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the addition of surfactant and/or nutrients as described
below to allow the indigenous populations of attached and
planktonic bacteria to stabilize. All samples for the coloni-
zation experiments were collected automatically in Sterilin
test tubes mounted in a fraction collector. Each tube con-
tained 2 ml of glutaraldehyde solution (2.5%, vol/vol) in
order to fix the sample prior to epifluorescence microscopy.

MBAS assay. The procedure employed for the methylene-
blue-active substance (MBAS) assay was that of Hayashi
(16). The assay was usually performed in triplicate with
filtered samples, and the Ags, was measured against a
reagent blank with a Novaspec 4049 spectrophotometer
(LKB Biochrom, Milton Keynes, United Kingdom). Control
experiments showed that a 2.5% (vol/vol) glutaraldehyde
solution did not interfere with the MBAS assay when added
to standard solutions of SDS or SDX.

Analysis of SDS biodegradation in the microcosm. The
disappearance of SDS from solution in the presence of river
sediment was quantified by the MBAS assay. Samples (2 ml)
were removed at intervals during a 22-h incubation and
filtered (0.2-pm-pore-size filter), and the residual SDS con-
centration was measured by the MBAS assay.

Epifluorescence microscopy. Samples (0.4 ml) from the
microcosm were suspended in 10 ml of filter-sterilized dis-
tilled water (0.2-wm-pore-size filter) containing 2.5% (vol/
vol) glutaraldehyde (referred to hereafter as filtered solution)
to which acridine orange (a 100-mg ml~? solution prepared in
deionized, filter-sterilized water) was added to give a final
concentration of 1 mg ml™1, and the resulting solution was
gently mixed by inversion. The suspension was incubated
for 3 min in the dark, and particulate material was filtered
under reduced pressure onto a Nuclepore black filter
(0.2-pm pore size) supported on a Millipore Millex type HA
filter (0.45-pm pore size). The filter was washed with 10 ml of
filtered solution, which had been used to rinse the original
sample container, and then with 5 ml of filtered (0.2-pm-
pore-size filter) 25% (vol/vol) propan-2-ol solution. The filter
was removed and placed on a thin film of Spectrosol paraffin
oil on a microscope slide; a small drop of oil was placed on
the coverslip, which was placed on top of the filter, oil side
down, and allowed to settle under its own weight.

Bacteria on the Nuclepore filter were viewed and counted
with a Zeiss Standard 15 microscope equipped with a Zeiss
IV-FL epifluorescence condenser, a BP450/490 exciter filter,
an FT 510 dichromatic beam splitter, and an LP 520 barrier
filter. Numbers of free-living and attached bacteria were
estimated by the procedure of Clarke and Joint (6).

SD3. and sodium pyruvate adsorption onto river sediment.
The adsorption isotherms for both SDX, and sodium pyruvate
onto sediment were determined with the apparatus used in
the colonization experiment (Fig. 1), although the autosam-
pler was not used. A weighed volume (ca. 200 ml) of 10 mM
NaHCO; was added to the reaction vessel. Once thermal
(25°C) and pH (7.6 = 0.1) equilibria had been obtained, a
quantity of sediment (2.5%, wt/vol) was introduced into the
vessel and allowed to equilibrate for 1 h before the first
aliquot of adsorbate was added. The mixture was stirred
continuously, and after 20 min a 2-ml sample was removed
for analysis. A second aliquot of adsorbate was added and
allowed to equilibrate for 20 min before the procedure was
repeated. After the seventh aliquot of adsorbate had been
added, further samples were removed at 20 min and 3.5 h.
The samples were filtered immediately (0.2-pm-pore-size
filter) to remove particulate matter and placed in preweighed
test tubes; for sodium pyruvate samples, each test tube
contained 2 ml of 16% (vol/vol) perchloric acid. The samples
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were analyzed subsequently to determine residual adsorbate
concentration.

Estimation of sodium pyruvate concentration. Filtered sam-
ples (2 ml) in HCIO, were assayed for sodium pyruvate
concentration with a commercial diagnostic kit based on
lactate dehydrogenase (Sigma, Poole, United Kingdom).

RESULTS

The microcosm was used to test the effect of the addition
of various carbon and energy sources on the distribution
of bacteria between sediment and free suspension. The
following additions were made to the microcosm: readily
degradable surface-active compounds, recalcitrant surface
active-compounds, and a non-surface-active carbon source.
Additions were made either singly or in combinations as
stated below. For each type of addition, the results of a
typical experiment are presented together with the statistical
variation for multiple samplings at individual time points.
Each type of experiment was repeated at least once, and the
patterns of changes obtained were reproducible.

Biodegradable surface-active carbon source. A concentra-
tion of approximately 20 ppm (69 pM; 0.02%, wt/vol) SDS
was used to determine the effect of surfactant on the
attachment of an endogenous mixed culture to suspended
freshwater sediment. This concentration was the upper limit
previously used to determine adsorption isotherms (23). The
addition of SDS after 96 h caused an immediate increase in
the number of bacteria attached to particles and a concom-
itant decrease in the number of free-living bacteria (Fig. 2a).
These numbers reached maximum and minimum values,
respectively, after 12 h. Most of the SDS disappeared from
solution during the 24-h period after its addition (Fig. 2c). A
second aliquot of SDS was added (the final concentration in
the microcosm was 10 ppm) 78 h after the first aliquot and
produced a similar result, except that the change in the ratio
of attached to free-living bacteria was less extensive, al-
though still statistically significant—i.e., the peak values
were >1 standard deviation above the baseline value and
were approximately one-half of the peak value produced by
the first addition of SDS (Fig. 2b). The greater part of the
SDS added in the second aliquot disappeared from solution
during a period of 24 h.

SDecS, a shorter homolog of SDS which is also readily
biodegradable (37), produced a result similar to the result
with SDS when introduced into the microcosm after 96 h
(Fig. 3a and b). SDecS adsorbs to the sediment but has a
lower affinity than SDS (23). All of the SDecS disappeared
from solution within 24 h of addition. Disappearance of both
SDS and SDecS could be prevented by autoclaving the
sediment before the experiment. In a control experiment of
the same duration, in which sediment was omitted, no
surfactant disappeared. In a second control experiment, in
which surfactant was omitted, no MBAS-positive material
leached from the sediment, and apart from the initial stabi-
lization of the epilithic and planktonic populations (24 to 48
h), there were no further changes in the distribution of
bacteria between sediment and water.

Non-surface-active carbon source. Sodium pyruvate at the
same concentration as that of SDS used in previous experi-
ments was used to determine the effect of a non-surface-
active carbon source on the attachment of bacteria to river
sediment (Fig. 3c). The initial addition of sodium pyruvate
was made after 120 h, and numbers of attached and free-
living bacteria were measured during the subsequent 72 h,
after which the second addition of sodium pyruvate was
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FIG. 2. Effect of SDS on the distribution of bacteria between
sediment and free suspension. Sequential additions of SDS were
made (arrows) in order to give nominal concentrations of 69 uM (20
ppm) (first addition) and 34.5 uM (10 ppm) (second addition) in the
microcosm, which contained resuspended sediment at 1 mg ml™'.
(a) Bacterial cell numbers. Symbols: O, bacteria attached to sedl-
ment (10° cells per mg of sediment); @, free-living bacteria (10° cells
per ml of medium); [J, total bacterial cells (10%ml in microcosm). (b)
Ratio of attached to free-living bacteria. (c) Concentration of SDS in
the microcosm, measured as MBAS. The error bars in panels a and
b represent 95% confidence limits for each set of data.

made. Following both additions, sodium pyruvate disap-
peared within 24 h and there was a slight increase in numbers
of both attached and free-living bacteria, but the ratio of
attached to free-living bacteria was unchanged.

Adsorption isotherm for sodium pyruvate onto river sedi-
ment. The adsorption isotherm for sodium pyruvate onto
river sediment showed that over the concentration range of
42 to 273 pM, there was no measurable adsorption to the
sediment (within the limits of detection, i.e., adsorption <
10~° pmol adsorbed g~1). During the 3-h period of sampling
for measuring the isotherm, there was also no appreciable
biodegradation of the sodium pyruvate in solution.

Combinations of surface-active and non-surface-active car-
bon sources. The effects of adding combinations of SDS and
sodium pyruvate in two ways are shown in Fig. 3d and e. In
the first type of experiment, SDS was added first at a
concentration of 20 ppm after 96 h (Fig. 3d). The ratio of
attached to free-living bacteria reached a maximum value 6 h
after the addition and subsequently decreased to the pread-
dition value. Concomitantly, the SDS disappeared from
solution. The second supplement consisted of a mixture of
SDS and sodium pyruvate to give a final concentration of 20
ppm for each compound, which also caused an increase in
the number of bacteria attached to sediment and a decrease
in free-living bacteria. This change was reversed after 8 h,
when the numbers of attached and free-living bacteria de-
creased and increased, respectively. Both the SDS and

AppPL. ENVIRON. MICROBIOL.

Ratio of attached / free-living bacteria

L 1 I S|

O 24 48 72 96 120144168192216
Time (h)

FIG. 3. Effects of various surfactants and alternative carbon
sources on the ratio of attached to free-living bacteria. The arrows
denote the points at which the following additions were made in
order to give starting concentrations of 20 ppm for each component
in the microcosm, unless stated otherwise: (a) SDS at 20 and 10
ppm; (b) SDecS; (¢) sodium pyruvate; (d) SDS followed by SDS-
sodium pyruvate; (e) sodium pyruvate followed by SDS-sodium
pyruvate; (f) STS; (g) SD3; (h) SDX at 200 ppm. The error bars
represent 95% confidence limits for each set of data.

sodium pyruvate concentrations decreased during the 24-h
incubation period.

In a second type of experiment, sodium pyruvate (final
concentration, 20 ppm) was added first after 96 h, and the
SDS-sodium pyruvate mixture (20 ppm for each compound)
was added 48 h later (Fig. 3e). Addition of the sodium
pyruvate resulted in little or no change in the ratio of
attached to free-living bacteria, and the sodium pyruvate
disappeared from solution within 24 h. In contrast, the
addition of SDS-sodium pyruvate mixture resulted in an
increase of the ratio of attached to free-living bacteria. This
ratio began to decrease 12 h after the addition had been made
and reached a final value that was not significantly larger
than that prior to the addition. Neither the sodium pyruvate
nor the SDS completely dlsappeared from solution during
the 24-h period after addition.

Recalcitrant surfactants. STS is a higher-alkyl-chain-length
homolog of SDS which is less readily biodegradable than
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TABLE 1. Values of Henry’s constant for the surfactants
used in this study

Mean K,; + SEM

Surfactant dm® kg~1) Reference
SDecS 39.5 £ 3.1 23
SDS 99.1 + 123 23
STS 296.7 = 23.4 23
SDX 17.6 = 2.1 This work
Sodium pyruvate Not measurable This work

SDS (37). Its addition to the resuspended sediment (final
concentration, 20 ppm at 96 h) resulted in an increase in the
number of free-living bacteria, but there was no increase in
the numbers of attached bacteria, i.e., there was a decrease
in the ratio of attached to free-living bacteria (Fig. 3f). Under
these conditions, only very slow biodegradation of STS
occurted.

‘ SD3,, a structural analog of SDS in which the C-O-S
sulfate ester linkage is replaced by a C-S bond, is relatively
recalcitrant. Addition of SDZ, at 20 or 200 ppm caused no
significant change (P > 0.1) in the number of either sessile or
planktonic bacteria (Fig. 3g and h).

Adsorption isotherm for SD3. onto river sediment. When
SD3. was adsorbed onto the river sediment over the concen-
tration range of 9 to 92 uM, it gave a value of Henry’s
constant (K,,) for the isotherm of 17.6 + 2.1 dm?> kg™! (n =
3), as determined by the method described by Marchesi et al.
(23).

DISCUSSION

The C,4, Cy5, and C,, homologous alkyl sulfates used in
this study are adsorbed onto the sediment with K, values
that increase with alkyl chain length (Table 1). Of these
esters, the C,, and C,, homologs clearly influenced the ratio
of attached to planktonic bacteria in the microcosm, whereas
the C,, homolog STS had no measurable effect. Thus, the
observed effects of these surfactants on bacterial distribution
cannot be attributed simply to the presence of adsorbed
surfactant, and other factors need to be considered.

When a surfactant is added to solution, it distributes itself
between the solid-liquid and gas-liquid interfaces. The solid-
liquid interface can consist of either bacteria and water or
river sediment and water, and in both cases adsorption to the
solid phase occurs. The surfactant may also be available as
a carbon and energy source for the bacteria to utilize (30).
Thus, the potential effects of the addition of surfactants may
be categorized as either physicochemical effects on the
surface free energies or biological effects arising from their
nutritional capacity.

Since surfactants are known to adsorb to river sediments
(13, 23) as well as to bacteria (15), it may be reasonable to
assume that the effect observed in the present experiments
was purely physicochemical. Bacteria with an adsorbed
layer of surfactant have a surface free energy different from
that of cells which are not coated. A decrease in the surface
free energy (an increase in the hydrophobicity of a surface)
could result in the bacterium becoming more adhesive. This
would result in less work being required to transfer the
bacterium from the liquid phase to the interface, and thus it
would adhere to the surface more readily, especially if the
surface were more hydrophobic as a result of surfactant
adsorption. Studies of correlation of bacterial cell wall
hydrophobicity to cell adhesion (38) have shown that in
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some instances greater cell wall hydrophobicity is correlated
with greater adhesion of bacteria to the surface. Some
bacteria which possess hydrophobic regions in their cell
surface orientate themselves at the surface with their hydro-
phobic region attached to the surface (25). Studies of the
attachment of bacteria to surfaces with different surface free
energies (1, 10, 21, 32, 33) have shown that, in general,
bacteria display greater attachment to hydrophobic surfaces
than to hydrophilic ones, although individual bacterial
strains may deviate from this general pattern (27). When
biodegradation reduces the concentration of the surfactant,
the number of adsorbed molecules decreases because the
adsorbed and nonadsorbed molecules are in dynamic equi-
librium and a change in the nonadsorbed surfactant concen-
tration causes a concomitant change in the adsorbate con-
centration. The surface free energies of both the sediment
and bacteria begin to return to their original values, and the
bacteria detach from the surface and resume a planktonic
existence.

While this explanation is attractive for its simplicity, it
does not account for the lack of effect on bacterial attach-
ment of STS, which is known to adsorb to the sediment (23).
Similarly, SDX adsorbs, but it had no effect on bacterial
attachment to sediment (Fig. 3). If the effects with SDS and
SDecS were due simply to alteration of the surface hydro-
phobicity, then STS and SD3, would have promoted attach-
ment in the same way as SDS did, because structurally they
are closely analogous. However, bacterial attachment did
not occur. Significantly, the SDX concentration over the
experimental period stayed constant, indicating that it was
either not degraded or degraded only at a very low rate.
Similarly, STS was stable in the microcosm, and this result
correlated with results of pure-culture studies of the biode-
gradability of a homologous series of alkyl sulfates (37). A
pattern thus begins to emerge, viz., that the effects of
surfactants on bacterial attachment are dependent on their
biodegradability and nutritional value for bacterial growth.

Several researchers have reported an increase in hetero-
trophic bacterial activity in response to surfaces (and also on
exposure to surface-active agents), and this response has
been attributed to nutrients concentrated at the surface (3,
11, 19, 20). The bacterial scavenging of adsorbed biodegrad-
able surfactants from the surface of the sediment is one
explanation for the increase in numbers of sessile bacteria. It
would explain the observation that little or no attachment of
bacteria to the sediment occurred in the presence of STS,
which is adsorbed to a greater extent than either SDS or
SDecS at the liquid-solid interface (Table 1) but is relatively
recalcitrant. The utilization of surface-bound energy sources
by attached bacteria has been shown to occur with a marine
vibrio and stearic acid bound to a glass surface (17, 20, 22).
This scavenging of the surface-associated compounds has
also been reported for a Leptospira species which was
shown to utilize surface-bound fatty acids (20).

The attachment of the bacteria to the sediment appears to
be reversible (Fig. 2). During the biodegradation of surfac-
tant, the attached bacteria start to leave the sediment, and
this is reflected by an increase in the planktonic population.
Bacterial detachment from the surface may result from a
decrease in surfactant concentration at the surface. Revers-
ibly bound bacteria have also been reported to scavenge
surface-bound molecules (17, 20). A Pseudomonas species
utilized an adsorbed layer of fatty acid completely before the
major part of the bacterial population returned to the plank-
tonic state (24). The degree of irreversible adhesion of
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bacteria to a surface has also been correlated with the degree
of fatty acid scavenging (20, 22).

Stimulation of attachment by added surfactant in the
present work, together with the observation that bacteria
detach from glass surfaces when nutrients fall to zero
concentrations (8), suggested that the effects observed with
added surfactant resulted solely from their nutritional value
to bacteria and were unrelated to their surface-active prop-
erties. The bacteria in suspension at the time of surfactant
addition had been starved for =96 h and thus were carbon
limited; the addition of a utilizable carbon source may be
sufficient to promote attachment of such starved cells to the
surface. The increase in attached population size cannot be
attributed to bacterial growth and division, because it can be
calculated that the amount of utilizable carbon added is
insufficient to support more than a doubling in cell numbers;
moreover, such limited growth could not account for the
sudden large increases in attached populations that were
observed. To investigate the possibility that a non-surface-
active carbon source could promote attachment to the sed-
iment, sodium pyruvate was employed. Unlike SDS, sodium
pyruvate was not adsorbed at the solid-liquid interface. The
major part of the added sodium pyruvate therefore remained
in the bulk liquid phase in the microcosm vessel. Thus, the
hydrophobicity of both surfaces remains essentially the
same regardless of whether sodium pyruvate is present. The
results from the addition of such a non-surface-active carbon
source indicated that, although sodium pyruvate was readily
utilized by bacteria in the microcosm, the presence of a
carbon source alone is insufficient to promote attachment.

Two further types of experiment were performed to inves-
tigate the effect of a mixture of surface-active and non-
surface-active carbon sources on attachment of bacteria to a
solid surface. They were designed to establish whether
bacteria would attach if a carbon source other than SDS
were present in solution. Bacteria attached reversibly only
when a surfactant was added alone or in the presence of
sodium pyruvate. This fact implies that the bacteria attach to
the surface either in response to accumulation of the surfac-
tant at the surface or as a result of altered surface free
energies.

Collectively, these results showed that bacterial attach-
ment to river sediment is stimulated by the presence of
surfactants only when the surfactants are biodegradable by
the indigenous bacteria; recalcitrant surfactants and non-
surface-active carbon sources are ineffective in promoting
attachment. This observation has implications for modelling
the translocation of various types of surfactant pollutants in
rivers and estuaries, especially where resuspended sediment
concentrations are high. It is also relevant to studies of the
environmental persistence of commercial formulations such
as pesticides and herbicides, which often include surfactants
to improve wettability and facilitate dispersion.
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