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A B S T R A C T

Acclimation of a marine sediment microbial community to the herbicide 2,4-dichlorophenoxyacetic

acid (2,4-D) was examined by comparing its ability to metabolize 2,4-D before and after exposure

to the herbicide. The experimental treatments (control: 2-week exposure, seawater only; test: 2-week

exposure, seawater plus 100 ppm 2,4-D) took place under simulated in situ conditions, in an

incubation chamber, which maintained the physical and chemical gradient structure of the sedi-

ment community. The surface of the sediment was exposed to recirculating seawater on a tidal cycle.

2,4-D (100 ppm) was added to the seawater so that its availability to the sediment microbes

mimicked the natural situation. Before and after treatment, bacterial abundance, productivity, and

transformation of 2,4-D were determined. After 2 weeks, bacterial populations were similar in the

2,4-D treatment and the initial sediment sample, but higher in the seawater-only treatment. Bac-

terial productivity was higher in both 2-week treatments, compared to productivity measured before

treatment, but rates were the same in 2,4-D and seawater treatments. In contrast, 2,4-D transfor-

mation rates increased 28% in the 2-week 100-ppm 2,4-D treatment, compared to the average of

the seawater control and the initial sample. This increased transformation rate indicates that the

sediment community acclimated to the selective pressure of 2,4-D treatment by increasing its ability

to utilize this compound as a substrate.

Introduction

Coastal areas along central California are subject to contami-

nation from activities such as land development, waste dis-

posal, and agriculture that can contribute organic com-

pounds to the ocean either directly (e.g., dumping, spills), or

indirectly through runoff. In the ocean, these compounds

are diluted to less harmful, or harmless, levels, but this di-

lution is not solely responsible for removing contaminants

from coastal systems. Xenobiotics and other organic con-

taminants may be removed or altered through interactions

with ecosystems encountered before reaching the ocean.

Biochemical processes mediated by microorganisms are a

major mechanism of xenobiotic removal [14].

The ability of sediment microbial communities to de-
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grade xenobiotics has been investigated with pure cultures

[6, 10] and in core top and slurry incubations [8]. These

techniques have contributed much to our knowledge of bio-

chemical pathways and the microbial mechanisms of xeno-

biotic degradation. These approaches, however, select from

or perturb the system. This study examined the ability of a

natural microbial sediment (mat) community to degrade a

foreign compound by simulating exposure of the xenobiotic

to the whole community, as might occur in nature.

Elkhorn Slough is a shallow tidal estuary of Monterey

Bay, California, surrounded by agricultural and forest land.

Structured sediment communities (‘‘microbial mats’’) are

found in the mud flat areas of this slough. A section of

sediment was removed from Elkhorn Slough and placed in

an incubation chamber. The natural spatial orientation of

the mat community was simulated, and exposure to the

xenobiotic compound was controlled. By using the incuba-

tion chamber, both the gradient structure of the mat and the

supply of compound from the overlying water, as found in

situ, were maintained. Exposure to the test compound was

accomplished without contamination of the field site.

A model biological and experimental system was devel-

oped that could be used to evaluate the potential of a natural

marine microbial sediment community to metabolize, and,

thereby, reduce the concentration of, or remove contami-

nants from, coastal environments. The model compound

used was 2,4-dichlorophenoxyacetic acid (2,4-D), a com-

mon herbicide used in agriculture and as a defoliant in log-

ging. The study of 2,4-D degradation is important because it

is structurally similar to other halogenated, aromatic com-

pounds such as PCBs, dioxins, and phenolic compounds.

This chlorinated aromatic hydrocarbon compound is readily

degraded by soil microorganisms [12]. 2,4-D is known to be

degraded by Alcaligenes eutrophus JMP134, in which genes

encoding the enzymes for degradation of 2,4-D are located

on the plasmid pJP4 [8]. Several strains of soil bacteria con-

taining plasmid-borne genes encoding the degradation of

2,4-D have been isolated [8].

It is expected that acclimation to 2,4-D by the microbial

mat community might occur upon exposure. This acclima-

tion could be manifested as an increase in the proportion of

the population involved in the transformation and degrada-

tion of 2,4-D, or by an increased utilization rate by members

of the natural assemblage that are capable of metabolizing it.

The effect of exposure to 2,4-D on the Elkhorn Slough mi-

crobial mat community and the fate of the xenobiotic com-

pound were evaluated in terms of bacterial population size,

bacterial productivity, and mineralization potential before

and after exposure of a mat section in the chamber. Diffu-

sion through the microbial mat community was investigated

to determine the delivery rate of a substrate supplied by

overlying waters.

Materials and Methods
Study Design

The effect of 2,4-D on an Elkhorn Slough intertidal sediment (‘‘mi-

crobial mat’’) community was assessed by analyzing three param-

eters in mat samples before and after experimental treatments.

Bacterial abundance, productivity, and transformation of 2,4-D

were determined for three separate samples of microbial mat. Each

sample experienced one of three different treatments: (1) initial

sample = bacterial variables analyzed immediately after removal

from its natural site; (2) 2,4-D exposure = bacterial variables ana-

lyzed after exposure of the mat to 100 ppm 2,4-D in solution in

filtered Monterey Bay seawater for 2 weeks in exposure chamber

under simulated in situ conditions; (3) control exposure = bacterial

variables analyzed after exposure of the mat to filtered Monterey

Bay seawater (for 2 weeks in exposure chamber under simulated in

situ conditions).

Study Site and General Sampling Procedure

A sandy section of an intertidal mudflat located in Elkhorn Slough,

California was chosen as the study site. Elkhorn Slough is located

on the central California coast, 40 km south of Santa Cruz, Cali-

fornia, at the inland extension of the Monterey Submarine Canyon.

The study site was in the western section of Elkhorn Slough, 3 km

from the slough entrance (Fig. 1). This location was chosen because

of the highly structured microbial communities occurring here, and

proximity of the site to agricultural and forest land. The Slough

receives saltwater from tidal input through Moss Landing Harbor,

and freshwater mostly from runoff, with a small contribution from

the Salinas and Pajaro Rivers. Salinity varies seasonally due to fresh-

water discharge into the estuary during high rainfall years (such as

1995). The temperature in the surface sediment was 15°C at the

time of sampling in March, 1995.

Mat sections were collected during low tide. Circular mat sec-

tions measuring 12.7 cm in diameter and 2.0 cm deep were taken

using plexiglass ring corers. Three sections were removed from the

site, placed in an insulated cooler, and returned to the lab.

Simulated In Situ Incubation

One section of mat was used to measure bacterial parameters prior

to experimental manipulations in the lab (treatment 1, the initial

sample). Exposure treatments were incubated in a chamber that

consisted of a plexiglass box measuring 30 cm × 20 cm × 10 cm

(Fig. 2), which had been cleaned with alconox and ethanol, then

thoroughly rinsed with DI water. Strict sterility was not main-

tained, but because both experimental treatments were handled in

Response of a Microbial Community to 2,4-D 73



an identical manner, this would not have been a source of experi-

mental variability. Within each box, 2 barrier walls at the inlet and

one barrier wall at the outlet were used to reduce pulsing of flow,

and to hold agar. Three liters of 2% molten agar, containing 3.5%

NaCl, were poured into the exposure chamber within the barrier

walls. A well measuring 12.7 cm in diameter and 2.0 cm deep was

formed in the warm agar. The mat sections were carefully placed

into the wells in the agar blocks of two separate chambers so that

the surface of the mat was level with the surface of the agar block.

Molten agar solution was added around the edge of each mat

section to seal it into the agar block. Twenty liters of filtered (0.2

µm) Monterey Bay seawater was circulated across the surface of the

mat pieces at a height no greater than 0.5 cm, using a Masterflex IP

peristaltic pump, with two pump heads, at a flow rate of 2.0 liters

min−1. One of the incubations received only filtered seawater

(treatment 2, the seawater control). The other (treatment 3, the

2,4-D exposure) was bathed in filtered seawater containing 100

ppm 2,4-D (Sigma Chemical Co., St. Louis, Mo.). Flow was

stopped and water removed from the surface of the mats for part

of the day to simulate in situ tidal variations. Incubation chambers

were maintained at 15°C for two weeks, in a temperature-

controlled room. Chambers were illuminated for 8–10 h each day

by fluorescent room lights and 15-W fluorescent plant lights sus-

pended 15 cm directly above the chambers.

Bacterial Strain

Alcaligenes eutrophus JMP 134 (DSM 4058), carrying the plasmid

pJP4 encoding enzymes for 2,4-D degradation, was obtained from

DSM (Deutsche Sammlung von Mikroorganismen und Zellkul-

turen GmbH, Germany) and grown in a minimal mineral medium

(K2HPO4, 1.2 g; KH2PO4, 0.624 g; (NH4)2SO4, 0.5 g; NaCl, 0.1 g;

trace metals solution [3], 1.0 ml; CaCl2 z 6H2O (5 g liter−1), 10 ml;

MgSO4 z 7H2O (20 g liter−1), 10 ml; 2,4-D, 0.5 g; distilled water,

980 ml) at 29°C. This strain was used for optimization and devel-

opment of methods for measuring 2,4-D transformation, and to

ensure that the presence of sediments did not prevent detection of

2,4-D transformation in this protocol.

Diffusion

Diffusion rates in the sediment were determined using a 1.0-ppm

solution of fluorescein dye (Aldrich Chemical Co., Inc., Milwaukee,

Wisc.) in filtered (0.2 µm) Monterey Bay seawater. A mat section

was embedded in an agar block in the incubation chamber and the

1.0 ppm fluorescein dye solution was circulated through the cham-

ber at a rate of 2.0 liters min−1, for 24 h. Replicate core samples

were taken at intervals (0, 6, and 24 h) with a 5.0-cc, beveled end,

glass syringe, to a depth of 2.0 cm. Core holes left in the mat section

were filled with agar plugs. The top 1.0 cm of the syringe core was

sliced into 2.0-mm intervals. Sediment was removed by centrifu-

gation. Fluorescein concentration was determined for each depth

Fig. 2. Overhead and side view of incubation chamber. A, barrier

walls; B, inlet port; C, outlet ports; D, agar block; E, mat section; F,
chamber lid; G, peristaltic pump; H, treatment solution.

Fig. 1. Inset indicates location of Elkhorn Slough on Monterey

Bay. Sampling site in Elkhorn Slough indicated by X.
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interval in the pore waters with a Turner fluorometer (Model 111),

using recommended excitation filters (110–816 + 110–813), an

emission filter (110–818) for fluorescein, and a general purpose

lamp (110–851).

2,4-D Transformation

Methods Development Using Cultured Bacteria. Alcaligenes eutro-

phus JMP134 was used to optimize the 14C-radiotracer manipula-

tions. The culture was grown for 48 h in minimal mineral medium,

with 2,4-D as the carbon source, at 29°C, and harvested by cen-

trifugation (8 min at 8,000 g). Cells were resuspended in twice their

original volume, in a solution of 100 ppm 2,4-D (Sigma Chemi-

cals), in filtered (0.2 µm) seawater. Ten milliliter aliquots were

transferred to 38-ml serum bottles for radiotracer experiments.

Negative Control Samples. A 5 mm surface slice of a mat core was

added to a preweighed 38 ml serum bottle. The bottle was weighed.

To this core slice, 0.3 ml of filtered (0.2 µm) Monterey Bay seawater

was added, the bottle was stoppered, vented with a needle, and

autoclaved for 15 min at 121°C. After cooling, 10 ml of 100-ppm

2,4-D in filtered (0.2 µm) seawater was added.

Test Samples. For each treatment three replicate cores (5-mm sur-

face slice) were added to individual, preweighed, 38-ml serum

bottles. Each bottle was weighed, and 10 ml of 100-ppm 2,4-D in

filtered (0.2 µm) seawater was added to each. Surface slices (5 mm)

of mat were added to separate 38-ml bottles (three replicates), the

bottles weighed, and 10 ml of the A. eutrophus JMP134 cell sus-

pension (above) was added to each.

Radiotracer Experiments. A stock solution of 2,4-D-ring-UL-14C

(Sigma Chemical) was prepared in distilled water with a final spe-

cific activity of 41.85 µCi/ml. A 10× dilution was made of the stock

solution, 10.9 µl was added, per sample, resulting in the addition

of approximately 105 dpm and a final concentration of 100 ppm

2,4-D. The bottles were stoppered and incubated at room tempera-

ture and lighting for 24 h. All samples were done in triplicate. Time

course experiments using the positive control culture were run

prior to exposure experiments to determine optimum incubation

time. Incubations were stopped by adding 100 µl 1N NaOH, and

bottles were inverted to solubilize any CO2 in the head space in the

bottle.

Each bottle was vortexed for 30 s, and contents collected on a

0.2-µm cellulose nitrate filter (25 mm, Whatman), on a multiplace

filter apparatus. The filtrate from each sample was collected, indi-

vidually, in 20-ml scintillation bottles attached to the filtration

rack. The core slice was broken up on the filter with a sterile pipet

tip and rinsed with filtered (0.2 µm) Monterey Bay seawater. The

filter was transferred to a 7-ml scintillation vial and counted to

determine 14C incorporated into particulate material.

CO2 Collection. Each filtrate was transferred to a 160-ml serum

bottle. A GF/F filter (25 mm, Whatman) was folded and attached

to a paper clip suspended from a serum stopper. Phenethylamine

(Eastman Fine Chemicals), 100 µl was added to each filter. Six

drops of concentrated H2SO4 were added to the filtrate; the bottle

was stoppered immediately and swirled gently. Samples were al-

lowed to degas for at least 20 h. After 20 h, the bottles were un-

stoppered. The filters were transferred to 7-ml scintillation vials

and counted to determine the amount of 14C in the CO2 fraction.

One milliliter of filtrate was also counted to determine amount of

radioactivity remaining. Filters and filtrate were solubilized in

Fisher Scintisafe 50% scintillation fluid, and counted with a Pack-

ard PRIAS model PL liquid scintillation counter; dpm values were

computed using a standard quench curve.

Bacterial Abundance

Bacterial abundance was determined using DAPI and epifluores-

cence microscopy [19]. Cores of mat sections were taken using a

2-cc beveled glass syringe. The surface 5 mm was cut into 1-mm

slices. Each 1-mm slice was placed in a sterile 1.5-ml epitube con-

taining 1 ml of filtered (0.2 µm) Monterey Bay seawater with 37%

formalin (2.0% final concentration) and refrigerated until ana-

lyzed. Epitubes were weighed before and after slice addition to

determine wet weight. Two cores were taken for each treatment.

Core slices were vortexed to break up sediment and diluted 25× in

filtered (0.2 µm) phosphate-buffered saline (PBS; NaCl, 8 g; KCl,

0.2 g; Na2HPO4, 1.15 g; KH2PO4, 0.2 g; distilled water, 1.0 liter; pH

= 7.3).

Final DAPI concentration was 0.375 µg ml−1. From each core

slice, two slides were prepared, and at least 300 bacteria were enu-

merated per slide. A Zeiss Axioskop microscope with 100-W Hg

illumination and a UV G365 filter for excitation, and an LP 420

barrier filter (Zeiss filter set 487902) with a magnification of 1,600

were used for counting cells.

Bacterial Productivity

Bacterial production rate was estimated from the rate of 3H-

thymidine incorporation into DNA [17, 18]. Cores were removed

from the mat section using beveled 2-cc glass syringes. Five repli-

cate cores were removed for time zero (T0) samples, and five for

60-min (T60) samples. The top 5-mm slice was placed into a sterile,

plastic, 15-ml Corning centrifuge tube, which contained 1 ml fil-

tered (0.2 µm) Monterey Bay seawater. Tubes were weighed before

and after mat sample additions. Additions of 30 nM (final concen-

tration) of methyl, 1,2-3H-thymidine (New England Nuclear, Wil-

mington, Delaware) were made to each tube. This concentration

was chosen after evaluating the response of the mat community to

various thymidine concentrations (see below) to determine the

concentration at which the DNA synthesis rate was not substrate-

limited. T0 samples were stopped after addition of 3H-thymidine by

immediately adding 10 ml of cold (80% v/v) ethanol containing

100 mg thymidine liter−1 (Eastman Fine Chemicals, Kingsport,

Tenn.). T60 samples were incubated at room temperature and light

for 60 min, and then stopped by adding 10 ml of cold ethanol/

thymidine solution. A 60-min incubation period was chosen be-

cause it was within the linear portion of the timecourse curve

determined for the mat community (see below). Samples were

stored at 4°C overnight in (80% v/v) ethanol/thymidine solution to

enhance extraction of unincorporated thymidine.
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After approximately 16 h at 4°C, extraction of DNA from

samples was performed as described by Moriarty and Pollard [18],

with the following modifications: Samples were centrifuged at

2,000 g for 5 min; sediment was collected on a 0.2-µm cellulose

nitrate filter (25 mm, Whatman) washed with ethanol to improve

removal of excess thymidine, and the mat core was broken up in

the filter tower with a sterile pipet tip. Tubes were heated at 100°C

for 30 min in a dri-bath to hydrolyze DNA, then cooled and cen-

trifuged at 2,000 g for 5 min.

Radioactivity was counted in 1 ml of supernatant plus 5 ml of

scintillation fluid (Fisher Scintisafe 50%), with a Packard PRIAS

model PL liquid scintillation counter. Values were corrected with a

standard quench curve. Blank values (T0) were subtracted from test

values (T60). Bacterial production was calculated using a thymidine

conversion factor of 1 × 109 cells produced per nmol thymidine

incorporated (net), and a carbon conversion factor of 2 × 10−14 g

C per cell (net) [1].

Results
Diffusion

The initial (T0) fluorescence measurements were performed

on 2.0-mm slices of replicate mat section cores prior to

exposure to the 1.0-ppm fluorescein dye solution. At T0, the

mat autofluoresced equivalent to 0.4 µg ml−1 fluorescein in

the surface 0–2 mm, and fluorescence increased, with depth,

to 0.6 µg ml−1 at 8–10 mm depth (Fig. 3). After 6 h of

exposure to 1.0-ppm fluorescein in the incubation chamber,

the upper 2 mm fluorescence had increased from 0.4 µg ml−1

to 1.3 µg ml−1, and the upper 6 mm had reached this level

by 24 h. Relatively little change was observed in fluorescence

at 10 mm depth. The average diffusive flux derived for the

top 6 mm of the mat after 6 h was 0.69 µmol cm−2 h−1 (SD

= 0.14). Flux was computed from J = fD C/z, where J is

diffusion flux, f is porosity (measured), D is the diffusion

coefficient (see Discussion), and C/z is the concentration

gradient [2].

2,4-D Transformation

Culture Experiment for Methods Development. The time

course of 2,4-D transformation by A. eutrophus JMP134 re-

sulted in linear label incorporation into the CO2 fraction for

at least 24 h (Fig. 4, inset). Incorporation into the particulate

fraction was low and did not increase appreciably over 24 h.

Mass balance calculations showed that all of the labeled

compound added to the incubation was recovered in the

sum of the three fractions collected (particulate, CO2, fil-

trate). Most of the radioactivity remained in the filtrate frac-

tion (Fig. 4).

The concentration of 2,4-D used in the mat experiments

was chosen on the basis of the concentration response of the

culture (Fig. 5). A. eutrophus JMP134 was incubated over a

range of 2,4-D concentrations for 5 h. The highest signal was

obtained at the highest 2,4-D concentration tested (452 µM

= 100 ppm). Negative (autoclaved) controls showed low

signals compared to live samples, although adsorption onto

the particulate phase was up to one-half that of the particu-

lates from the live samples.

Simulated In Situ Exposure. Transformation of 2,4-D as de-

tected by the appearance of 14CO2 was highest in the 2-week

2,4-D treatment mat section (Fig. 6). The 2-week treatment

section had a 2,4-D oxidation rate of 4.58 nmol h−1 g−1 (SD

= ± 0.44) compared to the significantly (p < 0.05) lower

rates of 3.55 nmol h−1 g−1 (SD = ± 0.28) for the 2-week

seawater treatment section, and 2.98 nmol h−1 g−1 (SD = ±

Fig. 3. Vertical profiles of fluorescein concentration (µg ml−1) in

Elkhorn Slough microbial mat for three exposure times: h, 0 h; L,

6 h; s, 24 h. Values are means of three replicates, and bars depict

± 1 SD.
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0.27) for the initial sample of mat. The seawater treatment

did not differ significantly (p < 0.05) from the initial sample.

Initial experiments with mat sections (results not shown)

indicated sorption of labeled compound to sediment that

was not biologically mediated. Adsorption was minimized by

manually breaking up the mat core followed by repeated

washings during the filtration step (see Discussion). Because

abiotic adsorption was such a large component of the radio-

label found in the particulate fraction, we did not consider

this fraction in computing biological transformation rates.

Bacterial Abundance

Bacterial abundance in the mat sections ranged from 0.36 to

1.31 × 109 cells g−1 wet weight (Fig. 7). In general, bacterial

abundance was highest in the surface 1 mm and decreased

with mat core depth, to 5 mm. The initial sample and the

2-week 2,4-D exposure core had similar cell populations and

depth distribution profiles with the population at the 1-mm

depth, differing significantly (p < 0.05) from the population

at the 5-mm depth. The 2-week seawater exposure core had

cell numbers significantly higher (p < 0.05) than the other

two treatments, the 2-mm measurement varied significantly

(p < 0.05) from the 4-mm measurement.

Bacterial Productivity

In preliminary experiments with 10 nM thymidine (designed

to optimize the procedure for sediment samples), the rate of

Fig. 5. Effect of concentration of 2,4-D on transformation rate in

the particulate (solid) and CO2 (striped) fractions with A. eutrophus

JMP134. Figure shows live samples as white and dead (formalin

killed) as black. Values are means of three replicates, and bars

depict ± 1 SD.

Fig. 6. Comparison of 2,4-D transformation (nmol h−1 g−1) by

Elkhorn Slough microbial mat measured in the CO2 fraction.

Treatments: 1, none; 2, 2-week 100 ppm 2,4-D; 3, 2-week seawater

(control). Values are means of three replicates, and bars depict ±

1 SD.

Fig. 4. Time course distribution of 14C 2,4-D in particulate, CO2,

and filtrate fractions with A. eutrophus JMP134. Inset is scatter plot

of CO2 fraction’s linearity: radioactivity (dpm) = (243 × hrs) + 73,

r2 = 0.998. Values are means of three replicates, and bars depict ±

1 SD.
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tritiated thymidine incorporation into DNA was linear for at

least 2 h in the top 5 mm of the mat (Fig. 8). The incubation

period used in this study was 1 h. Various concentrations of

tritiated thymidine were evaluated with the mat community

to determine the optimum concentration for rate measure-

ments (Fig. 9). DNA synthesis appeared to saturate above 20

nM; 30 nM thymidine was utilized in this study. Thus, suf-

ficient exogenous thymidine was available to meet all re-

quirements for synthesis of thymidine nucleotides. It was

not necessary to perform isotope dilution measurements for

every sample.

Bacterial productivity (for the surface 5 mm) was deter-

mined on four samples: 17 March 1995 initial, 24 March

1995 initial, 2-week 2,4-D exposure (removed from field on

17 March), and 2-week seawater exposure (removed from

field on 24 March). The productivity of the seawater and

2,4-D treatments were both significantly (p < 0.05) higher

than the 17 March 1995 initial and the 24 March 1995 initial

combined (Fig. 10), but were not significantly different from

each other.

Discussion

Fluorescein diffusion from the overlying water into the mat

was useful as a model for 2,4-D diffusion, based on the

similarity of their diffusion coefficients. The solution phase

diffusivity (Dw) of fluorescein was estimated by comparison

to a related compound [21]: Dw (unknown)/Dw(known) ≅
(diffusion volumeknown/diffusion volumeunknown)0.589. The

Fig. 7. Depth profiles of Elkhorn Slough microbial mat bacterial

abundance (cells g−1 wet weight) for three treatments: h, none; L,

2-week 100 ppm 2,4-D; s, 2-week seawater (control). Values are

means of four replicates and bars depict ± 1 SD.

Fig. 9. Effect of thymidine concentration on incorporation by

Elkhorn Slough microbial mat. Values are means of three replicates

and bars depict ± 1 SD.

Fig. 8. Time course of incorporation of tritiated thymidine into

DNA of Elkhorn Slough microbial mat. DPM g−1 = (203 × min) +

2074, r2 = 0.92. Values are means of three replicates and bars depict

± 1 SD.
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solution phase diffusivity of fluorescein was estimated to be

0.66 × 10−5 cm2 s−1 using benzopyrene as the related known

compound and the estimated solution phase diffusivity

2,4-D is 0.77 × 10−5 cm2 s−1, using 1,2,4-trichlorobenzene as

the related known compound. The diffusivity is 70% slower

in sediments than in fluids [20], which gives values of 0.46

× 10−5 cm2 s−1 for fluorescein and 0.54 × 10−5 cm2 s−1 for

2,4-D. The characteristic molecular transport time, td, to

diffuse a distance L was calculated from td = L2/2D. This

relationship is appropriate for distances over which the pri-

mary mode of transport is molecular diffusion, such as un-

disturbed sediments. Fluorescein, with a diffusion coefficient

D = 0.46 × 10−5 cm2 s−1, for a distance of 0.5 cm, would have

a molecular transport time of 7.5 h, or a transport rate of

0.67 mm h−1. The transport rate for 2,4-D (D = .54 × 10−5

cm2 s−1) would be 0.78 mm h−1. This would mean that at

least 7.5 h are necessary for a diffusive transport of fluores-

cein to a depth of 5 mm in sediments, and 6.4 h for 2,4-D.

The diffusive flux of fluorescein in sediments was com-

puted from Fick’s first law of diffusion J = fD C/z where

J is diffusion flux, f is porosity, D is the diffusion coefficient,

and C/z is the concentration gradient [2]. Diffusive flux

calculations for fluorescein were computed at 2-mm depth

intervals, to a final depth of 1.0 cm in the mat, based on

measured fluorescein penetration after 6 and 24 h of expo-

sure to 100-ppm fluorescein. The average diffusive fluxes for

three replicate cores at 0–2 mm, 2–4 mm, and 4–6 mm after

6 h were 0.0054 µmol cm−2 h−1 (SD = 0.0012), 0.0064 µmol

cm−2 h−1 (SD = .0009), and 0.0093 µmol cm−2 h−1 (SD =

0.0012), respectively. The average flux was 0.0070 µmol cm−2

h−1 (SD = 0.0020, n = 9) for the top 6 mm of the mat. The

vertical difference in flux for the top 6 mm was small among

the replicate cores, implying that porosity differences over

small spatial scales within the mat were slight. Fluxes in the

top 6 mm computed for 6 and 24 h were similar: 6 h =

0.0070 µmol cm−2 h−1 (SD = 0.0020, n = 9) and 24 h =

0.0064 µmol cm−2 h−1 (SD = 0.0012, n = 9).

The concentration of fluorescein in the upper 6 mm ap-

peared to equilibrate with the overlying water within 24 h

(Fig. 3). Assuming the flux of 2,4-D to be similar to the

flux of fluorescein, due to their similar diffusion coefficients,

2,4-D equilibration conditions were reached in the upper

6 mm of mat within 24 h. Assuming the same flux, the

concentration of 2,4-D at a depth of 4 mm at 24 h was 450

µmol liter−1. Thus, the incubation chamber was exposed

to the equilibrium 2,4-D concentration (450 µM) for all

but approximately the first 6 h of the 2-week treatment

period.

The measured rate of 2,4-D transformation in the top 5

mm was 4.58 nmol h−1 g−1 at the end of the experiment.

This rate was measured using 100 ppm 2,4-D, the same

substrate concentration at which the mat equilibrated dur-

ing the exposure period. If this rate had occurred con-

stantly during the entire exposure period, a total of 1.54

µmol liter−1 of 2,4-D would have been transformed during

the 2-week incubation. The concentration of 2,4-D in the

overlying water was 450 µmol liter−1; thus, the removal

by 2 weeks of 1.54 µmol liter−1 resulted in the concentra-

tion of 2,4-D remaining relatively constant for the exposure

period. The amount of 2,4-D removed by biological trans-

formation during the exposure period was small, indicat-

ing that constant conditions persisted throughout the ex-

periment. This experimental design was an appropriate test

for selection by 2,4-D at a low, and presumably nontoxic,

level. A different design, with higher flow rates and higher

2,4-D concentrations, might have been better for maximiz-

ing transformation rates by the natural sediment consor-

tium.

2,4-D has been reported to be photodecomposed by sun-

light [5], as well as heterogeneously photocatalyzed with

the semiconductor, titanium dioxide, and artificial light

(Phillips HPK 125-W high-pressure mercury lamp 1 > 290

nm or 1 > 340 nm) [11]. Photodecomposition of 2,4-D may

have taken place in the incubation chambers, which experi-

Fig. 10. Comparison of bacterial production (mg C m−2 hr−1) in

Elkhorn Slough microbial mat. Treatments: 1a, 17 Mar 95 none; 1b,

24 Mar 95 none; 2, 2-week 100 ppm 2,4-D; 3, 2-week seawater.

Values are means of five replicates and bars depict ± 1 SD.
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enced light conditions, from a 15-W visible light source

for at least 8 h each day during the 14-day exposure. This

light source had a very low UV flux compared to the one

used by Guillard et al. [11] and, therefore, probably caused

a much lower decomposition rate of 2,4-D than that re-

ported. Any reduction in 2,4-D concentration in the over-

lying water, and subsequent diffusion of lower concentra-

tions into the sediments, would have resulted in a reduced

acclimation effect compared to that resulting from constant

100 ppm 2,4-D exposure. We did not measure 2,4-D con-

centration directly; we suspect that photodegradation was

minor due to the low light conditions of the experiment,

compared to those known to be effective in 2,4-D photode-

composition.

A. eutrophus JMP134 was used as a control simply in the

sense of optimizing the experimental procedures. It was use-

ful in this regard, even though the pure culture of any spe-

cific strain is not necessarily a model for a complex sediment

community. The proportion of tracer that is detected in

particulate vs. gaseous or soluble pools is expected to vary

with the metabolic capabilities of the organisms involved in

the transformation. In the case of A. eutrophus JMP134,
14C-2,4-D was mineralized to 14CO2, and lower amounts of

tracer were incorporated into particulate biomass (Fig. 5).

The treatment concentration used here, 100 ppm (100 µg

g−1), was chosen because it was the same as that used by

others in soil community studies [9, 10, 13, 22] and a lake-

water mesocosm study [14]. Experiments performed on A.

eutrophus JMP134 for optimization of 14C-2,4-D utilization

rate measurements showed that 14CO2 production was linear

over at least 24 h at 100 ppm substrate concentration (Fig. 4,

inset).

Abiotic adsorption of 2,4-D onto particulate material was

problematic, even in the pure culture experiments. This was

probably due to chemical interactions between the com-

pound and the surfaces of organic matter present in both

cultures and sediments. Sorption onto sediment grains was

reduced by 50–80% by homogenizing the mat plug in the

filter tower while washing repeatedly with filtered (0.2 µm)

seawater.

Transformation rates in the simulated in situ incubations

were higher for the 2-week 2,4-D treatment, relative to both

the 2-week seawater treatment and the initial sample (which

were not significantly different from each other). The accli-

mation effect (4.5 nmol h−1 g−1 vs. 3.5 nmol h−1 g−1 and 3.0

nmol h−1 g−1) amounted to an increase of 28% over the

average of the seawater treatment and initial transformation

rates.

We did not schedule measurements to investigate wheth-

er a lag period occurred during the acclimation process, as

encountered by Ka et al. [13] in soils. The acclimation could

be due to an increase in the number or activity of 2,4-D

degraders, or genetic selection associated with extrachromo-

somal elements involved in 2,4-D degradation. Our experi-

ment did not discern between these possible modes of ac-

climation.

Depth profiles of bacterial abundance were similar for the

initial sample and the 2-week, 2,4-D treatment sample. This

indicates that confinement of the mat in the incubation

chamber had no effect on bacterial abundance. The bacterial

abundance in the 2-week seawater treatment sample was

higher at all depths than for the other two treatments. This

difference is probably due to the fact that the initial sample

and the 2,4-D treatment sediment samples were collected

from the field on the same date (March 17), and the seawater

sediment sample was collected from the field on a different

date (March 24). It cannot be attributed to an effect of the

experimental incubation.

Experiments performed on mat samples to optimize time

and concentration conditions for productivity determina-

tions showed that DNA synthesis was saturated at con-

centrations greater than 20 nM thymidine, and that an in-

cubation time of 1 h was in the linear portion of the time

course. Clogging of filters and very slow filter times were

encountered with the mat sediments when washing the fil-

ters with ethanol and TCA. A number of different filter types

and sizes were evaluated; 0.2-µm cellulose nitrate filters gave

the best results in regards to filtration time, number of

washes filtered, size, and integrity. Abiotic sorption of the

tritiated thymidine was minimized by storing samples over-

night at 4°C in ethanol, after having stopped the incubation

and homogenizing the core plug when washing with ethanol.

The bacterial productivity (mg C m−2 h−1) rates were

higher for both the 2-week 2,4-D treatment and the 2-week

seawater treatment than in the initial (no exposure) ex-

periment. This indicates an incubation chamber confine-

ment effect on activity, but not population sizes, and could

also be a result of spatial and/or temporal variability within

the mat.

Bacterial communities have been reported to adapt to

increased levels of xenobiotics [23]. Holben et al. [12] re-

ported an increase in 2,4-D degrading populations for soil

microbial populations following laboratory amendments

with 2,4-D. The treatment time of 2 weeks was chosen as

appropriate to test for acclimation, partly because physical

examination of the incubated mat section showed mainte-
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nance of mat integrity in the incubation chamber through-

out the treatment, and because previous results [16] showed

2,4-D degradation within this time frame. A longer treat-

ment might have yielded greater treatment effects: Ka et al.

[13] found that soil-showed a 2-week lag period, by indig-

enous populations, prior to complete degradation of 2,4-D

within 3 weeks, and Chen and Alexander [4] reported an

acclimation period of 18 days for 2,4-D biodegradation in

lakewater. Nevertheless, the effect we observed was large and

significant.

Although minor differences in bacterial numbers and

productivity were observed among treatments, they cannot

be ascribed to the 2,4-D treatment. It induced a $28% in-

crease in the 2,4-D transformation rate in the exposed sec-

tion. This is a relatively rapid and large response; an indi-

cation of the metabolic diversity and resilience of natural

microbial communities. The results also show that the simu-

lated in situ exposure approach may be a useful way to

evaluate community response to hazardous chemicals. It al-

lows maintenance of the intact, relatively unperturbed, natu-

ral microbial consortium of sediments. The observed 2,4-D

acclimation response shows that the microbial consortium

of Elkhorn Slough sediments possesses the capacity for 2,4-D

degradation, and that it is capable of increased degradation

after low-level exposure under natural conditions.
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