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1. SUMMARY 

The meromictic Mahoney Lake (British 
Columbia, Canada) contains an extremely dense 
layer of purple sulfur bacteria (Amoebobacter 
purpureus). The buoyant density of Amoebobacter 
cells grown in pure culture at saturating light 
intensity was significantly higher (1027-1034 kg 
rnm3) than the density of lake water (1015 kg 
mw3). When stationary cultures were shifted to 
the dark, the gas-vesicle content increased by a 
factor of 9 and buoyant density decreased to 1002 
kg mm3 within three days. 

A novel mechanism of cell aggregation was 
detected for the Mahoney Lake strain. Dense cell 
aggregates were formed after depletion of sulfide. 
Formation of aggregates was correlated with an 
increase in cell surface hydrophobicity. Cell ag- 
gregates could be disintegrated within less than 1 
s by addition of sulfide or various thiol com- 

’ Correspondence to: Present address: J. Overmann, Depart- 
ment of Microbiology, University of British Columbia, 
#300-6174 University Boulevard, Vancouver, BC, Canada 
V6T lz3. 

pounds. Mercaptanes with a branched structure 
in the vicinity of the terminal thiol group, com- 
pounds with esterified thiol groups (methyl- 
mercaptanes), reducing compounds lacking thiol 
groups and detergents did not influence aggre- 
gate stability. Cell aggregates disintegrated upon 
addition of urea or of proteinase K. Addition of 
various sugars had no effect on aggregation; this 
points to the absence of lectins. The results indi- 
cate that cell-to-cell adhesion in A. purpureus 
ML1 is mainly caused by a hydrophobic effect 
and includes a specific mechanism possibly medi- 
ated by a surface protein. 

Extrapolation of laboratory results to field 
conditions demonstrated that both regulation of 
buoyant density and formation of cell aggregates 
result in passive accumulation of cells at the 
chemocline and contribute to the narrow stratifi- 
cation of A. purpureus in Mahoney Lake. 

2. INTRODUCIION 

An extremely dense plate of purple sulfur bac- 
teria was described previously for meromictic 
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Mahoney Lake [ll. The gas-vacuolate Amoe- 
bobacter purpurecu was identified as dominating 
phototrophic bacterial species. 

The extraordinary mass accumulation cannot 
be explained by phototrophic growth alone. 90% 
of the phototrophic bacterial population was 
found to maintain its vertical position in the 
water column without getting sufficient light for 
phototrophic growth. A minimum doubling time 
of 51 days was calculated for cells at the top of 
the bacterial layer. 

The population density of algae and bacteria 
in nature is controlled not only by growth rates of 
the organisms but also by rates of decay, sedi- 
mentation and grazing [2]. During circulation, 
loss rates due to sedimentation and washout in- 
creased significantly in holomictic Lake Cis6 [3]. 
This indicates that the permanent and very stable 
stratification of the meromictic Mahoney Lake 
keeps biomass losses due to sedimentation of 
Amoebobacter cells at very low levels. 

In order to assess the role of passive accumu- 
lation in the formation of the phototrophic bacte- 
rial plate in Mahoney Lake, the regulation of 
buoyancy, sinking rate and the unusual aggrega- 
tion behaviour was investigated using an A. pur- 
pureus strain isolated from the lake chemocline. 

3. MATERIAL AND METHODS 

3.1. Source of organisms 
During an investigation of the purple sulfur 

bacterial layer in Mahoney Lake [l] four A. pur- 
pureus strains were isolated in pure culture. As 
all strains exhibited a similar aggregation pattern, 
one strain, (MLl) was chosen for further experi- 
ments. Cultures were grown anaerobically with 
sulfide as electron-donating substrate and hydro- 
gen carbonate and acetate as carbon sources in 
lOO- or 250-ml. Meplats bottles using the growth 
medium described previously [l]. 

3.2. Density measurements 
The density of lake water was calculated from 

the conductivity and temperature values given by 
Overmann et al. [l]. In Mahoney Lake the domi- 
nant ions are Na+, Mg2+ and SO:-, Therefore 

2 60000 - 0 
2 
> 40000 - .Z .L 
5 z 20000 - 
s 

990 1010 1030 1060 1070 1090 

Density [kg.rn-‘] 
Fig. 1. Calibration curve relating specific conductivity and 
density of a salt solution containing 14.67 g MgSO,.7H,O, 
6.82 g Na,SO, and 3.57 g NaHCO, per 100 ml distilled 

water. T = 24°C. 

formulas for the calculation of water density of 
freshwater [4] or sea water [51 could not be ap- 
plied. Instead, a calibration curve relating con- 
ductivity and water density specifically for Ma- 
honey Lake water was obtained. Based on the 
analysis of Northcote and Halsey [6], a stock 
solution containing 14.67 g MgSO, * 7H,O, 6.82 g 
Na,SO, and 3.57 g NaHCO, per 100 ml distilled 
water was prepared and the conductivity of a 
dilution series measured at 24°C (Fig. 1). 

The density of unpressurized and pressurized 
(subjected to an excess hydrostatic pressure of 1.2 
MPa in a.pressure nephelometer; ref. 7) A. pur- 
pureus cells was determined by isopycnic banding 
on continuous gradients of silica-sol (Percoll, 
Sigma Chemie, Deisenhofen, FRG) according to 
Oliver et al. [8]. Formation of gradients, recen- 
trifugation and determination of cell density was 
performed as outlined by Overmann et at. [9]. 

3.3. Gas vesicle measurements 
Critical pressure collapse curves of gas vesicles 

were determined using the pressure nephelome- 
ter of Walsby [7]. From the curves, mean critical 
pressures were calculated for cells suspended in 
culture medium containing 0.5 M sucrose and 
cells suspended in culture medium alone. The 
difference between the two values yielded the 
cell-turgor pressure [lo]. 
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3.4. Sedimentation velocity 
Sedimentation velocity of Amoebobacter cells 

was determined in a graduated measuring cylin- 
der containing 50 mM potassium phosphate buffer 
purged with N, for 30 min. Because of the rapid 
sedimentation of the aggregates (see RESULTS), 
the error due to temperature-induced convection 
currents in the buffer can be neglected in these 
measurements. After disintegration of aggregates, 
the velocity of cells was measured in density 
gradients of anoxic sucrose solution (bubbled 30 
min with N,, concentrations 0.01-0.1 M). As 
density and viscosity increase with depth in this 
system, the correction term of Booker and Walsby 
[ll] was applied. 

3.5. Cell aggregation mechanism 
The hydrophobicity of the cell surface was 

assessed by the method of Rosenberg [12]. 3 ml 
cell suspension was pipetted into lo-ml glass tubes 
containing 0.5 ml hexadecane. The gas phase of 
each tube was flushed with N, for 1 min and the 
tubes sealed with butyl-rubber stoppers. After 10 
min of pre-incubation, the assays were stirred 
vigorously for 2 min. Following phase separation 
(15 min) the optical density at 650 nm of the 
lower phase (culture medium) was measured. If 
cell aggregates were present in this lower phase, 
they were disintegrated prior to the O.D. mea- 
surement by adding neutralized sulfide solution 
(final concentration 1 mM, pH 7.4) directly to the 
sample in the photometer cuvette. The hydropho- 
bicity index H (%) was calculated according to: 

H = lOO( OD,,, - O&o > /oQsso 

where OD,s, and OD&,, represent the optical 
densities of untreated cultures and of the lower 
phase of the hydrophobicity assay, respectively. 

49 different compounds (see RESULTS) were 
tested for their capacity to disintegrate A. pur- 
pureus ML1 cell aggregates. From cultures con- 
taining dense cell aggregates lo-ml aliquots were 
withdrawn and pipetted into 12-ml glass vials. 
After addition of the test compounds to a final 
concentration of 2, 12 and 20 mM the vials were 
flushed with N, for 20 s and sealed gas-tight with 
butyl-rubber stoppers. After stirring vigorously, 

the hydrophobicity index of the cells was deter- 
mined as described above and compared with 
control assays.’ 

3.6. Analytical procedures 
The optical density of cultures was measured 

using l-cm cuvettes in a Bausch and Lomb Spec- 
tronic 70 photometer (Rochester, NY). Dry cell 
mass was determined by filtration of washed cells 
on washed and pre-dried glass fibre filters 
(Schleicher and Schuell, GF 92; Schleicher and 
Schuell, Dassel, FRG) and drying at 105°C 
overnight. Protein was determined after Hartree 
[13] and total carbohydrate after Herbert et al. 
[14]. Sulfide was measured according to Cline 
1151. 

3.7. Calculation of the sedimentation distance 2, 
of a spherical body with time 

For the calculation of the time course of sedi- 
mentation of Amoebobacter aggregates, the fol- 
lowing formulas were derived: (1) For a sphere at 
constant density of the surrounding water. As 
Amoebobkter aggregates are irregular in shape, 
the radius of a sphere which would sink at a 
velocity equal to that of the aggregates was em- 
ployed. Therefore r incorporates the form resis- 
tance factor 4: r(sphere) = r(aggregate)/4. r( 
sphere) was calulated from Stoke’s law: 

Stoke’s law: u, = 2r2g(p, -p,“)/(9q) 

where: 
“s = sedimentation velocity, 
I = radius of sedimenting sphere, 
g = gravitational acceleration, 
pk = density of the sphere, 
pw = density of surrounding water, 
n = viscosity of water. 

If the density of the sphere pk decreases during 
sedimentation at a constant rate (Ap,/At = 
const), the time dependence of sedimentation 
velocity is described by (t = time): 

where pi = density of sphere at time 0, 
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and the sedimentation distance is: 

Z,=ji,(t) dt 

z = 2r2g(pok-dL) 1 ( gq )(‘) - ( r2gyr)(t2) 
(2) The density of the surrounding water in- 
creases linearly with depth. On a linear density 
gradient Ap,/Az is constant and when the den- 
sity of water is pz at the beginning (top of the 
bacterial layer), the sedimentation velocity is de- 
scribed by: 

u,(t) = 2r2g[d - (Ap,/Af)t -P: 

-(Apw/Az)40]/(9d 

which yields the first order inhomogeneous linear 
differential equation: 

[d/d? + 2r’g(Ap,/Az)/(gq>]z(t) 

=2r2g[d--pi- (ApdAt)t]/(%) 
The specific solution is: 

z,,(f) = (pok - P; - (Ap,/At)t + 9dAp,/At) 

/[2r2g(Apw/Az)]}/(Ap,/dr) 
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Fig. 2. Vertical profile of water density in Mahoney Lake, 
calculated from conductivity and temperature values given in 

Overmann et al. [l] and the calibration curve in Fig. 1. 

and the general solution: (exp: base e) 

zc( t) = C exp[ -2( Ap,/Az)r2gt/(9~)] 

which yields the general solution of the inhomo- 
geneous differential equation: 

Z,(t) =zc(t> +z,w 

and with Z,(O) = 0 

%h/Af 

2r2g( Ap,/Az)2 1 
xe(- 

2r2gAp,/Az 
9? )' 

+ (P; -pi) + %(Ap,/Af) 

AP,/Az 2r2g( Apw/Az)2 

- 

4. RESULTS 

The vertical profile of water density as calcu- 
lated from conductivity and temperature values 
exhibited a steep increase exactly at the depth of 
the layer of purple sulfur bacteria at 6.7 m (Fig. 
2). 

4.1. Density regulation of A. purpureus ML1 
A steep vertical decline of light intensity was 

measured in the bacterial layer of the Mahoney 
Lake chemocline. Water temperatures at the top 
and the bottom of the layer were 17.7 and 19.O”C, 
respectively [l]. Similar values were reported for 
preceding years [161. Seasonal changes of temper- 
ature within the bacterial layer are small (I 10°C; 
ref. 17). Therefore the dependence of specific 
weight of Amoebobacrer cells on incubation light 
intensity was investigated at a constant tempera- 
ture of 20°C. 

After growth at saturating light intensity (200 
pm01 m-’ s-’ of tungsten light), cells in the 
stationary phase had a density of 1027 kg rns3. 
After shifting the culture to dark conditions, the 
density declined to 1002 kg rnb3 within 3 days. 
The density of Amoebobacter cells with the gas 
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vesicles collapsed remained unchanged (Fig. 3). 
This indicates that the decrease of density during 
the dark incubation is caused solely by an in- 
crease of gas-vesicle volume of the cells. 

After three days of dark incubation, 5 ml of 
the culture were transferred to 100 ml fresh 
growth medium and incubated again at saturating 
light intensity. 5 days later the density of unpres- 
surized and pressurized cells had increased to 
1034 kg m-,3 and 1046 kg mm3, respectively (Fig. 
3). Similar values of exponentially growing cells 
were obtained in three parallel experiments 
(s$r)dard deviation of specific weight = f 3 kg 

The higher density of exponentially growing 
Amoebobacter cells is caused not only by a de- 
crease of the relative gas-vesicle content (com- 
pare hollow part of bars in Fig. 3) but also by a 
higher cell ballast mass. The ballast mass is the 
density in excess of water of cells with collapsed 
gas vesicles (= total height of bars in Fig. 3). 

Due to its high density, carbohydrate repre- 
sents the main determinant of the ballast mass of 
a cell [HI. After incubation in the dark, a cellular 
carbohydrate content of 4.2% of dry cell mass 

da (3 days) 100 (6 day81 
,,E.,,-2.3-l 

Fig. 3. Density of Amoebobacter purpureus ML1 cells grown 
at different light intensities. Hatched = density of untreated 
cells. Total height of bars = density of cells after collapse of 
gas-vesicles. Difference (hollow part of bars) = decrease of 

cell density due to the presence of gas-vesicles. 

P IkPal 

Fig. 4. Collapse-pressure curve of an exponentially growing 
Amoebobacter purpurew ML1 culture. 0, fully turgescent cells; 
0, cells after suspension in 0.5 M sucrose solution. The turgor 
pressure is calculated from the distance between both curves 

at a collapse of 50% of the gas-vesicles. 

was determined for A.yqrpureu.s ML1 cells. Dur- 
ing exponential growth the carbohydrate content 
increased to 16.3 f 5.1% (n = 6). This indicates 
that the increased ballast mass of exponentially 
growing cells is partly due to an increased cellular 
content of carbohydrate. 

In order to assess the causes for the decrease 
of the cellular gas-vesicle content the turgor pres- 
sure of cells after the different incubation steps 
was determined by pressure nephelometry. After 
3 days of dark incubation a cell turgor pressure of 
31 kPa was determined, while fully turgid cells 
growing exponentially at saturating light intensity 
had a turgor pressure of 103 kPa (Fig. 4). The 
latter value was never exceeded in 12 parallel 
experiments. Even at maximum cell turgor pres- 
sure an external pressure of 50 kPa did not de- 
crease the cellular gas-vesicle content (Fig. 4, 
filled circles). The mean critical pressure of the 
gas vesicles in this strain was 242 f 31 kPa (n = 
12). 

According to these results collapse of gas vesi- 
cles due to an increase of cell-turgor pressure can 
be excluded for A. purpureus MLl. 

4.2. Formation and stability of cell aggregates 
After depletion of sulfide as the electron 

donor, macroscopic cell aggregates formed in pure 
cultures of A. purpureus MLl. Most of the cells 
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Fig. 5. Left: cell aggregates formed in pure culture of Amoebobocrcr pwpwcus ML1 after depletion of sulfide. Aggregates 
suspended by shaking the culture flask. Middle: sedimentation ol’ aggregates in the same culture after standing for 20 seconds. 

Right: same culture photographed immediately after addition of 1 mM sulfide. 

in the aggregates were devoid of intracellular 
sulfur globules. Due to their high sedimentation 
velocity bacterial aggregates accumulated within 
seconds at the bottom of the culture flasks. The 
aggregates could be disintegrated within about 1 s 
by adding neutralized sulfide solution [193 to a 
final concentration of 1 mM (Fig. 5). 

In a time course experiment a culture of A. 
pnrpureus ML1 was incubated at saturating light 
intensity and sulfide added as soon as cell aggre- 
gates had formed. Sedimentation velocity, spe- 
cific weight and hydrophobicity of the cells were 
monitored concomitantly (Fig. 6). Upon disinte- 
gration of the cell aggregates the sedimentation 
velocity declined abruptly from 0.8-2.5 cm s-’ to 
6 x lo-’ cm s-i (= 2 mm h-l). Simultaneously, 
the hydrophobicity index of the cells declined 
(Fig. 6b, Fig. 7). 

From Stoke’s law the radius of a sphere with a 
sedimentation velocity and excess density equal 
to that measured for Amoebobacter aggregates 
was calculated. After disintegration of aggregates 
this yielded a radius of sinking units between 3 
pm (at a hydrophobicity index of H < 30%) and 
9.5 pm (H = 56%) (Fig. 8). Assuming a mean 
radius of a single Amoebobacter cell of 1.4 pm 
[l] and densest packing of cells, such units would 
contain 8-260 cells. Accordingly, groups of 4-8 
cells were observed microscopically at a value of 
H < 30%. For aggregates with the highest sedi- 
mentation velocity (H = 96%) a diameter of 1.6 
mm was calculated. In contrast, direct measure- 
ment of aggregates yielded a value of 6.2-10.3 
mm. Thus the aggregates formed sank consider- 
ably more slowly than would be expected from 
their diameter. 
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Fig. 6. (A) Optical density at 650 nm. (B) Sedimentation 
velocity (W) and hydrophobicity index ( v 1 during repeated 
addition of sulfide (final concentration 1.5 mM, arrows) to a 
growing culture of Atnoebobncrer pwpwem ML1 immediately 

after depletion. 

Addition of H,S and Na,S,O, to a final con- 
centration of 2 mM disintegrated the aggregates 
within about 1 s. The hydrophobicity index H 
declined from 79 to 0%. In contrast, disintegra- 
tion was not complete with Na,SO, even at a 
concentration of 20 mM and a reaction time of 
1.5 h. Correspondingly, H declined only to a 
value of 58%. Disintegration was fully reversible: 
upon removal of H,S by bubbling the assay with 
N, or pressurized air, aggregates formed again 
within a few minutes. Redox compounds such as 
thioacetamide, thiourea, L( + )-ascorbic acid, hy- 
droquinone and Ti3+ -citrate lacking thiol groups 
did not influence the stability of cell aggregates 
(Fig. 9). 

Mercaptanes with free terminal thiol groups 
(Fig. 9, left column) disintegrated Amoebobacte~ 
aggregates within 10 min. Hydrophobicity de- 
clined to values of H = O-10%. For dithioerythri- 

Fig. 7. Test tubes of the hydrophobicity assay after stirring 3 
ml of an Anloebobncrer purpurem ML1 culture with 0.5 ml 
hexadecane before (right) and after (left) addition of sulfide. 
Note dramatic decrease of hydrophobicity and adherence of 

Amoebobacter cell aggregates to hexadecane without suspen- 
sion of cells in the hexadecane phase. 

1 -3-9&m --0,4-1,6mm- 

0 10 20 30 40 50 80 70 a0 00 100 

Hydrophoblclty I%1 
Fig. S. Correlation between sedimentation velocity of Amoe- 
bobactcr pttrprtreus ML1 aggregates and hydrophobicity index. 
Sedimentation velocity was 2 mm.h-’ at H < 30% and 20 
mm.h-’ at H = 56%. The radius of the sedimenting units 
calculated according to Stokes’ law is given above the curve. 

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article/10/2/67/590242 by guest on 18 M
ay 2023



74 

to1 and dithiothreito1, a final ~ncentration of 2 tial, had a very different effect on cell aggregate 
mM was sufficient, while all other compounds stability. In contrast, the less reducing thioglycol- 
listed in the left column of Fig. 9 had to be late (Ei = -140 mV> disintegrated the aggre- 
applied in concentrations above 10 mM to disin- gates. 
tegrate the aggregates. Even at increased reaction temperature of 

Addition of eysteine resulted in very slow (1.5 60°C cell aggregates were not dissolved by 
h) and incomplete disintegration with comparably thioacetamide or penicillamine. Thus steric hin- 
high remaining cell hydrophobicity (H = 62%). drance and/or electrostatic repulsion, but not 

Mercaptanes with a branched structure in the slow diffusion to the site of cell-to-cell adhesion, 
vicinity of the terminal thiol group (Fig. 9, second must be the reason for the ineffectiveness of 
column), compounds with esterified thiol groups these compounds. 
(Fig. 9, right column) and glutathione did not Addition of the complexing agent sodiumhex- 
disintegrate Amoebobacter cell aggregates. ametaphosphate or of anions with a diameter 

Thus, H,S (E(, = 243 mV>, NazSO, (-454 similar to HS- (198 pm) (e.g. Br-: 182 pm or I-: 
mV), cysteine (- 340 mV) and glutathione ( - 340 206 pm; refs. 20, 21) did not break up the aggre- 
mV>, although of similar midpoint redox poten- gates. 

Bsintegration of aggregates No disintegration 
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Fig. 9. List of different thiol compounds and esteryfied thiols tested with respect to cell aggregate stability of Amo&obacrer 
purpureus MLl. Reaction temperature 20°C. 33 additional compounds tested are described in the text. 
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Fig. 10. Hydrophobicity index of Amocbobacfer purpureus 
ML1 ceils at different temperatures. Incubation time of essays 
10 min. H was determined after cooling the assays to room 
temperature. Two experiments (O,@) were conducted with 

hvo parallels each. 

Variation of the pH between 4.1 and 9.8 did 
not affect the stability of the cell aggregates. 

A complex pattern of temperature dependence 
of aggregate stability was observed. At 50°C cell 
aggregates disintegrated and the hydrophobicity 
index declined to H = 29-36%. However, at 60°C 
aggregates remained stable and higher H values 
were measured (Fig. 10). At 80 “C a change in 
color of the cell suspension was observed indicat- 
ing breakdown of the cellular photosynthetic 
membrane structure. 

Formation of cell aggregates or adhesion of 
bacteria to surfaces are mediated frequently by 
the action of carbohydrate-specific binding pro- 
teins (lectins). Therefore, D( + )-ghCOSe, D( + >- 

maltose, D( + )-glucosamine, D( + )-mannose, 
D( + )-galactose, lactose, L( + )-rhamnose or 
L( + )-arabinose (final concentration 200 mM 
each) were added to A. purpureus ML1 cell ag- 
gregates but their disintegration was not ob- 
served. 

Disintegration in the absence of sulfide or 
thiol compounds was observed when aggregates 
were washed twice in medium with low salt con- 
tent of 0.35% w/v [22] (basal growth medium 
3%). Concomitantly, the hydrophobicity index de- 
creased from 86 to 0%. After addition of NaCl, 
LiCl, KC1 or (NH&SO4 to a final concentration 
of 3 M aggregates developed again. At this high 

salt concentration the aggregates could not be 
disintegrated again by addition of sulfide. 

Addition of surfactants like SDS (1% w/v>, 
Tween 20 (O.l%, v/v>, Tween 80 cl%, v/v>, Tri- 
ton x 100 (4%, v/v) or isopropanol(5%, v/v) did 
not destabilize Amoebobacter cell aggregates. 

Further experiments were conducted to eluci- 
date the role of cell-surface proteins in aggregate 
formation. At concentrations of 4-8 M urea ag- 
gregates disintegrated immediately. 1 h incuba- 
tion of cell aggregates in the presence of the 
proteolytic enzyme proteinase K (350 pg per ml 
buffer; buffer: 10 mM Tris, 100 mM NaCl, pH 
7.2) at 37°C resulted in partial disintegration and 
a decrease of the hydrophobicity index from 86% 
to 40-50%. 

As observed with A. purpureus MLl, forma- 
tion of cell aggregates following depletion of sul- 
fide and disintegration of aggregates after addi- 
tion of sulfide were observed in pure cultures of 
A. pendens strain 8821-1. However, none of the 
thiol compounds effective in disintegration of A. 
purpureus ML1 changed the stability of A. pen- 
dens aggregates, which could simply be disinte- 
grated by shaking the culture flasks vigorously. 
The hydrophobicity index never exceeded 0% and 
did not change upon addition of sulfide. These 
results show that the stability of cell aggregates in 
A. purpureus ML1 is correlated with the high 
hydrophobicity of the cells in the absence of 
sulfide. 

5. DISCUSSION 

5.1. Mechanism of aggregate formation 
A. pulpureus ML1 forms extraordinarily stable 

cell aggregates. The interaction between bacteria, 
and between bacteria and various surfaces, may 
be mediated by chemical bonds, dipol-dipol inter- 
action and the hydrophobic effect. 

At pH values between 4 and 10 the stability of 
A. purpureus ML1 cell aggregates remained un- 
changed. Within this pH range the net charge of 
amino acids and numerous proteins changes [23]. 
Sodium hexametaphosphate did not alter aggre- 
gate stability. Because of its negatively charged 
groups this compound would shield positively 
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charged groups at the cell surface and therefore 
should alter interactions based on ionic or polar 
surface molecules. Anions of a diameter similar 
to HS- had no effect on aggregate stability. Ac- 
cording to these results, non-specific interactions 
between charged groups cannot be the main fac- 
tor causing cell-to-cell adhesion of A. purpurerrs 
MLl. 

Formation of cell aggregates was always corre- 
lated with an increase of the hydrophobicity in- 
dex. In the hydrophobicity assays cell aggregates 
adhered’to the hexadecane phase against gravity 
(Fig. 7). Moreover, the dependence of aggregate 
stability on the salt concentration of the sur- 
rounding medium points to an unspecific hy- 
drophobic effect as the main cause of aggregate 
formation. The hydrophobic effect is involved in 
various interactions between microorganisms and 
surfaces [24-281. 

So far, bacterial cell aggregates were found to 
disintegrate upon a decrease of the surface ten- 
sion by detergents [29]. Even at high concentra- 
tions of various detergents, cell aggregates of A. 
purpweus ML1 remained stable indicating a spe- 
cific mechanism in cell-to-cell adhesion in addi- 
tion to the hydrophobic effect. 

However, aggregates were disrupted com- 
pletely by urea and partially by digestion with the 
proteolytic enzyme proteinase K. This indicates 
the participation of surface proteins in aggregate 
formation of Amoebobacter purpureus MLl. Be- 
tween 20 and 50°C the temperature curves (Fig. 
10) may he explained by denaturation of such a 
surface protein. However, the higher hydropho- 
bicity index at 60°C points to a more complex 
situation. Similar effects have been attributed to 
the exposure of kryptic hydrophobic cell wall 
components at higher temperatures [30]. Hy- 
drophobic proteins are involved in interaction of 
various microorganisms with surfaces [27,31-351. 

Changes in cell surface hydrophobicity within 
8 h to 7 days have been reported [28,32,36,37]. In 
contrast, aggregates of A. purpureus ML1 disinte- 
grated fully reversibly within less than 1 s. This 
phenomenon so far appears to be unique. Obvi- 
ously the mechanism of cell-to-cell aggregation of 
A. purpureus ML1 is confined to the cell surface 
and independent of cell metabolism. Possibly the 

mechanism involves the reversible opening and 
formation of a disulfide bridge of a hydrophobic 
surface protein and includes a specific interaction 
between the cells. Similarly, the adhesion of 
Thiobacillca tlziuoxidam cells to elemental sulfur 
seems to involve (protein) thiol groups located at 
the cell surface [38]. 

5.2. Ecological significance of aggregate formation 
In sulfide-depleted pure cultures cells of A. 

purpureus ML1 formed large aggregates which 
resembled the cell aggregates found at the upper 
boundary of the purple bacterial layer in Ma- 
honey Lake. Similarly, aggregates of phototrophic 
sulfur bacteria were described for another lake 
[39]. Addition of FeCl, and MnCl, to lake water 
samples induced formation of aggregates contain- 
ing phototrophic sulfur bacteria, oxidized iron 
and manganese compounds, sulfur and organic 
substances [40]. In contrast, aggregates in cultures 
of A. purpureus ML1 contained solely bacterial 
cells. 

Aggregate formation of this species is compa- 
rable to the attachment of pelagic bacteria to 
surfaces under conditions of nutrient limitation 
[41]. Only low respiration rates were measured in 
A. purptweus ML1 cell suspensions. This strain 
did not grow under microoxic conditions [42]. As 
in heterocystless cyanobacteria (e.g., Oscillatoria 
ejythraea) where formation of filament bundles 
prevents the inhibition of nitrogenase by molecu- 
lar oxygen [321, cells of A. purpureus ML1 in 
densely packed cell aggregates will be protected 
against 0,. 

The aggregates were significantly larger than 
would be expected by their sinking velocity. This 
may be explained by a higher friction due to the 
irregular shape of the aggregates or inclusion of 
water. The irregular shape of a particle decreases 
the sinking speed to about 67% compared to a 
sphere [43l. Thus the inclusion of water inside the 
irregular aggregates appears to be the main rea- 
son for the deviation mentioned above. 

Sinking rates of Amoebobacter cell aggregates 
(maximum 2.5 cm s-‘1 exceeded those of algae 
(max. 3.5 X lo-* cm s-l; ref. 43) by far and 
disintegration was complete within 1 s. Formation 
of aggregates increases the sedimentation velocity 
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by a factor of 40000. Obviously the aggregation 
of A. purpurtius ML1 cells denser than water 
results in a rapid depopulation of sulfide-free 
water layers above the biomass maximum in Ma- 
honey Lake and thus is the main reason for the 
sharp upper boundary of the bacterial layer ob- 
served in this lake. 

The sharp gradients of light and sulfide con- 
centration in Mahoney Lake also allow aggrega- 
tion of cells with a high gas-vesicle content, if 
cells rise and form aggregates faster than cellular 
gas-vesicle content can decrease. Such aggregates 
will rapidly rise to higher water layers and ulti- 
mately float at the lake surface. Consistent with 
this theoretical consideration cell aggregates of 
up to l-cm diameter were frequently observed at 
the surface and shore of Mahoney Lake. 

5.3. Sigrzificarzce of buoyancy regulation of Amoe- 
bobacter and of the density gradient i/z Mahoney 
Lake 

In spite of the presence of gas-vesicles, cells of 
A. purpureus ML1 in the stationary phase exhib- 
ited a density higher than the lake water in the 
depth of the bacterial layer (1027 vs. 1012.5- 
1015.0 kg mm3). Correspondingly, cells sank down 
in samples from the top of the bacterial layer [l]. 
Within three days of incubation in the dark, the 
specific weight of the cells decreased to a value 
(1002 kg mm31 far lower than lake water. In the 
depth of maximum : purple sulfur bacterial 
biomass, cells exhibited a similar density as com- 
pared to the surrounding lake water. Due to its 
high salt content (21 g I-’ at 5-m depth, ref. 6) 
the density of Mahoney Lake water even at the 
surface is comparatively high. In holomictic 
Schleinsee a maximal density of 1001 kg mm3 was 
determined at 5-6°C [41] and in meromictic Mit- 
tierer Buchensee a value of 998.6 kg mm3 at 20°C 
PI. 

Contrary to phototrophic bacterial populations 
in other lakes the bacterial layer in Mahoney 
Lake exhibited a sharp lower boundary with only 
very small amounts of bacteriochlorophyll below. 
This indicates that the high salt concentration in 
the Mahoney Lake monimolimnion prevents the 
sedimentation of A. purpuracu cells from the 
layer. The vertical position of the layer of purple 

sulfur bacteria corresponded exactly with the 
depth of the steep vertical density gradient of the 
lake water. 

The importance of this density gradient in 
Mahoney Lake was assessed by calculating from 
the Stokes equation the time course of sedimen- 
tation of A. purpureus cell aggregates in a water 
column of uniform density and in a density gradi- 
ent as found in the Mahoney Lake chemocline. 

The minimum radius of sinking units in pure 
cultures of A. purpureus ML1 was 3.0-9.5 pm 
(Fig. 8). During sedimentation, the decline of 
underwater light intensity derepresses the forma- 
tion of gas vesicles and thus the specific weight of 
the cells decreases concomitantly. The rate of this 
decrease of cell density was deduced from Fig. 3. 
The initial density of A. purpureus ML1 cells was 
assumed to be equal to that of cells in the station- 
ary phase after growth at light saturating condi- 
tions which were shown to occur in situ at the top 
of the bacterial plate [l]. 

According to this assessment, stable A. pur- 
pureus cell aggregates would traverse the bacte- 
rial layer (6.6-6.73 m, ref. 1) within a few seconds 
(Fig. 11). However, disintegration of aggregates 
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Fig. 11. Depth time curves of the sedimentation of Atnoc- 
bobacrer pttrpurem ML1 calculated for various sizes of sinking 
units. V, V, maximum radius of cell aggregates in pure 
cultures (1.6 mm); n , 0, radius 9.5 pm and 0, 0, radius of 3 
pm, the highest and lowest values determined after disinte- 
gration of aggregates by addition of sulfide. Open symbols = 
sedimentation at constant density of, surrounding lake water; 
closed symbols = sedimentation in a density gradient as found 
in the Mahoney Lake chemocline. Note different time scales. 
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was found to occur within less than 1 s. Cells 
after disintegration accumulate after two days at 
a vertical position 3-14 cm deeper. This depth 
range is in good agreement with the actual extent 
of the bacterial plate in Mahoney Lake. 

The marked lower boundary of the bacterial 
plate in this lake thus is caused not only by the 
physiological properties of the dominating purple 
sulfur bacterial species (formation of gas vesicles 
and aggregation pattern) but as well by the spe- 
cific and unusual environmental setting: high salt 
content and steep density gradient at the chemo- 
cline. 
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