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ABSTRACT Many marine infaunal hemichordates and polychaetes produce volatile halogenated sec-
ondary metabolites, including several brominated aromatic compounds. These compounds have been
suggested to have antimicrobial activity. However, the impact of added bromometabolites on microbial
activities in undisturbed sediments has not been assessed. This study examines the effects of a common
bromometaholite, 4-bromophenol, on substrate respiration and assimilation by undisturbed sediment
bacterial communities. Intact sediment cores were collected from a site inhabited by the bromophenol
producing capitellid polychaete Notomastus lobatus and from a similar site having no bromometabolite
producing infauna. These cores were injected with a radiolabeled substrate (acetate or glucose) and
varying levels of 4-bromophenol, then incubated at in situ temperature. Rates of respiration and assim-
ilation of the substrates at levels of 4-bromophenol ranging from ambient to 10 pg g~! (dry weight) sed-
iment were determined. No significant inhibition of respiration or assimilation of either substrate was
observed in samples from either location, even at 4-bromophenol levels 100 x the ambient concentra-
tion in wormbed sediments. These data show that this naturally occurring bromoaromatic compound

has no significant effect on community activity of sediment bacteria.
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INTRODUCTION

A variety of marine infaunal hemichordates and
polychaetes produce 1 or more volatile brominated
secondary metabolites, including but not limited to
bromophenols, bromopyrroles, and bromobenzyl alco-
hols (Woodin et al. 1987, Woodin 1991). The biochem-
istry of bromometabolite production by these animals
(Chen et al. 1991, Yoon et al. 1994, Fielman & Targett
1995), the range of compounds produced (Woodin et
al. 1987, Woodin 1991, Steward et al. 1995), and their
distributions and concentrations in marine sediments
(King 1986, Woodin 1991, Steward et al. 1992, Steward
& Lovell 1997, D. Lincoln, K. Fielman, R. Marinelli & S.
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Woodin unpubl. data) have received considerable
study. Bromometabolites are found at significant levels
in the animals’ tissues, in sediments lining the animals’
burrows, and in surrounding bulk sediments (King
1986, Lincoln et al. unpubl.}). The specific ecological
role(s) of these compounds and their potential toxic
effects on sediment macro- and microbiota have been
subjects of active inquiry.

Bromometabolites have been hypothesized to func-
tion as microbiocides, inhibiting bacterial growth in
burrows of the infauna producing them (Ashworth &
Cormier 1967, Sheikh & Djerassi 1975, King 1986,
Goerke & Weber 1991). An antipredator function for
these compounds has also been proposed (Prezant et
al. 1981, Woodin et al. 1987, Pawlik 1993). In addition,
some bromometabolites clearly inhibit recruitment of
juveniles of bromometabolite non-producing infaunal
species (Woodin 1991, Woodin et al. 1993), thus func-
tioning as negative recruitment cues. The effects of
bromometabolites on microbial community activity are
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of particular interest since the sediment microbiota are
responsible for significant turnover of these com-
pounds (Steward & Lovell 1997) and may reduce their
impact(s) on epibenthic and benthic macrofauna.

Sediment slurry experiments have shown inhibition
of aerobic glucose respiration (King 1986) and of nitri-
fication (Giray & King 1997) by bromophenols. How-
ever, several other studies indicate little or no anti-
microbial activity of biogenic bromophenols against
sediment microflora. Steward et al. (1992) found no
significant effects of ambient biogenic bromophenols
produced by the capitellid polychaete Notomastus
lobatus (4-bromophenol, 2,4-dibromophenol, and
2,4,6-tribromophenol) on distributions or activities of
bacteria or microalgae in wormbed sediments. Micro-
bial communities in burrows of 2 bromometabolite
producing marine polychaetes (Capitella capitata and
N. lobatus) and 2 bromometabolite producing marine
hemichordates (Saccoglossus kowalevskyi and Stereo-
balanus canadensis) have been examined using direct
microscopic counting (Alongi 1985, Jensen et al. 1992)
and phospholipid fatty acid profiling (Steward et al.
1996) procedures. These studies also revealed no
broad-spectrum microbiocidal activity of these com-
pounds. Microbial biomass in bromometabolite con-
taining sediments and burrows is comparable to that in
similar but uncontaminated sediments and burrows
(Steward et al. 1992, 1996, Steward & Lovell 1997).
Microbial communities residing in bromometabolite
containing sediments and burrows are also quite di-
verse, comparable to those in corresponding unconta-
minated sediments and burrows (Steward et al. 1996).
However, the potential of bromometabolites to inhibit
microbial community activity when present at the high
levels found in burrow linings (> 800 ng g~' sediment in
burrows of N. lobatus, Lincoln et al. unpubl. data) has
not been completely resolved.

This study examines the effects of 4-bromophenol,
the most abundant Notomastus lobatus product in
wormbed sediments, on sediment bacterial activities.
Bacterially mediated turnover (Steward & Lovell 1997)
and other loss factors apparently limit biogenic 4-bro-
mophenol accumulation in these sediments to around
100 ng g~' sediment. We tested a broad range of con-
centrations ranging from ambient bulk sediment levels
to levels greatly exceeding those in burrow linings for
inhibitory effectiveness. A major emphasis of these
experiments was to avoid unnecessary disruption of
the sediments that might contribute to artifactual stim-
ulation of microbial activities (Findlay et al. 1985, 1990)
or disruption of protective biofilm or microcolonial for-
mations (e.g. Costerton et al. 1987). High-level nutrient
additions were also avoided. The impact of 4-bromo-
phenol on metabolism of 2 different carbon substrates
by sediment microbial communities was evaluated.

MATERIALS AND METHODS

Study sites. The North Inlet estuary (33°20'N,
79°10'W) is a small (3200 ha), Spartina alterniflora
dominated marsh system near Georgetown, South
Carolina, USA. Dame et al. (1986) and Pinckney &
Zingmark (1993) have provided detailed descriptions
of this system. The capitellid polychaete Notomastus
lobatus is abundant in intertidal sediments at several
locations in North Inlet and its burrows can be recog-
nized in the field by their characteristic crescent-
shaped openings, spiral path in the sediment, and bro-
mophenolic (‘iodoform') smell (Steward et al. 1992).
The upper 6 to 8 cm of the burrow is vertical and
straight; below this portion the burrow is spiral and
often extends laterally or at angles into the deeper sed-
iments. The upper portion of the burrow is occupied by
the tail of N. lobatus, where the highest concentrations
of bromophenols in the polychaete are found (Yoon et
al. 1994). N. Iobatus produces high levels of 4-bromo-
phenol, 2,4-dibromophenol, and 2,4,6-tribromophe-
nol, with 4-bromophenol being the most abundant
compound in the polychaete and in sediments sur-
rounding its burrows (Chen et al. 1991, Steward et al.
1992, Lincoln et al. unpubl. data). Two N. lobatus
wormbed sites have been used extensively for related
research and were described previously (Steward et al.
1992, 1996, Steward & Lovell 1997). Samples for this
study were collected from both sites. The 4-bromophe-
nol levels in wormbed sediments are high, averaging
over 100 ng g~! sediment (Steward et al. 1992, Steward
& Lovell 1997). In addition, 2,4-dibromophenol and
2,4,6-tribromophenol are found at <10 ng g~! sediment
levels in the wormbeds. Other bromophenol producing
worms are rare in N. Jobatus beds and volatile haloaro-
matic compounds other than bromophenols have not
been detected at these sites (Steward & Lovell 1997). A
nearby intertidal sediment site (Bly Creek) that has
very low levels of bromophenols (mean 4-bromophe-
nol conc. = 6 ng g~' sediment, Steward & Lovell 1997)
served as a comparison site for these experiments.
No volatile halometabolite producing organisms have
been identified at this location, which is similar in ele-
vation, inundation period, sediment characteristics,
bacterial numbers per gram (dry weight) of sediment,
and rates of 4-bromophenol respiration and assimila-
tion to the bromophenol containing sites (Steward &
Lovell 1997).

Sampling and sample analysis. Sediment cores for
radiotracer studies were collected at low tide on sev-
eral dates from June of 1993 through June of 1996.
Cores were collected using cut-off 10 ml (1.4 cm diam-
eter, 6 cm length) plastic syringes with self-sealing
1 mm diameter injection ports at 1 cm vertical inter-
vals. The 6 cm core length corresponds to the vertical
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(tail occupied) portion of the Notomastus lobatus bur-
rows and prevents sampling of the more varied spiral
portion at greater depths. Sets of sediment cores were
collected in a randomized block design at both the
non-bromophenol containing site and wormbed sites.
The presence of N. lobatus in the wormbed sites was
confirmed by visual observation of burrow openings
and excavation of worms at each sampling. Cores from
each block sampling were randomly assigned to treat-
ments and analyses (i.e. glucose or acetate injection
and substrate assimilation or respiration measure-
ments). Porewater samples for preparation of substrate
and 4-bromophenol stock solutions were collected and
transported to the lab on ice. The porewater was filter
sterilized (0.2 pm pore size) and degassed before use.

Sediment cores for assimilation measurements were
injected with 37 to 185 kBq core™! (30 ul, 5 ul port™; 1.5
to 5 pCi core™) of *H-acetate (specific activity 225 GBq
mmol™!) or 185 kBq core™ (30 pl, 5 pl port™’; 5 pCi
core™!) *H-glucose (specific activity 1600 to 1850 GBq
mmol~!) following established methods (Steward &
Lovell 1992). Sediment cores for respiration measure-
ments were injected with 18.5 kBq core™! (30 ul, 5 ul
port™}; 0.5 pCi core™!) of *C acetate (uniformly labeled,
specific activity 2.1 GBq mmol™!) or "*C-glucose (uni-
tormly labeled, specific activity 10.9 GBq mmol™}) also
following established methods (Steward et al. 1992,
Steward & Lovell 1997). Increasing concentrations of
4-bromophenol dissolved in filtered and degassed
porewater were also added to sets of sediment cores
(10 pl port™!, 60 pl core’!). Added 4-bromophenol
resulted in sediment concentrations ranging from
about 100 ng g~' dry weight of sediment {(ambient, no
4-bromophenol additon) to about 10.1 pg g~! sediment.
Cores were incubated in the dark at in situ tempera-
ture. Formalin killed control and autoclaved control
cores were injected with radiolabel and 4-bromophe-
nol and incubated and processed in parallel with
experimental cores. Appropriate incubation times
were determined by performing time course experi-
ments at various times of year. Incubation times of up
to 12 h resulted in linear respiration and assimilation
responses (data not shown) and incubation times of 6
or 8 h were used in these experiments. Cores for respi-
ration rate measurements were processed at the termi-
nation of each experiment and cores for assimilation
rate measurements were frozen on dry ice and
extracted at a later time. Radiolabel recovery methods
have been described previously (Steward & Lovell
1992, 1997, Steward et al. 1992). Respired or assimi-
lated radiolabel was quantified by liquid scintillation
counting. Quench correction was by the external stan-
dards method.

The SAS System for Windows (version 6.12, SAS
Institute, Inc., Cary, NC, USA) was used to perform all

statistical analyses. Due to differences among sam-
pling sites, sampling dates, radiolabeled substrates
used, and responses measured (i.e. respiration rate or
assimilation rate), each data set was considered inde-
pendent and each was analyzed separately. Regres-
sion analysis was used to compare the relationship
between increasing 4-bromophenol concentrations
and the response measured to an idealized plot having
a slope of zero. All data were tested for normality and
statistical tests were performed using a significance
level of a0 = 0.05.

RESULTS AND DISCUSSION

Rates of acetate and glucose assimilation and respi-
ration in intact sediment cores incubated with a broad
range of added 4-bromophenol levels were quite simi-
lar between the wormbed and non-bromophenol con-
taining sites (Fig. 1). Substrate utilization rates were
also consistent across the range of 4-bromophenol con-
centrations used for each sampling date. Sediment
temperatures on sampling dates ranged from a low of
9°C on January 20, 1996, to a high of 31°C on June 30,
1996. Seasonal variations in respiration and assimila-
tion rates were observed, as was the case in previous
studies at these sites {Steward et al. 1992, Steward &
Lovell 1997). Regression analysis revealed that data
plots from only 2 experiments (June 21, 1993, worm-
bed acetate assimilation and July 18, 1994, wormbed
glucose respiration) had significant slopes, indicating
statistically significant responses attributable to added
4-bromophenol (Table 1). In both cases the slopes were
positive, indicating possible stimulation, not inhibition,
by added 4-bromophenol. However, little of the vari-
ability in these data was explained by these regres-
sions. The other 12 data sets showed no significant
effect of added 4-bromophenol on acetate or glucose
respiration or assimilation.

Acetate and glucose have been widely used in stud-
ies of sediment microbial activity (e.g. Meyer-Reil 1978,
Sawyer & King 1993). Both can serve as carbon/energy
sources for many marine microorganisms and acetate is
a major substrate for terminal carbon metabolic pro-
cesses in marine sediments (e.g. Christensen & Black-
burn 1982, Christensen 1984, Shaw & McIntosh 1990).
Consequently, inhibitory effects of 4-bromophenol on
sediment bacterial assemblages should result in inhibi-
tion of acetate and/or glucose utilization. Inhibition of
sediment microbial metabolism in response to added 4-
bromophenol was not observed for either bromophenol
containing or non-containing sediments. It is particu-
larly interesting that sediment microflora with no sig-
nificant prior exposure to biogenic bromophenols were
as insensitive to inhibitory effects of 4-bromophenol as
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microbial assemblages chronically exposed to this and
other bromophenols. Resistance to bromophenol toxic-
ity clearly does not require adaptation of the assem-
blage to these compounds. This was also the case for 4-
bromophenol turnover, which occurred at comparable
rates in chronically contaminated and uncontaminated
sediments (Steward & Lovell 1997).

Among the many biogenic brominated aromatic
compounds produced by marine infauna, 4-bromophe-
nol was the most useful for this study. This compound
is the most abundant bromophenol! in Notomastus
lobatus sediments and is quite soluble in seawater,
making it easy to introduce into sediment cores with-
out disturbing the samples. Giray & King (1997) re-
ported differential inhibition of nitrification by several
bromophenols, with 4-bromophenol and 2, 4-dibromo-
phenol the most inhibitory of the compounds tested.
They observed strong inhibition of nitrification in slur-
ries incubated with 0.2 to 2.2 ng g~! (dry weight of sed-
iment) levels of 4-bromophenol. These levels are well
within the range of added 4-bromophenol concentra-
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(ug/ g sediment)
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Fig. 1 Microbial responses to added
4-bromophenol in intact sediment
cores collected from wormbed (O)
and non-wormbed (@) sites. Acetate
assimilation dose-responses in cores
collected on (A) June 21, 1993, and
(B) January 10, 1994, acetate respira-
tion dose-responses in cores col-
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tions we tested. Based on the results of Giray & King
(1997) and previous reports of diverse and thriving
microbial assemblages in burrow linings of infaunal
species producing various bromophenols (Alongi 1985,
Jensen et al. 1992, Steward et al. 1995, 1996), it seems
very unlikely that other biogenic bromophenols would
have been substantially more inhibitory to undisturbed
sediment microbial communities than 4-bromophenol.
In addition, the highest levels of 4-bromophenol used
in these experiments were about 100 the ambient lev-
els typically found in wormbed sediments and over 10x
the level of total bromophenols in N. Iobatus burrow
linings. At such high doses, any inhibitory effects
should have been easily detected.

Degradation of added 4-bromophenol during the in-
cubations cannot account for the absence of inhibitory
effects. Rates of 4-bromophenol degradation have
been determined in both 4-bromophenol containing
and non-containing sediments from the sites used in
this study (Steward & Lovell 1997) and are too low to
significantly decrease the rather high levels of 4-bro-
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mophenol added in most treatments dur-
ing the short incubations used. Low level
additions (i.e. ambient to 0.1 ug g~! addi-
tion) could be affected by degradation,
but levels of this compound in wormbed

Table 1. Regression analysis of dose-response experiments. Rates of acetate
or glucose respiration or assimilation were determined using intact sediment
cores collected from wormbed and non-wormbed sites and incubated with
radiolabeled tracer substrate and different levels of 4-bromophenol. “Slopes

significant at p < 0.05

i 4. i
sed_lments, where bromophenol degra Substrate response Date Water tem-  Slope r? p
dation certainly occurs, are typically Site (mo/d/yr) perature (°C)
around 0.1 pg g™'. This may represent a - —
threshold level below which the com- Acetate assimilation ~ 06/21/93 28
pound is not efficiently mobilized or de- Wormbed 0.29 025 0.007
L . Non-wormbed -0.05 0.07 0.167
graded under in situ conditions. T
S . . . . Acetate assimilation 01/10/94 10
tudies employing intact sediment Wormbed 004 0007 0678
cores (Steward et al. 1992, Steward & Non-wormbed _003 0004 0.728
Lovell 1997, this study) or examining bur- Acetate respiration 10/08/94 23
row linings that were not homogenized or Wormbed ~0.81 021 0.052
incubated with a substrate (Alongi 1985, Non-wormbed 0.14 0.01 0613
Jensen et al. 1992, Steward et al. 1996) Glucose respiration 07/18/94 30
have consistently shown no inhibition of Wormbed 0.08 040 G.011°
sediment microbiota by infaunal bro- Non'worm_be_d ‘ 002 004 0440
mometabolites. These results differ from G\lsg?;ebazsm“auon 01720796 9 000 005 0359
. . v e . . .
those of King (1986, 1988) and Giray & Non-wormbed 000 007 0267
King (1997), who reported substantial in- Glucose respiration  01/20/96 9
hibition of sediment slurry aerobic micro- Wormbed 0.16 0.06 0.299
bial activities by bromometabolites. A Non-wormbed 0.11 0.12 0.149
number of reasons for this discrepancy can Glucose respiration 06/30/96 31
be proposed. (1) Preparation of sediment Wormbed -0.08 0.01 0.585
slurries and long incubations produce pro- Non-wormbed 009 004 0377

found changes in sediment structure and

microbial activities. Temporary stimula-

tion of activity and growth of sediment microbial com-
munities due to disturbance has been well documented
(Findlay et al. 1985, 1990). Since highly active, rapidly
growing bacteria are typically more susceptible to
microbiocides than slow growing organisms, microbial
assemblages stimulated in this fashion may be more
sensitive to bromophenols than undisturbed assem-
blages. (2) Slurry preparation may disrupt biofilms and
cellular or organic aggregates that may, when intact,
shield bacteria from inhibitors. Biofilms are well known
to protect organisms residing in them from disinfectants
(reviewed in Costerton et al. 1987, Nichols 1991) and
the natural sediment matrix and the biofilms lining in-
faunal burrows (Steward et al. 1996, T. Phillips & C. R.
Lovell unpubl. data) may have similar shielding effects.
(3) The methods used here and in similar studies to as-
say microbial activities in intact sediment cores may be
insufficiently sensitive to detect changes in microbial
activities which result from either mild, but broad spec-
trum inhibition, or strong, but narrow spectrum inhibi-
tion (Giray & King 1997). Our experimental designs
have consistently targeted microbial activities we con-
sider broadly distributed across a wide range of differ-
ent microbial populations, such as acetate and glucose
turnover by bacteria (Steward et al. 1992, this study)
and primary production by benthic microalgae (Stew-

ard et al. 1992). We have also targeted processes that
can be readily assayed using intact cores and short in-
cubations. It would be very difficult to prove conclu-
sively that very minor inhibitory activity would be de-
tected in these studies, but certainly none has been
over the course of many experiments employing undis-
turbed sediment cores and unincubated burrow lining
samples (Alongi 1985, Jensen et al. 1992, Steward et al.
1992, 1996, Steward & Lovell 1997, this study). It is clear
that at least some aerobic microbial populations are
susceptible to inhibition by bromophenols which, along
with other substituted phenols, are known inhibitors of
higher organism respiratory metabolism (Stockdale &
Selwyn 1971a,b). However, it is not at all clear that
sediment microbial assemblages are as vulnerable to
bromophenols in nature as they are in laboratory
studies. Based on present evidence, we do not consider
biogenic bromophenols to have any significant in-
hibitory effect on sediment microflora in situ. Other
ecological roles of bromophenols, including their allelo-
pathic effects may be much more significant.
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