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The capacity of benthic cyanobacteria to adhere to solid substrates was examined in terms of their cell
surface properties. By using a biphasic water-hydrocarbon test system, it was demonstrated that benthic
cyanobacteria from divergent habitats were all hydrophobic, whereas all the planktonic cyanobacteria
tested were hydrophilic. Divalent cations were found more efficient than monovalent cations in effecting the
expression of hydrophobicity. Mechanical shearing of the cell surface, as well as chemical removal of the
cell wall, demonstrated that the hydrophobicity was confined to the outer surface layers. The hydrophobic
sites were distributed along the whole length of the cyanobacterial filament. Hydrophilic hormogonia of
benthic cyanobacteria became hydrophobic within 48 h when grown in the light; chloramphenicol, 3(3,4-
dichlorophenyl)1,1 dimethylurea, or incubation in the dark prevented this transition. Hydrophobicity of
Phormidium filaments was masked in late stationary phase; this effect was removed by gentle washing.

Aquatic cyanobacteria can be divided into two types with
respect to position in the euphotic zone. Whereas the
planktonic types float freely in the water column, benthic
cyanobacteria adhere to submerged solid surfaces: the bot-
tom sediments at the water-soil interface, rocks and stones
along the littoral, and algae and aquatic plants (20). The ways
in which these two groups differ from each other and the
general characteristics of the benthic group have hardly been
investigated and deserve closer study.

A prerequisite for understanding benthic behavior is the
elucidation of the mechanisms involved in adhesion of the
organisms to solid surfaces. Since adhesion is a surface
property, this study concentrates on the cell envelope char-
acteristics of benthic cyanobacteria.

Cell surface hydrophobicity is considered an important
factor in the adhesion and proliferation of microorganisms
on solid surfaces (31). In natural ecosystems, in which
adhesion to inert surfaces such as plastics, metal sheets,
water-air interfaces (11), and even teeth (37) are common,
adhesion is nonspecific, in contrast to biological surfaces,
where specific receptors and lectins play a major role (36,
45). Hydrophobicity seems to be the most important factor
in the nonspecific adhesion of bacteria to interfaces. More-
over, several recent studies with pathogenic bacteria, certain
of which have specific surface receptors, indicate that their
surface hydrophobicity may influence the cell-bacteria inter-
action (14, 15).

In this study we examined the hydrophobic characteristics
of cell envelopes of benthic cyanobacteria in comparison
with those of planktonic cyanobacteria; we describe their
dispersal mechanisms.

MATERIALS AND METHODS

Cyanobacteria and culture conditions. The cyanobacterial
strains and their habits and culture conditions are summa-
rized in Table 1. Growth medium BG11, described by
Stanier et al. (49), and modified BG11 containing in addition
Na,SiO; - 9H,0 (58 mg/liter) were used. The media salts
were either dissolved in distilled water or added to the
double-concentrated Turks Island salt solution described in
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the Merck Index (p. 1088, 8th ed., 1968). The pH of the
medium was adjusted to pH 7.5 with HCI (1 N) before
autoclaving. The strains were grown on a gyrorotary shaker
in 250-ml flasks containing 100 ml of culture medium,
continuously illuminated with cool white fluorescent lamps
(incident light intensity, 20 to 30 microeinsteins/m? per s).
Solid medium for isolation and colony formation of the
different strains was obtained by adding 15 g of agar (Difco
Laboratories, Detroit, Mich.) to each liter of appropriate
liquid medium.

Hydrophobicity test in the biphasic system. A modification
of the method described by Rosenberg et al. (43) for measur-
ing cell surface hydrophobicity in bacteria was employed in
our tests with cyanobacterial strains. This method is based
on the partitioning of cells having hydrophobic surface
characteristics in the hydrocarbon phase of a biphasic hydro-
carbon-aqueous system after brief mixing. Since the buoyan-
cy of some hydrophilic gas-vacuolated cyanobacteria might
produce misleading results in such a system, the gas vacu-
oles were collapsed before testing. This was done by apply-
ing sudden hydrostatic pressure to each culture before
samples were taken. In our test, various volumes of n-
hexadecane were added to flat-bottomed Klett tubes con-
taining 5 ml of cell suspension in appropriate growth medi-
um. Unless otherwise mentioned, the cultures were tested in
the early stationary phase, i.e., after 7 to 10 days of growth.
The mixture was vigorously shaken manually for 1 min,
allowed to stand for 5 min, and then gently agitated for 10 s
(Vortex-Genie; model 550; GBS Instruments). This second
shaking was found necessary to avoid partitioning in the
hydrocarbon phase of certain cyanobacteria determined to
be hydrophilic by other methods, which included contact
angle measurements and adherence to phenyl-Sepharose and
to polystyrene. The tubes were again allowed to stand for 5
min to allow complete separation of the phases. The optical
density of the aqueous phase was determined in a Klett-
Summerson colorimeter (filter 54), and the ratio of readings
before and after the addition of the hydrocarbon served as
the measure of hydrophobicity.

Hydrophobicity measurement by contact angle of air bub-
bles with cell layers. Cyanobacterial cells after 5 days of
growth were filtered on a Millipore filter (0.8 um) and placed
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TABLE 1. Cyanobacterial strains used in this study
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Cyanobacteria Characteristics and source Culture conditions ::]};1:2:.

Anabaena sp. Filamentous, planktonic sample from brackish fish pond, Nir David,  26°C, BG11 -
Israel

Anabaena azollae® var. pinnate,  Filamentous, symbiotic in leaf cavities of water fern Azolla: 26°C, BG11 +

caroliniana, filiculoides nonaxenic isolates (34)

Anabaena variabilis© Filamentous, planktonic; axenic strain M3, Tokyo University Culture 26°C, BG11 -
Collection

Anabaenopsis circularis Filamentous, hormogonia-producing, benthic; strain 6720, Paris 26°C, modified BG11 +4
Culture Collection (PCC)

Anacystic nidulans Unicellular. planktonic; strain 6311, PCC, axenic 26°C, BG11 -

Aphanotheca halophytica Unicellular, benthic; axenic strain 7418, PCC, isolated from 26°C, BG11 in TIS¢ +4
hypersaline Solar Lake Sinai by Y. Cohen

Calothrix desertica Filamentous, hormogonia-producing, benthic; axenic strain 7102, 26°C, modified BG11 +4
PCC

Freymyella diptosiphon’ Filamentous, hormogonia-producing, benthic: axenic isolate from 26°C, BGl1 +4
fresh water

Microcoleus sp. Filamentous, nonaxenic isolate from Solar Lake by Y. Cohen, 35°C, BG11 in TIS +
Hebrew University

Oscillatoria sp. Filamentous, planktonic gas vacuolated from brackish fishponds, BG11 -
Neve-Ur, Israel

Oscillatoria sp. Filamentous, benthic; sample from marine fish ponds. Elat, Israel 26°C, seawater +

Oscillatoria limnetica Filamentous, benthic; axenic isolate from hypersaline Solar Lake, 35°C, BG11 in TIS* +
Sinai, Israel, by Y. Cohen

Phormidium sp. Filamentous, benthic; Wadi Natrun salt marsh: nonaxenic isolate (22) 35°C, BG11 in TIS +

Phormidium sp. Filamentous, benthic; from sulfide-rich hot spring near Dead Sea, 26°C, sulfide-rich +

Israel
Phormidium sp. strain J-1
Huleh, Israel, by A. Fattom

Filamentous, benthic; axenic isolate from freshwater drainage canal,

spring water
26°C, modified BG11 +

Plectonema boryanum Filamentous, planktonic; strain 594, Indiana University Culture 26°C, BG11 -
Collection
P. boryanum Filamentous, hormogonia-producing, benthic; axenic strain 6306, 26°C, BG11 +4
PCC
Spirulina sp. Filamentous, benthic; axenic isolate from hypersaline Bardawill Salt  35°C, BG11 in TIS +
Marsh, Sinai, Israel, by M. Shilo
Spirulina platensis (wild type) Filamentous, planktonic; axenic isolate from freshwater Lake Chad 26°C, BG11 -
Spirulina plantensis mutants Axenic clumping mutants obtained from wild-type by A. 26°C, BG11 +
SFT" and ACA" Senangelantoni, Paveia University, Italy (41)
Spirulina tenuis Filamentous, benthic; axenic isolate from brackish fishpond, Israel 26°C, BG11 in TIS +
)
“ Position in the biphasic test system: +, hydrocarbon phase: —. aqueous phase.

b Kindly provided by E. Tel Or, Hebrew University.
< Kindly provided by A. Kaplan, Hebrew University.

< Mature filaments gave + reaction, and hormogonia gave —: compare with Table 3 and Fig. 9.

¢ TIS, Turk’s Island salt solution.
7 Kindly provided by I. Ohad, Hebrew University.

# This isolate can be cultured under aerobic conditions or anaerobically (38).

horizontally upside down at the top of a transparent polysty-
rene water chamber (30 by 10 by 10 cm). A 10-pl air bubble
was injected into the chamber with the aid of an Agla
micrometer syringe (Burroughs Wellcome, London, En-
gland) so that the bubbles floated from the point of release to
rest against the cyanobacterial layer. The bubbles were
photographed, and the contact angles were measured.
Preparation of hormogonia. The four hormogonia-produc-
ing strains were cultured as described in Table 1. Cells
harvested from the cultures after 7 days of growth by
centrifugation (10,000 X g for 10 min) were homogenized in a
cone-driven stirrer (W. H. Sargent and Co., Chicago, Ill.) in
fresh modified BG1l. Clumps and long filaments were
allowed to settle for 5 min, and then the water column was
collected and centrifuged again. The cell pellet obtained was
resuspended in modified BG11, put on a continuous Ficoll
gradient of 10 to 30%, and centrifuged (400 X g for 5 min) in a
swinging bucket rotor. The hormogonia formed a distinct
band in the region of 10 to 15% Ficoll. Cells from this band
were drawn out, washed, and suspended in modified BG11.

Preparation of OSS. Osmotically sensitive spheres (OSS)
were obtained by using a modification of the method de-
scribed by Binder et al. (6). The modification included
incubation of the mixture for 2 h at 30°C in the dark without
stirring (23). Completion of OSS formation was checked
microscopically in a phase microscope at 400X magnifica-
tion.

Hydrophobicity measurement by adherence to phenyl-Seph-
arose beads. One milliliter of phenyl-Sepharose beads (size,
45 to 165 pwm; approximate concentration, 40 pmol of gel
beads per ml) containing 0.1% demethoxan as preservative
(Pharmacia Fine Chemicals) was added to 5 ml of cyanobac-
terial suspension. Mixtures were thoroughly mixed, and the
optical density of the aqueous phase was measured after 5
min (time needed for the phenyl-Sepharose beads to settle).

RESULTS

Hydrophobicity of benthic cyanobacteria. A series of cul-
tured cyanobacterial strains, as well as samples of natural
cyanobacterial populations from different ecosystems (in-
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FIG. 1. Partitioning of cyanobacteria in the biphasic system.
Test tubes containing Phormidium sp. strain J-1 (left) and P.
boryanum 594 (right) were mixed with n-hexadecane. Phormidium
sp. strain J-1 rose with the hydrocarbon phase, forming a dark green
upper layer. P. boryanum remained dispersed in the lower water
phase.

cluding fresh, brackish, marine, and hypersaline waters),
were tested for cell surface hydrophobicity by using parti-
tioning of the cells in a biphasic (aqueous-hydrocarbon)
system. In all cases tested, the planktonic cyanobacteria
remained in the aqueous phase, whereas all the benthic types
concentrated in the hydrocarbon phase (Table 1).

Two typical examples were the filamentous Phormidium
sp. strain J-1, a benthic form, and the planktonic Plectonema
boryanum 594. After mixing with n-hexadecane, the Phormi-
dium filaments transferred to the hydrocarbon upper phase,
indicating their hydrophobicity, whereas P. boryanum fila-
ments remained in the aqueous phase (Fig. 1). The addition
of trace amounts of detergents such as Polo soap (Dorith
Chemicals Ltd., Jerusalem, Israel) reversed the phase sepa-
ration of the benthic phormidium in the water-hexadecane
biphasic system.
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The cell surface hydrophobicity of the benthic cyanobac-
teria, shown in the biphasic tests, was confirmed by using
several additional independent methods. By using a method
proposed by Fletcher and Marshall (17) to measure cell
surface hydrophobicity (Fig. 2), the contact angles of gas
bubbles in contact with layers of P. boryanum 594 were 120
+ 2°, whereas the contact angles with Phormidium sp. strain
J-1 were 90 *= 2°. These results correlate well with the
respective hydrophilicity and hydrophobicity of the strains.
In yet another test for hydrophobicity, suspensions of P.
boryanum 594 and Phormidium sp. strain J-1 were thorough-
ly mixed with phenyl-Sepharose beads. Results showed that
none of the P. boryanum adhered to the phenyl-Sepharose
beads, whereas most (about 90%) of the original Phormidium
sp. strain J-1 in suspension had been removed.

The adhesion of colonies on solid agar media in petri
dishes to polystyrene disks has been described as a replica
method for detection of hydrophobic microorganisms (42).
By using this method, we found that the benthic Phormidium
sp. strain J-1 adhered to the polystyrene surface, whereas
the planktonic P. boryanum 594 did not.

Localization of hydrophobic sites of Phormidium sp. strain
J-1. The behavior of OSS of Phormidium sp. strain J-1 was
compared to that of untreated Phormidium filaments in the
biphasic test system. Figure 3 shows that the hydrophobicity
displayed by intact filaments was largely abolished by enzy-
matic treatment with lysozyme, which removed cell wall
components.

Table 2 shows that mechanical treatment, in this case
shearing off of cell surface layers in an Omnimixer, partially
removed the hydrophobic characteristics of the cell surfaces
in intact Phormidium sp. strain J-1, as well as in filaments of
P. boryanum 6306 and Calothrix desertica 7102. Omnimixer
treatment became increasingly efficient in removing hydro-
phobicity with progressing age of the Phormidium culture.

A less radical treatment, consisting of washing and ho-
mogenization in fresh medium, did not produce the same
effect as mechanical shearing on the cell surface. Table 2
shows that although Phormidium sp. strain J-1 remained
hydrophobic at all stages of growth, late in the stationary
phase (14 to 28 days) a considerable amount of this property
was masked. The washing of these late-stationary-phase
cells allowed for almost complete expression of the hydro-
phobicity of the cell surface. Incubation of hydrophobic
Phormidium sp. strain J-1 cultures in the dark or alternative-
ly in the light in the presence of 10 ug of chloramphenicol per
ml for 48 h decreased their hydrophobicity 80 to 22%;
reincubation of the cultures in the light or removal of
chloramphenicol, respectively, resulted in full initial hydro-
phobicity expression.

Marshall and Cruickshank (32) pointed out that the orien-
tation of cells to interfaces of biphasic systems is determined

FIG. 2. Curvature of gas bubbles touching inverted Phormidium sp. strain J-1 (left) and P. boryanum 594 (right) surfaces.
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FIG. 3. Partitioning of intact Phormidium sp. strain J-1 (®) and
OSS () in the biphasic test system with different amounts of n-
hexadecane. The biphasic test and the preparation of OSS are
described in the text.

by the location of the hydrophobicity sites on the cell
surface. Phormidium filaments were observed to adhere
throughout their lengths to the interfaces with oil droplets
(Fig. 4). Additional proof was found in the observation that

TABLE 2. Partitioning of untreated, washed, or sheared
cyanobacterial filaments and hormogonia in the biphasic test
system

Optical density of aqueous phase (% of
. initial value)
Cyanobacteria and age (days)

Untreated®  Washed® ghea}req in
mnimixer®
Phormidium sp. strain J-1
0 0 30
7 0 0 30
14 30 10 50
21 30 10 50
28 50 10 65
Plectonema boryanum 594
3 100 100 100
14 100 100 100
Plectonema boryanum 6306
Mature filaments? 15 15 35
Hormogonia 100 93 92
Calothrix desertica 7201
Mature filaments9 10 10 34
Hormogonia 82 75 65

¢ Culture samples in modified BG11 were homogenized in a cone-
driven stirrer to disperse clumps before testing in the biphasic
system.

® Cells were centrifuged, resuspended, and homogenized before
testing.

¢ Washed cells were agitated in an Omnimixer (Sorvall) for 3 min
at 12,000 rpm and centrifuged, resuspended, and homogenized
before testing.

¢ Hormogonia-producing cyanobacteria cultures were tested after
25 days of growth.
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n-hexadecane microdroplets attached all along the length of
Phormidium filaments (Fig. 5). All this indicated that the
hydrophobic sites in Phormidium sp. are distributed along
the entire filament surface.

Effect of environmental conditions on cell surface hydropho-
bicity. Expression of cell surface hydrophobicity required
the 2presence of at least 0.1 mM of a divalent cation, such as
Mg”*, or much higher concentrations (at least 10 mM) of a
monovalent cation, such as Na*. Figure 5 shows this effect
in the freshwater Phormidium sp. strain J-1. Similar tests,
but using a 0.5 M sucrose solution for stabilization, were
made with Oscillatoria limnetica from the hypersaline Solar
Lake. The results were similar to those shown in Fig. 6.

When tested at different pH values (range, pH 4 to 11),
results with Phormidium sp. strain J-1 showed no difference
from results obtained with the standard pH, 7.5. Phormi-
dium sp. strain J-1 cultured at different temperatures (20 and
35°C) showed cell surface hydrophobicity similar to that of
cultures grown at standard (26°C) temperature. Even when
grown in modified BG11 with a reduced concentration of
nitrate (2% that of the standard content), phosphate (1%), or
ferrous (1%), Phormidium filaments showed no significant
difference in surface hydrophobicity.

0. limnetica, which can be grown under either anaerobic
or aerobic conditions (38) showed the same hydrophobicity
when grown under either condition (Table 1).

Genetic basis of cell surface hydrophobicity. A number of
mutants obtained from the hydrophilic wild-type Spirulina
platensis (41) exhibit clumping when grown in liquid media.
These same mutants expressed a greater degree of hydro-
phobicity than the wild type (Fig. 7). Samples of S. platensis
from open mass culture ponds in which the cyanobacteria
tend to clump also showed highly hydrophobic surface
characteristics (Fig. 7).

Hydrophobicity of symbiotic Anabaena azollae. Three vari-
eties of A. azollae isolated from the species of the water fern
Azolla (34) showed marked hydrophobic characteristics
(Fig. 8). A. azollae occupies a specific cavity in the leaf of
the fern and forms close associations with the host cells. In
contrast, the planktonic Anabaena variabilis exhibited typi-
cal hydrophilic characteristics in the biphasic test system.

Cell surface properties of hormogonia of benthic cyanobac-
teria. A number of hormogonia-producing benthic cyanobac-
teria were tested for their cell surface characteristics. Re-
sults indicated that whereas the mature filaments were
highly hydrophobic, the hormogonia were hydrophilic (Ta-
ble 1 and Fig. 9). In an independent test, the hormogonia
were found to differ from the mature filaments in that they
did not adhere to phenyl-Sepharose beads. Washing or
Omnimixer shearing brought a small change in the hydro-
philic nature of the hormogonia (Table 2).

The hydrophilic hormogonia of P. boryanum 6306 and C.
desertica became hydrophobic within 48 h when incubated
under standard growth conditions in the light (Table 3). This
transformation was prevented by incubation in the dark or in
the light in the presence of chloramphenicol or 3(3,4-dichlor-
ophenyl)1,1 dimethylurea, an inhibitor of photosystem II.

DISCUSSION

Adsorption of microorganisms to interfaces has become a
focus of interest in recent years (5, 7, 13). Adhesion by cell
surfaces plays an important role in many biological process-
es: contact inhibition, cell differentiation, morphogenesis
and motility (29), interaction between pathogenic bacteria
and various target cells (25), and the phagocytosis of bacteria
(50). Each of these involves highly specialized mechanisms
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FIG. 4. Photomicrograph of Phormidium sp. strain J-1 filament along oil-water interface. A drop of culture suspension was placed
alongside an immersion oil droplet. The interface was examined in a Zeiss phase microscope (400%).

of recognition mediated by lectins (sugar and protein carbo-
hydrates) and specific receptors on the cell surfaces. Many
microorganisms, such as pathogens and rhizobia on plant
root cells (12), adhere to surfaces in this specific way.
However, this cannot apply to all these organisms, which
attach nonspecifically to many different types of interfaces
as well as inert surfaces. Among these are the benthic
cyanobacteria.

In addition, there are many microorganisms which depend
in nature on the degradation of nonsoluble substrates such as
cellulose, chitin, elemental sulfur, and petroleum and which
adhere to these substances.

The sorption of bacteria to hydrocarbons and their parti-
tioning in a hydrocarbon-aqueous biphasic system has been
suggested as a good method for measuring cell surface
hydrophobicity (43). By using this method, we found that all

FIG. 5. Photomicrograph of Phormidium sp. strain J-1 with n-hexadecane microdroplets along filament length (Zeiss phase microscope;

400X%).
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FIG. 6. Cation requirement for expression of hydrophobicity by
Phormidium sp. strain J-1 in the biphasic test system. Phormidium
cultures were concentrated, washed, and resuspended in distilled
water containing various concentrations of NaCl () and MgCl, (@).
Hydrophobicity was tested in the biphasic system by using 0.5 ml of
n-hexadecane to S ml of cyanobacterial suspension.

the benthic cyanobacteria we tested, whether from natural
populations or in axenic cultures, filamentous as well as
unicellular, and from various habitats including fresh, brack-
ish, and hypersaline waters, moved into the nonpolar hydro-
carbon phase. On the other hand, all the planktonic cyano-
bacteria tested were hydrophilic and remained in the
aqueous phase.

Further confirmation of the hydrophobicity of benthic
cyanobacteria was their adhesion to phenyl-Sepharose
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SFT" (A), and clumping mass culture S. platensis (@) were tested for
cell surface hydrophobicity.
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FIG. 8. Partitioning of free-living and symbiotic Anabaena spe-
cies in the biphasic test system. Symbiotic A. azollae var. carolin-
iana (@), var. pinnata (O), and var. filiculoides (A) were tested for
cell surface hydrophobicity in the biphasic system. Results are
compared to free-living planktonic A. variabilis M3 (x).

beads, a typical agent binding hydrophobic cells and mole-
cules, and the contact angle measurements with air bubbles
(17). These findings suggest that hydrophobicity plays an
important role in the benthic habitat. However, it cannot be
concluded that hydrophobicity is the sole mechanism for
adhesion of benthic cyanobacteria. Evidence for the role of
polymer bridging in the adhesion of bacteria to solid surfaces
has been presented (32, 33). Moreover, the hydrophobic
nature of A. azolla living in close symbiotic contact with the
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FIG. 9. Partitioning of mature filaments (black symbols) and
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TABLE 3. Partitioning of cyanobacteria hormogonia in the
biphasic test system before and after incubation under different
conditions*

Optical density of aqueous phase
(% of initial value)

Incubated for 48 h in modified BG11

Hormogonia No at 26°C plus
incu- Light + .
bation  Light Dark chloram- &M
phenicol®
Plectonema boryanum  88-90 20 80 90 90
6306
Calothrix desertica 90 22 82 90 88
7102

“ Hormogonia obtained as described in the text were tested
immediately or incubated as indicated for 48 h and then tested.

10 ug of chloramphenicol per ml of incubation medium.

€S uM DCMU [3(3,4-dichlorophenyl)1,1 dimethylurea].

cell surfaces of the Azolla fern emphasizes that hydrophobic-
ity may play a role in cyanobacterial symbiosis with higher
plants and possibly with phycobionts in lichens and with
certain diatoms such as Rhopalodia gibba (18), Richellia sp.
(28), Phozosolema sp. and Hemiaules sp. (30).

Planktonic forms observed to clump together as in bundle
formation in Oscillatoria (Trichodesmium) erythraea (1. Bry-
ceson and P. Fay, Abstr. IV Int. Symp. on Photosynthetic
Procaryotes, Oxford, D2, 1979) or to form large colonial
aggregates (Microcystis sp.) may represent yet another as-
pect of the capacity of cyanobacteria to cling to a solid
surface, in these cases the cell surface of their cogeners. It
would be interesting to test for the correlation between
hydrophobicity and the seasonal appearance of bundles,
which has been suggested to create a local microaerophilic
environment allowing for dinitrogen fixation in the non-
heterocystous-forming O. erythraea (Bryceson and Fay,
Abstr. D2, 1979). The correlation of physiological state and
its fluctuations to cell surface hydrophobicity in planktonic
cyanobacteria such as colony-forming microcystis also de-
serves testing.

We observed that the expression of hydrophobicity of
benthic cyanobacteria required the presence of cations.
Divalent cations such as magnesium and calcium have been
shown to influence attachment of microorganisms to sur-
faces and to be essential for infection of plant roots by
phytopathogenic and root nodule bacteria (35). This effect
was accounted for by a decrease in the thickness of the
electron double layer (33). As a result, repulsion forces
between the cell surface and the substratum were reduced
(46). In the case of benthic cyanobacteria, the cation might
act in neutralizing and masking the negative charges on the
cell surface (26), thus decreasing electrostatic repulsion (33).
However, this does not exclude other mechanisms indirectly
influencing cell physiology or membrane permeability (16).
The firm adherence of Phormidium sp. strain J-1 filaments to
the noncharged surfaces of polystyrene further indicates the
role of hydrophobicity in adhesion (42).

It was also shown that the adsorption of hexadecane
droplets along Phormidium filaments, as well as the position-
ing of filaments throughout their length along the oil-water
interface, indicates that hydrophobic sites are distributed
along the entire surface of the filaments. This differs from the
situation in many organisms, such as marine Flexibacter,
Hyphomicrobium, and Caulobacter sp., which orient them-
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selves perpendicularly to the oil-water interface, indicating
the polar location of the hydrophobic site (31, 32, 40).

Removal of the cell wall or part of it by treatment with
lysozyme to form OSS or mechanical shearing of the cell
envelope in the Omnimixer resulted in the loss of hydropho-
bicity in Phormidium sp. strain J-1. This confirms that
hydrophobicity is a surface phenomenon and that the cell
envelope alone is responsible for the hydrophobicity ex-
pressed in the benthic cyanobacteria.

Cyanobacterial hydrophobicity appears to have a genetic
basis. Certain mutants of S. platensis, which is hydrophilic
in the wild type, have been shown to possess hydrophobic
cell envelopes. In another example of genetic control, Simon
(48) isolated a mutant from the hydrophobic Aphanotheca
halophytica which had lost its outer cell envelope. This
mutant, without the outer cell envelope layers and lacking
the phototactic gliding motility characteristics of the wild-
type cyanobacteria, was observed by Simon to have lost its
hydrophobic behavior in the biphasic system.

Hydrophobicity in certain cyanobacteria changes pheno-
typically as a function of culture age (Table 2) or in hormogo-
nia-forming cyanobacteria during the transformation of hor-
mogonia to mature filaments. This may also be the case with
baeocyte-forming cyanobacteria, in which the mature cell
adheres to the surface, whereas the baeocytes swarm into
the water (52).

By their very adherence to a solid surface and their
relative immobility, benthic cyanobacteria are exposed to
extreme environmental stresses and to environmental fluctu-
ations (24), which the planktonic forms evade through vary-
ing their buoyancy and positioning themselves at the optimal
conditions. Benthic cyanobacteria, in response to these
fluctuating environmental conditions, exhibit extremely var-
ied and flexible modes of metabolism (47). Considering their
long evolutionary history (39) and their abundance in a
variety of habitats, as well as their important contribution to
present-day primary production (8, 19, 27) and nitrogen
fixation (9), a more penetrating examination of the physiolo-
gy of the benthic cyanobacteria seems in order.

Existence at the soil-water interface provides the adhering
organism with relatively high concentrations of nutrients.
This is an important advantage for surviving in the oligo-
trophic regime prevailing in oceans and many lakes. At the
same time, benthic organisms are exposed to stresses inher-
ent in the sediment-water interface, so that successful adap-
tation is a prerequisite to their ability to survive in this
ecological niche.

Foremost among these is adaptation to low light condi-
tions. This is especially marked in turbid waters rich in
suspended particles and plankton. Furthermore, the benthic
layer is in a dynamic state, since sediments of particles and
cell debris continuously cover the benthic organisms. Al-
though this incessant rain of particles enriches the flow of
nutrients in the benthic layer, it further markedly reduces the
light reaching benthic organisms. Benthic cyanobacteria
have developed positive phototactic gliding motility which
allows them to escape burial under sediments and to obtain
access to areas with sufficient illumination. This motility is
restricted to contact with solid surfaces and may thus
involve the hydrophobic faculty of the cell envelope. Anoth-
er mechanism for ameliorating the illumination condition is
the active clarification of waters rich in suspended particles
through production of a flocculating agent by the cyanobac-
teria themselves (3).

Still another problem for benthic organisms is distribution
of progeny and colonization of new territory. The dimorphic
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life cycle, which includes free-floating forms such as hormo-
gonia or swarming stages, facilitates dispersal and detach-
ment from the benthic interface. Such transformations were
shown in this study to require protein synthesis and light
energy. Since hormogonia can be obtained synchronously
and are produced within a short time period, they represent
an ideal system for investigating the sequence involved in
the surface changes and in their regulation. It would be
interesting to verify to what extent baeocyte formation
involves a transformation from hydrophobic to hydrophilic
cell surface.

Another mechanism for dispersal of mature filaments by
detachment seems to be the masking of cell surface hydro-
phobicity. This was demonstrated in aged cultures of Phor-
midium sp., which is not biphasic and which formed a
substance that prevented expression of the underlying hy-
drophobicity of the cell envelope. When this substance was
washed off, the cyanobacteria displayed almost all their
original hydrophobicity. Recently, an additional dispersal
mechanism of attached cyanobacteria has been described for
Nostoc muscurom (1). This involves the induced formation
of gas vacuoles in hormogonia but not in mature filaments.
This is the only reported case in which gas vacuoles are
induced and rapidly lost and are not constitutive as in all
other described cases.

Planktonic cyanobacteria can change their position in the
water column in response to less than optimal conditions by
changes in their buoyancy through intracellular gas vacuoles
(51) or their storage granules (R. L. Oliver, H. C. Utkilen,
and A. E. Walsby, Abstr. 4th Int. Symp. on Photosynthetic
Procaryotes, Bombannes, France, 1982). Benthic cyanobac-
teria, on the other hand, confined to the interface, must
adapt to rapidly fluctuating conditions in their environment
(in pH values, Eh, oxygen, H,S, and light) through possess-
ing a versatile metabolism. This requires multiple metabolic
patterns which can be activated or stopped quickly. Such
shifts have been demonstrated in several benthic cyanobac-
teria (22). An example of this versatility is O. limnetica,
which has such a shift in the oxygenic pathway for the
photoassimilation of CO; to a hydrogen sulfide-driven pho-
toassimilation. Its versatility is further demonstrated in its
ability to use anoxygenic photosynthetic electron production
in the absence of CO,, in hydrogenase-mediated hydrogen
production in the absence of CO,, and in nitrogen fixation in
the absence of ammonia (4; S. Belkin, Plant Physiol., in
press). Furthermore, there are a number of alternative ways
to generate energy for, at the least, maintenance in the dark:
respiration, fermentation, and even anaerobic respiration
(reduction of elemental sulfur to hydrogen sulfide [39]). The
marked increase in the level of superoxide dismutase in cells
shifted from anaerobic to aerobic growth conditions (21; M.
Shilo, A. Oren, and D. Friedberg, Abstr. 3rd Int. Symp. on
Photosynthetic Procaryotes, Oxford, 1979) further demon-
strates this versatility.

Adhesion to a solid surface has recently become important
in studies aimed at industrial processes. Methods were
sought for immobilizing cyanobacteria in columns for indus-
trial processes. However, it seems likely, in light of their
hydrophobicity and tendency to attach to surfaces, that
benthic types would have better potential in such systems. A
major problem that has hindered the economic exploitation
of mass cultivation of cyanobacteria has been the expense of
harvesting the planktonic organisms which were used in
most previous studies. The possibility of culturing hydro-
phobic benthic cyanobacteria and concentrating them in
nonpolar solvents may overcome this difficulty.
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