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Abstract

Scanning electron microscopy was employed for ikrestigation of bacteria living on sand grains
in a sandy marine beach in the Gulf of Gsla(southern Baltic Sea). Bacteria colonize the sand
grains; individual topography and shape of thergravere decisive for the colonization. Grains of
diverse topography characterised by a great iregijulof shape were preferred, and protected sur-
face sites were favoured. Many of the attachedebi@ctvere found to produce polymer secretions;
entire colonies attached by means of polymer nete wbserved. A significant morphological di-
versity of bacteria in the vertical profile of theach was determined. Bacteria inhabiting the sand
grains showed the ability to reproduces.
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INTRODUCTION

Marine sandy beches are the most dynamic of safotmohabitats whose structure
is determined by the wind, sand and water in tagesif constant motion (McLach-
lan et al. 1996, Rodriguez et al. 2003, Rodil amdtta 2004). Very often they are
subject to considerable anthropopressure due tordweeational role (We awski et
al. 2000).

Despite the extreme conditions these habitatsaargufable for the development of
microorganismsThis is mainly due to: 1) large surface area fa #iusorption of
nutrients and for microbial colonisation, 2) a higbrosity resulting in an aerobic
environment, 3) temperatures generally higher timatotally submerged environ-
ments, and 4) a constant resupply of nutrientsigeavby the action of waves and
tides (Novitsky and MacSween 1989). As a resuligdgebeaches and splash zones
are abundantly inhabited by benthic microflora unithg mainly bacteria; some of
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them, when attached to the sand grains are gep&railvn as epipsammon (Brown
and McLachlan 1990). Bacteria as source food etitiminly the metabolic products
of phytobenthos, animal faeces, mainly those predumy meio- and macrofauna
and dead remains of plants and anim#lesop and Griffiths 1982, Mudryk et al.
2001). According to Koot al. (1982), Hrzejczak (1999) and Ochieng and Erfte-
mejer (1999)bacteria play a key role in decomposition and natieation the
beached organic matter and nutrient recycling tintonearshore ecosystem.

The objective of the present study was to deterrtiieedistribution of bacteria and
their adsorption on the surface of the sand graind,to determine the morphologi-
cal diversity of bacteria in the vertical profilethe marine beach.

MATERIAL AND METHODS

The studies were carried out on the sandy beachSwaot, located in the Gulf of
Gda sk (southern Baltic Sea) (54°R 18°33E) (Fig. 1). It represents a dissipative
beach type with longshore bars and troughs, contbosenly of medium grain size
quartz sandgW c awski et al. 2000).

Sand samples were collected at four sites on mah-& beach transect (Urban-
Malinga and Opaliski 1999). Sampling sites were located as folloljysn the sea,
approximately 1-1.5 m from the waterline into thater, at a depth of about 1 m,
2) at the waterline, 3) on the beach, at distaricen3rom the waterline, 4) in the
dune, about 60 m away from the shore (Fig. 1).

Surface (0-10 cm) sand samples were collected hylivbaj-Boltowski core scoop.
Sand samples were placed in sterile glass boxasgglon ice and immediately
transported to the laboratory. The time betweenpsamollection and microscopic
analyses usually did not exceed 2-3 hours.

The sand samples were treated according to thesghnoe described by Weise and
Rheinheimer (1978) and Novitsky and MacSween (1988hd grains were fixed in
a solution containing (%, v/v): 2.5 glutaraldehydiéer-sterilized seawater, 85; and
distilled water, 15. After fixation the grains weneshed repeatedly with double-
distilled sterile water in order to remove saltstals. The grains were dehydrated in
a graded ethanol series (10%, 20%, 30%, 40%, 54, 0%, 80%, 90% and
96%, each change 5 min) and subsequently in HMDB&r@xymexamethyldisi-
lazane). After drying, the grains were attachedSEM stubsusing double-sided
conductive tape and sputter-coated with gold. Térmpdes were examined using
a Philips SEM — 515 microscope; the acceleratiositen was 20 kV. About 500
sand grains were observed. Micrographs were redavdeKodak Penatomic X film
using a Pentax K 1000 35 mm camera.

Dimensions of bacterial cells were measured froansing electron micrographs
and statistical tests (standard deviation — SDfficant of variation — CV, coeffi-
cient of dispersion — CD) used in this analysisenbased on Velji and Albright
(1986). Significant differences between size baalterells and studied sites were
tested by nonparametric ANOVA Kruskal-Wallis tesing the STATISTICA (ver-
sion 5.2) software package.
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RESULTS

The topography of bacterial distribution on thedsgmains collected from the Sopot
beach is shown in Figure 2. The analysis of SEMt@draphs reveals that only a
small part of the surface of the grains was colediiby bacteria. The colonization
was with a preference for shielded and irregulafases. As a result the bacteria
were most often found in crevices, fissures, craaks creases (Fig. 2 A, B), or in
sand grain breakage sites (Fig. 2 C). Diatoms \aése often present; as bacteria,
they were confined to topographically protectedatans (Fig. 2 D). Only very
rarely were the bacteria observed on exposed sgfacpeaks of the grain surface
(Fig. 2 E), and on the sharp edges were not obdavall. The sand grains were
most often colonized by single bacterial cells,bgrsmall colonies consisting of
5-20 cells, morphologically usually alike (Fig. 2 F

The analysis of SEM photographs (Fig. 3) reveads épipsammon-forming bacte-
ria have a specific mechanism of adsorbing to tivéase of the sand grains. Many
bacterial cells formed characteristic filamentows&ures (Fig. 3 A, B, C) by means
of which they attached themselves firmly to thedsgrains. This protected bacteria
living in such a dynamic environment as a marinachefrom abrasion resulting
from the action of waves and wind. Such filamen&emvproduced by various mor-
phological forms of bacteria, coccal (Fig. 3 A,&)well as cylindrical cells (Fig. 3 C).
Bacteria living in microcolonies, in close vicinitf each other, produced filaments
attaching them not only to sand grains, but als@aoh other, and forming net-
shaped structures (Fig. 2 D). In certain cases, r@sult of filament merging, bacte-
rial cells formed a biofilm on the surface of tland grains (Fig. 3 E). Colonial bac-
teria living in the biofilm formed separate comntigs strongly attached to the sand
grains and well protected from the environmentatsst Not only bacterial cells
were attached to the sand grains by polymer filametiatoms formed similar struc-
tures allowing a more successful colonization ofdsgrains (Fig. 3 F).

Analysis of Figure 4 and Table 1 reveals differenicemorphological types and cell
sizes of the epipsammon bacteria between the ditdg. A Kruskal-Wallis test
showed significance effect (H = 32.60, p < 0.00% BM) of sites on size of the bac-
terial cells. In the sample from site 1 locatedtlie sea, bacterial cells formed

The size (m) of the bacterial cells inhabiting various partshe studied beazﬁble .
Zone Mean Range SD CD CV (%) N
Sea 0.19 0.07-0.73 0.08 0.03 441 71
Waterlinie 1.38 0.77-1.85 0.55 0.21 39.8 3
Beach 1.68 1.32-2.00 0.32 0.06 19.1 4
Dune 1.56 1.17-1.91 0.30 0.05 19.5 6

ANOVA Kruskal-Wallis test — H (3, N = 84) = 32.60, p 001
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Fig. 2 Scanning electron micographs of quartz gaaths with location of bacteria

A. Total view distribution of bacteria on the surfaifesand grain. Note that large surface areas are
free of bacterial cell8. Bacteria colonization cervices, fissures, cracksep and depressions areas
of sand grainC. Location ofbacterial cells in grain breakage sle.Bacteria and diatoms located in
depth hollow on the grain surfade. A few bacteria observed on exposed surfaces despafathe
grain surfacef. Small colonies of bacteria attached on sand grain
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Fig. 3 Filamentous structures attaching bacterthe¢ sand grains

A. Coccal form bacteria produced long filamentouacstres,B. Cocci bacteria with short fila-
ments.C. Two rods bacteria attached to the grain surfacéléyents.D. Bacteria microcolonies
produced filaments net attaching them to sand grmathalso to each oth&. Bacterial biofilm at-

tached by filaments to the sand grdmDiatom formed filaments allowing colonization ofnsh
grain.
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Fig. 4 Morphological diversity of epipsammon baicténhabiting various parts of the beach

A. Short cylindrical bacterial cells on the surfafesand grain isolated from seB. Cylindrical
bacteria types inhabiting sand grain in waterlibeFlat and disc-shaped cells bacteria closely ad-
hering to the sand graiB. Rod-shaped forms bacteria isolated from middle the&acSimple long
cylindrical forms bacteria located on sand graimpi@s from duneF. Bacterium with a long
filament isolated from dune
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Fig. 5 Division of bacterial cells on sand grains

A. Examples of bacterial reproduction on surface gaad.B. Cylindrical bacteria inhabiting the
sand grain showed the ability to reproduces. Nb&t tletrital material is concentrated between
bacteria.C. Reproduction of coccus bacteria by transversaldieibion. D. Initial stage of bacte-
rial division. E. Sequel stage of cells divisioR. Final stage bacterial reproduction — daughter cells
separate from each other
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short cylindrical forms of the mean size 0.19 #8Mfn (mean = SD) (Fig. 4 A). At
site 2 located at the waterline, cylindrical baietavere larger than in the sea (1.38
+0.55mm) (Fig. 4 B). Flat, disc-shaped cells, closely exitiy to the sand grains,
and thus well protected from being detached frois slubstratum, were also ob-
served (Fig. 4 C). On the beach (site 3), simitathe waterline, rod-shaped forms
were present (Fig. 4 D). They were, however, lorf@e8 + 0.32vm) than those oc-
curring at the waterline. In the dune (site 4) daripng (1.56 + 0.30mm) rods pre-
dominated (Fig. 4 E); filamentous forms were aleted (Fig. 4 F).

The ability to reproduce is an evidence of thedmatal activity of bacteria adsorbed
to the sand grains. Figure 5 presents exampleaaiébal reproduction by transver-
sal cell division. Figures 5 A, B, C show variousrghological forms (cylindrical
and spherical) of bacteria during cell divisionddigures 5 D, E, F show bacterial
cells in various stages of this process. In thgalrstage of division only a small nar-
rowing can be seen (Fig. 5 D). In the succeediagest the narrowing becomes bigger,
and in the final stage the daughter cells sepfmateeach other (Fig. 5 E, F).

DISCUSSION

In the sandy sediments of marine beaches subjezixtreme activity of waves and
wind, over 90% of bacteria is fixed to the surfat¢he sand grain@vieyer-Reil et
al. 1978). Scanning electron microscopy (SEM) cttarized by a very high power
of resolution allows for a close to perfect obséoraof bacteria living in a sand
grain microhabitat. Employment of SEM makes it flssto study the topography
of distribution, numbers, and morphology of the glagions of bacteria adsorbed
to the sand grain@Veise and Rheinheimer 1978, Novitsky and MacSwWEESD).

It shows that only a small part of the availabladsgrain surface is colonized by
bacteria. The study carried out by Hargave (1972) @e Flaun and Mayer (1983)
with the use of SEM showed that microbial colorimatof sand grains was very
small compared to the available surface. Bacteojpulated as little as 0.01-5%
of the available area, which is also confirmed bg bbservation of microphoto-
graphs of the sand grains collected at the SopattbeWeise and Rheinheimer
(1978) and Yamamoto and Lopez (1985) draw attentiiothe fact that it is not
the surface area that limits the sand grain co#ditum by bacteria, but their individ-
ual topography and their shape. Significantly mbeeteria occur on the grains
with diverse topography characterised by high degrfeirregularity than on grains
with smooth surfaces. It was determined that bectprefer surfaces with rich
texture and tend to colonize cracks, crevicesufess pores, and depressions, while
they avoid exposed surfaces (Meadows and Ander866, Weise and Rheinheimer
1978, Novitsky and MacSween 1989he analysis of the SEM photographs of
the sand grains from the Sopot beach also revealsit was those niches that
were populated by bacterial single cells and celenBecause of such localization
on sand grains bacteria are able to withstand mioreend removal stresses of
high energy environment, due mainly to the waved &ind. It also protects the
bacteria from being eaten by grazing macro- ancdfaena and from mechanical
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damage caused by direct contact with neighbourargd sgrains (De Flaun and
Mayer 1983).

Analysis of scanning electron micrographs of baatgrhabiting sand grains on the
Sopot beach reveals that those organisms usuatlyr &s single cells or as small
colonies amounting to 5-20 cells. These resully ftdrrespond with the description
of the microphotographs of bacteria inhabiting $had grains on the beaches in the
German part of Baltic Sea and North Sea coast @\eisl Rheinheimer 1978) and
on two beaches in Nova Scotia (Canada) (NovitskiyMacSween 1989). Those au-
thors point out however that the SEM data must dresidered cautiously because
the preparation techniques are rather harsh faebacEspecially the dehydration
processes may destroy the structures by which tigctells in microcolonies are
attached to each other. In scanning electron miapdts single cells may thus pre-
dominate, whereas in natural conditions they forimecterial colonies.

The results of many studies (Yamamato and Lopes,18%fargeet al. 1996,
Braitwithe and Gribble 1998) indicate that besid@gourable localization, many
bacteria form specific structures, which allow fbe adsorption to the sand grains
and for stable attachment to each other. Thosetates are extracellular polysac-
charide secretions (EPS). They facilitate adheaiwhprotect bacteria from the pro-
cesses of erosion. SEM analysis of the bacteria fitte Sopot beach reveals that
many of those organisms were also able to syn#&ssS. The studies of Boyle and
Reade (1983) and of Decho (1990) show that the rB®8x plays a key role in the
optimal functioning of bacterial cells living ondtsurface of the sand grains. It gives
a very efficient protection from themplitude of physical and chemical factors, such
as pH, salinity, oxygen, temperature, and nutrgamicentration. Because of a close
vicinity of bacterial cells in the organic matria,genetic transfer between them is
also facilitated (Loosdrechdt al. 1990). Additionally, it is a very good meutidfor
bacteria to communicate with each other becauseimferous canals and nets pre-
sent (Robinson et al. 1984).

A significant morphological diversity of bacteria the perpendicular profile of the
Sopot beach was determined. Short cylindrical foroften aggregated in small
colonies, predominated in the samples collectethénsea; in the samples from at
the waterline, beach and dune single long cylirdignd filamentous cells predomi-
nated. This diversification is possibly due to thiferent a physicochemical condi-
tions (temperature, oxygen, pH, salinity, nutrieotganic matteralong the vertical
profile resulting in diverse conditions for the t&@ to live in beach (Novitsky and
MacSween 1989, drzejczak 1999).

In summary, the data presented here indicate nldatidual bacterial cells inhabiting
sandy beaches are able to withstand the abrasibrsteaar stress associated with
a high energy environment. Novitsky and MacSweef89) andBrown and
McLachlan (1990draw attention to the fact that bacteria colonizsagd grains are
optimally adapt to the extreme environment of matheaches, representing a major
part of the global marine coast ecosystem.
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BADANIA SKANINGOWE BAKTERII KOLONIZUJ CYCH ZIARNA PIASKU
PLA Y MORSKIEJ

Streszczenie

W pracy przedstawiono wyniki badalotycz cych bakterii kolonizujcych ziarna piasku
pla y morskiej zlokalizowanej w rejonie Sopotu. Prébgsku pobierano z morza z odleg o-
ci okoo 1,5 m od linii brzegowej (st. 1), z lirzegowej (st. 2),rodkowej cz ci play
(st. 3) oraz wydmy (st. 4). Przy yciu mikroskopu skaningowego badano rozmieszczenie
bakterii na ziarnach piasku, mechanizm ich adsodijpowierzchni ziaren piasku, zid-
cowanie morfologiczne i wymiary oraz ich zdoln@o rozmnaania.

Badania te wykaza y,e bakterie majzdolno do selektywnego kolonizowania ziaren
piasku preferujc g 6wnie os onite i nieregularne powierzchnie (szpary, szczehvil, ni -
cia, fa dy, rysy). Wiele komérek bakterii kolonizaych ziarna piasku tworzy o charaktery-
styczne struktury w Okniste, za pomddaérych organizmy te trwale waay si z pod oem.
Wykazano istotne zrdicowanie morfologiczne bakterii na poszczegdlngtanowiskach
badawczych. Wiele bakterii zaabsorbowanych do migiasku charakteryzowa o sidolno-

ci do rozmnaania.



