another set of multiple-choice assays,
the different halogenated proxies at 10× concentration
were assayed along with the positive and negative
controls.

Indirect effect of adult worms and halogenated
proxies on larval settlement: Aliquots of 2.5 g (wet
weight) natural sediment were populated with 20 adult
worms of either species. In parallel, natural sediment
was spiked with halogenated proxies at 10× concentra-
tion as described previously. The sediment treatments
were transferred into multiple-choice test chambers
along with natural sediment and incubated for 7 d in
an aerated aquarium filled with natural seawater
(32 ppt, 16°C) under a 12 h dark:12 h light cycle. After
7 d, test chambers were carefully retrieved and the
seawater in the wells was removed. The remaining test
wells were filled with sterile sediment and bioassays
were carried out as described previously. Aliquots of
1 g of each sediment treatment were sampled to deter-
mine the concentration of halogenated proxies at the
beginning and end of the experiment and for bacterial
community analyses.

Bacterial community analysis in sediment treat-
ments. To extract microbial community DNA associ-
ated with sediment, 1 g aliquots of sediment were sam-
pled and mixed with 1 ml of DNA extraction buffer
(100 mM Tris-HCl [pH 8.0], 100 mM Na2-EDTA
[pH 8.0], 100 mM sodium phosphate [pH 8.0], 1.5 M
sodium chloride, 1% cetyltrimethylammonium bro-
mide, 2% sodium dodecylsulfate [pH 7.5]) in sterile
2 ml screw-cap vials and stored at –20°C. Samples
were repeatedly frozen in liquid nitrogen and de-
frosted in warm water (65°C). Bacterial cells were
enzymatically lysed by addition of 20 µl Proteinase K
(20 mg ml–1) and incubation for 30 min at 37°C with
gentle shaking. Subsequently, 100 µl of sterile-filtered
sodium dodecylsulfate (20%) was added and the sam-
ples were incubated for 2 h at 65°C. After centrifuga-
tion, the supernatants were mixed with an equal vol-
ume of chloroform–isoamyl alcohol (24:1, v/v) for
15 min. The DNA in the aqueous phase was precipi-
tated by the addition of 0.6 volumes of isopropanol and
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Table 1. Gas chromatography-mass spectrometry (GC-MS) analysis of tissue extracts of adult Streblospio benedicti and Capitella
sp. I. Where possible, compounds and formulae were identified by comparison with the mass spectral database (NIST 05); other-
wise, detected compounds are labelled as unidentified halogenated hydrocarbons (CnHn). Characteristic ions list dominant mass
fragments. The concentration of identified compounds is given in ng mm–3 (±SD) for selected compounds. nd: not determined

Compounds Characteristic ions Formula Retention Concentration
time (min) (ng mm–3)

Streblospio benedicti
Dichlorinated hydrocarbon 91, 93, 119, 121 CnHnCl2 8.48 nd
Brominated hydrocarbon 135, 137, 149, 151 CnHnBr 10.75 nd
Unidentified chlorononane isomer 91, 93, 119, 121, 147, 149 C9H19Cl 11.36 19.59 ± 7.7
Unidentified chlorononane isomer 91, 93, 119, 121, 147, 149 C9H19Cl 14.22 50.98 ± 8.6

Capitella sp. I
2,6-dibromophenol 162, 164, 250, 252, 254 C6H4Br2O 15.01 18.11 ± 4.5
2,6-dibromo-4-methyl-phenol 263, 265, 267, 252 C7H6Br2O 17.79 2.6 ± 1.2
2,4-dibromo-6-(bromomethyl)phenol 215, 217, 263, 265, 267 C7H5Br3O 25.87 nd
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storage at 4°C overnight. Crude DNA was pelleted by
centrifugation, washed twice with cold 70% ethanol
and dissolved in 50 µl of sterile deionized water. Crude
aliquots of community DNA were stored at –20°C until
use. 

Amplification of 16S-rRNA genes in bacterial com-
munity DNA was performed by PCR in a total vol-
ume of 50 µl containing 1 µl of DNA template,
20.5 µl sterile deionized water, 5 µl PCR buffer,
2 mM of each dNTP, 7.5 µl 0.1% bovine serum albu-
min (BSA), 0.1 mM MgCl2, 10 pM of each universal
primer: 341F (5’-ATT ACC GCG GCT GCT GG-’3)
and 534R_GC (5’-CGC CCG CCG CGC GCG GCG
GGC GGG GCG GGG GCA CGG GGG GCC TAC
GGG AGG-3’) (Muyzer et al. 1993), and 0.5 units of
Taq polymerase (peqlab). After the initial denaturing
cycle at 95°C for 3 min, samples were amplified with
2 cycles at 94°C for 30 s, 64°C for 30 s and 72°C for
1 min, followed by 9 touchdown cycles starting with
94°C for 30 s, 63°C minus 1°C per cycle for 30 s and
72°C for 1 min, and 25 cycles of 94°C for 30 s, 54°C
for 30 s and 72°C for 1 min, followed by a final
extension step at 72°C for 10 min. A negative control
containing the PCR master mix without template
DNA was run in parallel. After the amplification, 4 µl
of each PCR amplicon was electrophoresed along
with a 1000 bp ladder, a positive control prepared
from 7 bacterial isolates and the negative control on
a 1.0% agarose gel in 1× TAE at 70 V for 30 min.
The resulting PCR product of 193 bp was stained
with ethidium bromide.

For DGGE, 30 µl of PCR product was loaded on a
6.5% (w/v) polyacrylamide gel. An optimal separa-
tion was achieved with a gradient of 40 to 75%
denaturant from top to bottom (100% denaturant was
defined as 7 M urea and 40% (v/v) formamide.
DGGE was performed with a PhorU-System (Ingeny)
in 1 × TAE running buffer at 60°C for 18 h at 100 V.
Gels were stained for 30 min in SybrGold nucleic
acid stain (Molecular Probes) according to the manu-
facturer’s protocol. 

The gel banding patterns of different samples were
subject to cluster analysis. Bray Curtis similarities
were used to produce a similarity matrix based on the
total number of bands found in all samples and the
presence or absence of these bands in individual
samples. For the construction of a dendrogram de-
picting the similarity of microbial communities in dif-
ferent samples, group average linkage and hierarchi-
cal agglomerative clustering was performed using the
PRIMER v5 computer program (Plymouth Marine
Laboratory).

Statistical analysis. In no-choice assays, larval settle-
ment was expressed as percentage and tested for nor-
mal distribution (Shapiro-Wilks’ W-test). Since per-

centage settlement data were mostly not normally dis-
tributed, they were rank-transformed prior to further
statistical analyses. After rank transformation, settle-
ment data were analyzed by 1-way ANOVA followed
by Tukey’s multiple comparison test (Conover & Iman
1980). 

In multiple-choice assays, the number of counted lar-
vae was log(x +1) transformed. Levene’s test was
employed to check the assumption of homogeneity.
Where significant heterogeneity of variance could not
be removed by transformation, a lower significance
level (p = 0.01 instead of p = 0.05) was used (Under-
wood 1997). Fixed factor effects of row, column and
treatment on larval settlement were analyzed by main-
effect ANOVA. If the treatment effect was significant,
Tukey’s multiple comparison test was used to identify
differences among treatments.

RESULTS

Identification and quantification of halometabolites
in tissue extracts

The chemical analysis of Streblospio benedicti tissue
revealed 3 chlorinated and 1 brominated compound
(Table 1). Two unknown isomers of chlorononane were
identified according to characteristic diagnostic ions
and mass spectroscopic fragmentation patterns and
quantified with 1-chlorononane as a proxy. The
amount (mean ± SE) of 70.57 ± 0.08 ng chlorono-
nane mm–3 tissue volume was used to set the concen-
tration of 1-chlorononane in the settlement assays. The
amount of 20.71 ± 1.65 ng dibrominated phenolic com-
pounds mm–3 tissue volume was used to set the con-
centration of the halogenated proxy 2,6-dibromophe-
nol in the settlement assays.

Quantification of halogenated proxies in spiked
sediment treatments

The recovery of halogenated proxies differed signif-
icantly by compound and by the residence time of
compounds in sediments (Table 2). Although 50 to
60% of the 1-chlorononane could be recovered imme-
diately after the spiking procedure, the concentration
was below the detection limit of 10 µg ml–1 after 7 d of
incubation of similarly spiked natural and sterile sedi-
ment. The recovery of 2,6-dibromophenol was below
10% after immediate extraction and could not be
detected in aged sediment treatments. The back-
ground concentration of 1-chlorononane and 2,6-di-
bromophenol in natural and sterilized sediment was
below the detection limit. 
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Bioassays

Direct effect of halogenated proxies on 
larval settlement

In both experimental trials of the no-choice assay, no
differences in percentage larval settlement were
observed among sediment treatments spiked with both
halogenated proxies regardless of the concentration
used. These treatments evoked the same settlement
response as the positive control of natural sediment.
Only the negative control of ashed sediment signifi-
cantly reduced larval settlement (1-way ANOVA: p <
0.05; Tukey’s test: p < 0.05). The organic solvent con-
trols did not interfere with larval settlement (Fig. 1). 

A different result of a direct influence of halogenated
proxies on larval settlement was observed when spiked
sediment treatments were investigated in multiple-
choice assays. In 3 experimental trials, larvae significantly
rejected the 1-chlorononane treatment at 10× concentra-
tion compared with the 1× concentrated treatment, the
solvent control and the negative control of sterile
sediment (1-way ANOVA: p < 0.05; Tukey’s test: p <
0.001; Fig. 2). A similar experiment testing the effect of
2,6-dibromophenol at 10× and 1× concentrations did not
reveal any differences among spiked sediment treat-
ments, solvent control and the negative of sterile sedi-
ment (ANOVA: p = 0.977; Fig. 3). When both halogenated
proxies were assayed at 10× concentration together with
the positive control of natural sediment and a negative
control of sterile sediment, larvae significantly preferred
natural sediment in 3 experimental trials (1-way ANOVA:
p < 0.05; Tukey’s test: p < 0.01; Fig. 4).
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Table 2. Mean (±SD) recovery concentrations of 1-chloro-
nonane (CLN) and 2,6-dibromophenol (DBP) in natural (N)
and sterile (S) sediment treatments spiked with 5.64 µg CLN
and 1.65 µg DBP g–1 sediment. Sediment treatments were
analyzed by GC-MS at the beginning (0 d) and after 7 d of in-
cubation. Natural and sterile sediments without halometabo-
lites served as controls. –: halometabolite concentrations were 

below the detection limit

Incubation Sediment Recovery Concentration
(d) treatment (%) (µg g–1 sediment)

0 N – CLN 52.06 ± 10.15 2.94 ± 0.70
S – CLN 62.04 ± 10.64 3.499 ± 0.73

7 N – CLN – –
S – CLN – –

0 N – DBP 2.75 ± 1.95 0.045 ± 0.023
S – DBP 11.93 ± 7.71 0.196 ± 0.14

7 N – DBP – –
S – DBP – –

0 N – control – –
S – control – –

7 N – control – –
S – control – –
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Fig. 1. Streblospio benedicti. Percentage of larval settlement in
2 experimental trials of single-choice assays (white and black
bars) testing the direct effect of sterile sediments spiked with
2,6-dibromophenol (DBP) and 1-chlorononane (CLN) at 1× and
10× concentrations. Controls were natural, sterile and ashed
sediment and the solvent controls of acetone and methanol.
*Significant differences (α = 0.05, Tukey’s test). Data plotted are 

means + SD

Fig. 2. Streblospio benedicti. Larval settlement index (%) in 2
experimental trials (black and white bars) of multiple-choice
assays testing the direct effect of sterile sediment spiked with
1-chlorononane (CLN) at 1× and 10× concentrations together
with a solvent control (acetone) and a negative control of ster-
ile sediment. *Significant differences (α = 0.05, Tukey’s test).
Data plotted are means + SD. Table depicts the assay design
and the total and individual number of settled larvae in 

individual wells
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Indirect effect of adult worms and halogenated
proxies on larval settlement

In 3 experimental trials of the multiple-choice assay,
larval settlement in natural sediment incubated for 7 d
with halogenated proxies at 10× concentration was the
same as in the positive control of natural sediment. Only
the negative control of sterile sediment evoked a lower
settlement index than the other treatments (1-way
ANOVA: p < 0.05; Tukey’s test: p < 0.01; Fig. 5). A simi-
lar result was obtained after natural sediment was pop-
ulated with adult Streblospio benedicti and Capi-
tella sp. I for 7 d. In 3 experimental trials of the
multiple-choice assay, larval settlement was the same in
natural sediment and in adult-populated sediments.
Only the negative control of sterile sediment evoked a
lower settlement index than the other treatments (1-way
ANOVA: p < 0.001; Tukey’s test: p < 0.001; Fig. 6). 

Bacterial community analysis in natural, spiked and
adult-populated sediments

The 1 wk incubation experiments served to provide
virgin and aged sediment samples (n = 3) of natural
sediment, natural sediment spiked with halogenated
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Fig. 3. Streblospio benedicti. Larval settlement index (%) in 2
experimental trials (black and white bars) of multiple-choice
assays testing the direct effect of sterile sediment spiked with
2,6-dibromophenol (DBP) at 1× and 10× concentrations
together with a solvent control (methanol) and a negative
control of sterile sediment. Data plotted are means + SD.
Table depicts the assay design and the total and individual 

number of settled larvae in individual wells

Fig. 4. Streblospio benedicti. Larval settlement index (%) in
3 experimental trials (black, white, striped bars) of multiple-
choice assays testing the direct effect of sterile sediment
spiked with 2,6-dibromophenol (DBP) and 1-chlorononane
(CLN) at 10× concentration together with a positive control
of natural sediment and a negative control of sterile sedi-
ment. *Significant differences (α = 0.05, Tukey’s test). Data
plotted are means + SD. Table depicts the assay design and
the total and individual number of settled larvae in individual 

wells

Fig. 5. Streblospio benedicti. Larval settlement index (%) in 3
experimental trials (black, white, striped bars) of multiple-
choice assays testing the indirect effect of natural sediment
spiked with 2,6-dibromophenol (DBP) and 1-chlorononane
(CLN) at 10× concentration and incubated in natural seawater
for 7 d prior to the settlement assay. The positive control was
virgin natural sediment and the negative control was sterile
sediment. *Significant differences (α = 0.05, Tukey’s test).
Data plotted are means + SD. Table depicts the assay design
and the total and individual number of settled larvae in indi-

vidual wells
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proxies, and adult-populated sediment. Two sediment
samples populated with Streblospio benedicti were
lost during the experiment. PCR amplicons obtained
from all samples were developed on a single denatur-
ing gradient gel. The bacterial communities obtained
from spiked sediment treatments were characterized
by the absence of bands in comparison
with the control of natural sediment
that presumably comprised a commu-
nity of chemically unaffected bacteria.
In adult-populated sediments addi-
tional bands were observed in compar-
ison with the control of natural sedi-
ment, indicating a contamination of
sediments with bacterial phylotypes
originating from worms or a change in
the bacterial community as a function
of the worms’ activities. These addi-
tional bands were omitted in the analy-
sis of bacterial community patterns.
With our combination of PCR primers,
the number of discernible gel bands
obtained from sediment treatments and
controls ranged from 14 to 23. In total,

40 bands were used to create a similarity matrix based
on Boolean character sets (1 or 0) corresponding to the
presence or absence of a given band in a gel lane. The
analysis of similarity (ANOSIM) of given bands per
treatment produced a global R-value of 0.822 (α =
0.001). The pairwise comparisons of bacterial commu-
nity richness in different sediment treatments resulted
in no differences among all virgin sediment treatments
at Day 0. Significant differences were observed
between the same pairs of virgin and aged sediment
treatments. Although the bacterial community richness
in sediments populated with live adults for 7 d was the
same, it differed in the corresponding sediment treat-
ments spiked with species-specific halogenated prox-
ies for 7 d (Table 3). 

The cluster analysis of bacterial community richness
associated with different sediment treatments and con-
trols resulted in 4 subclusters (Fig. 7). The bacterial
community richness associated with replicate sedi-
ment treatments revealed high similarities (data not
shown). 
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Fig. 6. Streblospio benedicti. Larval settlement index (%) in 3
experimental trials (black, white, striped bars) of multiple-
choice assays testing the indirect effect of natural sediment
populated with live specimens of S. benedicti and Capitella
sp. I, followed by 7 d of incubation in natural seawater. The
positive control was virgin natural sediment and the negative
control was sterile sediment. *Significant differences (α =
0.05, Tukey’s test). Data plotted are means + SD. Table de-
picts the assay design and the total and individual number of 

settled larvae in individual wells

Table 3. Analysis of similarity (ANOSIM) of denaturing gradient gel electro-
phoresis (DGGE) patterns of bacterial community DNA (n = 3) in natural
sediment at Days 0 and 7 (N-0, N-7), natural sediment spiked with 2,6-dibromo-
phenol at Days 0 and 7 (DBP-0, DBP-7), natural sediment spiked with 1-
chlorononane at Days 0 and 7 (CLN-0, CLN-7) and natural sediment populated
with adults of Capitella sp. I or Streblospipo benedicti after 7 d (Cap-7, Streb-7).
Calculated R-values result from the analysis of present and absent gel bands for
each treatment. The global R-value was 0.822. *Statistical significance (α = 0.05)

N-0 N-7 DBP-0 DBP-7 CLN-0 CLN-7 Cap-7 

N-7 0.833* –
DBP-0 0.741 1.0* –
DBP-7 1.0* 1.0* 1.0* –
CLN-0 0.426 0.889* 0.37 1.0* –
CLN-7 1.0* 1.0* 1.0* 1.0* 1.0* –  
Cap-7 1.0* 1.0* 1.0* 1.0* 1.0* 1.0* – 
Streb-7 0.833* 0.611 0.556 0.889* 0.889* 0.889* 0.352
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Fig. 7. Dendrogram showing the relatedness of sediment-
associated bacterial communities in virgin natural sediment
at Days 0 and 7 (N-0, N-7), natural sediment spiked with
1-chlorononane (10×) at Days 0 and 7 (CLN-0, CLN-7), nat-
ural sediment spiked with 2,6-dibromophenol (10×) at Days 0
and 7 (DBP-0, DBP-7) and natural sediment populated with
adults (n = 20) of Capitella sp. I and Streblospio benedicti

for 7 d (Cap-7, Streb-7)
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DISCUSSION

Surface-associated microorganisms have been de-
monstrated to act as local signals and larval settlement
cues in a wide variety of benthic invertebrate taxa set-
tling on hard substrata (Pawlik 1992, Hadfield et al.
1994, Harder et al. 2002). Previously we studied
whether a similar concept might also operate in infau-
nal organisms to guide burrowing behavior, metamor-
phosis and settlement. Using the spionid polychaete
Streblospio benedicti, we demonstrated that compe-
tent larvae, albeit significantly rejecting experimental
sediment lacking organic carbon, were stimulated to
settle if this sediment was re-inoculated with viable
microorganisms dissociated from natural sediment
(Sebesvari et al. 2006). Considering that a variety of
infaunal polychaetes produce and release halogenated
metabolites into the surrounding sediment (Woodin et
al. 1987, Steward et al. 1992, Fielman et al. 1999, Lin-
coln et al. 2005), we tested the hypothesis that poly-
chaete-derived halometabolites may either have a
direct negative effect on larvae or alter the bacterial
richness in surface sediments of densely populated
sediments, and, thus, indirectly influence larval settle-
ment. Such an indirect interaction would represent a
hitherto unrecognized role of biogenic halometabolites
during settlement.

To investigate this hypothesis, we raised plank-
totrophic larvae of Streblospio benedicti in the labora-
tory and tested their settlement response in single- and
multiple-choice assays of experimental sediments
spiked with halogenated compounds. Halogenated
compounds for spiking experiments were selected
based on their occurrence and predominance in adult
S. benedicti and Capitella sp. I. The total tissue con-
centrations of unidentified chlorononane isomers and
dibrominated phenols in adult S. benedicti and Capi-
tella sp. I obtained from our laboratory cultures was
70.57 ± 0.08 and 20.71 ± 1.65 ng mm–3, respectively.
These values fell into the same order of magnitude of
total halogenated metabolites determined in adult
S. benedicti obtained from intertidal mudflats in South
Carolina, USA, and laboratory cultures of Capitella sp. I
(Cowart et al. 2000). For the setup of experimental sed-
iments the content of dominant, partially unidentified
halometabolites was mimicked with commercially
available compounds, using 1-chlorononane as a proxy
for chlorononane isomers and 2,6-dibromophenol as a
proxy for dibrominated phenols. 

For our bioassays the concentrations of halogenated
proxies in spiked experimental sediment aliquots of
2.5 g and 2 cm2 surface area were adjusted to be
equivalent to the total concentration of halometabo-
lites present in 20 adult worms. This calculation over-
estimated the actual population density of both spe-

cies at the sampling site (ca. 5000 ind. m–2) roughly
20-fold. However, the resulting sediment concentra-
tion of 0.165 µg 2,6-dibromophenol g–1 was well
within the range reported for a relatively large bro-
mophenol-producing polychaete, Notomastus lobatus
(Steward et al. 1992, Lovell et al. 1999). To the best of
our knowledge, comparable quantifications of bio-
genic chlorinated hydrocarbons in surface sediments
do not exist in the literature. Given the small size of
our study organisms, we did not determine the con-
centrations of halometabolites in burrow linings and
in close proximity. We purposely mimicked a homo-
genous distribution of the supposedly high concentra-
tion of halometabolites present in direct proximity to
worm burrows in the entire experimental sediment to
test the effect of halometabolites on sediment-associ-
ated bacteria in the topmost sediment layer. The
rationale for this approach was based on our previous
observations that competent polychaete larvae repea-
tedly touched the sediment surface with their ventral
body parts prior to burrowing and settlement (Sebes-
vari et al. 2006).

To verify to what extent spiked halogenated proxies
were bound to particulate organic matter in sediments
and, thus, bioavailable to bacterial biofilms in the sed-
iment, halogenated proxies in sediments were ex-
tracted and quantified. The recovery yields were sur-
prisingly low and differed significantly between the 2
compounds, indicating that either the extraction effi-
ciency was low, as previously demonstrated by Stew-
ard et al. (1992), and/or that a large proportion of
spiked proxies did not adsorb to the sediment. To com-
pensate for potential losses, the spiking concentration
of halogenated proxies in multiple-choice assays was
elevated 10-fold, resulting in final recovery yields
of ca. 3 µg 1-chlorononane g–1 and 0.05 to 0.2 µg
2,6-dibromophenol g–1 (Table 2). Given these concen-
trations of halogenated proxies in experimental sedi-
ment treatments, the hypotheses raised in this study
were answered as follows. 

Our first hypothesis of a direct influence of halo-
genated proxies on larval settlement of Streblospio
benedicti strongly depended on the assay design. In
the no-choice assay, settlement in sediment spiked
with halogenated proxies was the same as in controls
of natural and sterile sediment (Fig. 1). However, when
larvae were given a choice between experimental
treatments spiked with 1-chlorononane at different
concentrations, there was a clear direct inhibitory
effect of the high spiking concentration on larval
settlement (Fig. 2). A similar effect was not observed
with the other halogenated proxy 2,6-dibromophenol
(Fig. 3). When larvae were offered both proxies at high
concentrations together with the positive control alter-
native of untreated natural sediment, the spiked treat-
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ments were significantly rejected (Fig. 4). Given that
larvae inspect the sediment surface repeatedly on
small spatial scales of several cm2 (Sebesvari et al.
2006, authors’ pers. obs.), these results indicate a
potential direct effect of halometabolites on larval set-
tlement, provided that surface properties differ within
the investigated sediment patch. Thus, larval prefer-
ences observed in the field may partially result from a
patchy distribution of halometabolites, even though
the potential effect of hydrodynamics on larval settle-
ment and substrate selection was not part of the pre-
sent study. Flume studies that mimicked the effect of
hydrodynamics revealed that larvae of Capitella sp. I
were able to select substrates under conditions of
water turbulence (Butman et al. 1988). The no-choice
assay seemed inappropriate to resolve these prefer-
ences because larvae may loose their selectivity and
comply with a moderately acceptable sediment quality
after repeated exposure to the same negative stimulus. 

Our second hypothesis of an indirect influence of
halogenated proxies on larval settlement was clearly
rejected. In 3 experimental trials of a multiple-choice
assay testing the effect of 7 d incubations of natural
sediments spiked with halogenated proxies, larval set-
tlement was the same as in the positive control of nat-
ural sediment (Fig. 5). A direct effect of halogenated
proxies on larval settlement as outlined previously
could be ruled out, since the recovery of these com-
pounds was below the detection limit after 7 d of incu-
bation (Table 2). When live adult worms were incu-
bated in natural sediment for the same duration,
allowing the sediment to be contaminated with bio-
genic halometabolites, there was no difference in lar-
val settlement between sediments populated with live
worms and the unpopulated positive control of natural
sediment (Fig. 6). These results suggested that (1) the
overall inductive effect of viable bacteria on larval set-
tlement as observed in the control treatments of nat-
ural sediment was unchanged in the presence or after
the utilization of halometabolites, and (2) that potential
changes in bacterial abundance and/or community
richness as a consequence of long-term exposure to
halometabolites or microbial utilization did not change
the suitability of these sediments for settling larvae. 

To evaluate the potential changes in bacterial com-
munity richness between virgin and the corresponding
aged sediment treatments, the banding patterns ob-
tained by DGGE were subject to similarity analysis.
Since DGGE of PCR amplicons does not provide quan-
titative information of the bacterial community, the
similarity analysis was based on the presence and
absence of bacterial phylotypes (Muyzer et al. 1993,
Murray et al. 1996, Rochelle 2001). To profile a bacter-
ial constituent within a complex population by DGGE
analysis of PCR-amplified genes coding for 16S rRNA,

the minimum abundance must exceed 1% of the total
population (Muyzer et al. 1993). The ANOSIM revea-
led a significant change in bacterial community rich-
ness between virgin and the corresponding aged sedi-
ment treatments. The PCR amplicons of DNA
extracted from virgin natural sediment revealed
21 bands on the denaturing gradient gel. When natural
sediment was incubated for 7 d in natural seawater
prior to DNA extraction (i.e. aged natural sediment),
4 bands were no longer detected. The missing bacter-
ial phylotypes may have been eliminated or reduced in
abundance due to the lack of nutrients or bacterial
dynamics in complex microbial assemblages (Coster-
ton et al. 1995). Two of the phylotypes that were not
detected in aged natural sediment were also absent in
aged sediment treatments spiked with halogenated
proxies. In contrast to the natural aged sediment,
4 additional bands were below the detection limit in
aged sediment spiked with halogenated proxies. The
missing bands had the same retention characteristic,
indicating that they belonged to the same bacterial
phylum, and were similarly affected by either one of
the halogenated proxies. Aged sediment spiked with
2,6-dibromophenol revealed 9 other bacterial phylo-
types below the detection limit compared with aged
sediment spiked with 1-chlorononane. These results
indicated that 2,6-dibromophenol markedly decreased
the bacterial community richness present in natural
sediment, supporting the earlier notion of strong bac-
tericidal effects of bromometabolites (King 1986).
Interestingly, in comparison with natural sediment,
11 and 4 additional phylotypes were observed in aged
sediment spiked with 1-chlorononane and 2,6-dibro-
mophenol, respectively. Although these bacterial types
were presumably present in natural sediment, their
absence may be explained with their low abundance in
untreated sediment. It is possible that the additional
phylotypes observed in sediment incubations treated
with halogenated proxies increased in abundance due
to the use of these compounds or metabolic byproducts
of other bacteria within the population capable to
remediate halogenated compounds. Contrary to these
findings, there was no bactericidal effect of halometa-
bolites released by live worms in the adult-populated
sediments. The bacterial community richness in these
samples was the same as in the aged treatment of nat-
ural sediment. 

Studies employing intact sediment cores (Steward et
al. 1992, Steward & Lovell 1997, Lovell et al. 1999) or
examining burrow linings that were not homogenized
or incubated with a halogenated substrate (Alongi
1985, Jensen et al. 1992, Steward et al. 1996) have
shown no inhibition of sediment microbiota by infau-
nal brominated metabolites. The accumulation of bio-
genic bromophenols in worm beds has been suggested
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to be limited by bacterial remediation (Steward &
Lovell 1997). Our study complies with the latter sug-
gestion since recovery yields of halogenated com-
pounds after short incubation times were low or no
longer detectable. However, this study clearly demon-
strates that halogenated compounds can reduce the
bacterial community richness in sediment slurries and
may be used by sediment-associated bacteria. More-
over, our results suggest that biogenic bromophenols
have a significantly more pronounced limiting effect
than chlorinated hydrocarbons on the bacterial com-
munity composition. The inhibition of sediment micro-
flora in proximity to worm burrows and linings has
been suggested to restrict the availability of micro-
bially derived sources for carbon and nitrogen for
worms (Newell 1965, Cammen 1980), alter sediment
texture by reduced production of exopolymers and,
thus, change sediment biogeochemical processes
(Decho 2000). However, in the present study the po-
tentially modified sediment quality as a result of a shift
in bacterial community richness was not recognized by
larvae of the polychaete Streblospio benedicti, indicat-
ing that biogenic halometabolites did not serve as indi-
rect larval settlement cues in this species.
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