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considerations 
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ABSTRACT: Marine snow from the northern Adriatic Sea was examined using transmission electron 
microscopy (TEM) and non-disturbing embedding techniques in combination with ultrathin sectioning 
to visualize the fibrillar matrix of the snow and of the associated microorganisms at a resolution of 
ca 1 nm. Despite the high degree of heterogeneity of marine snow, TEM images clearly show fibril- 
mediated associations between algae, bacteria and embedded organic and inorganic particles. The 
similarity in morphology between diatom-derived polysaccharides and the dominant fibrils in the 
marine snow matnx led us to suggest that diatoms (ma~nly Chaetoceros sp.) were the most important 
producers of mucilage in the northern Adriatic Sea in summer 1993. Bacteria, however, also produced 
copious amounts of fibrillar material in marine snow, influenc~ng the structure and probably the phys- 
ical properties of the predominantly algae-derived matrix. While 42% of the marine-snow-assoc~ated 
bacteria exhibited a capsular envelope larger than their respective cell diameters and only 5% were 
laclung a capsule, only 12 % of free-living bacteria exhibited a fully developed capsule and 37 % were 
laclung any visible capsule. Thus we conclude that given the high bacterial abundance in marine snow 
found in earlier studies, the capsular envelope of marine-snow-attached bacteria might significantly 
influence the physical and chemical structure of the overall polymeric matrix of marine snow. 
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INTRODUCTION 

Marine snow has received considerable attention as 
a vehicle to rapidly transfer carbon from the euphotic 
zone to deeper layers of the ocean. Despite its ubiqui- 
tous occurrence in the world's oceans, marine snow 
formation occasionally leads to excessive amounts of 
mucilaginous material in the water column, such as in 
the northern Adriatic Sea (Herndl & Peduzzi 1988, 
Herndl 1992). In this semi-enclosed sea, a peculiar cur- 
rent system brings oligotrophic Mediterranean waters 
along the Croatian coast to the shallow northern 
Adriatic and along the Italian coast back to the 
Mediterranean Sea; this ciirrent system i s  modified 
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occasionally during summer when the northern Adri- 
atic becomes more or less isolated from the remaining 
parts of the Adriatic Sea (Orlic 1987). Under such con- 
ditions, the water column of the northern Adriatic is 
highly stratified, and thus low-turbulence conditions 
prevail. Recently, it has been suggested that the com- 
bination of this isolation of the northern Adriatic Sea 
due to the modification of the current system, a well 
developed pycnocline and a low-turbulence regime 
are prerequisites for the development of large masses 
of mucilage (Miiller-Niklas et al. 1994). Despite these 
physical preconditions, a major factor leading to exces- 
sive marine snow formation is an imbalance in the sup- 
n l x r  cf ~ ~ c ~ s ~ ~ ~ c  c ? d t ~ i ~ , n t ~ ,  !ezding, ir, :.L;;, :$ ;r, 'aye;- 
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flow reaction' in phytoplankton pnmary production 
(Fogg 1990). In 1991, a massive occurrence of marine 
snow in the northern Adriatic Sea was accompanied 
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by a high N:P ratio of inorganic nutrients of -70 and 
a photosynthetic extracellular release (PER) of -80% 
(Kaltenbock 91 Herndl 1992) in the surrounding water, 
while marine-snow-associated phytoplankton exhib- 
ited a significantly lower PER under more balanced 
nutrient conditions. Similarly, Myklestad & Haug 
(1972) and Fogy (1990) found in laboratory studies that 
phosphorus-depleted primary production is responsi- 
ble for high PER rates. Phosphorus-depleted primary 
production, however, is a specific characteristic of the 
northern Adriatic Sea, making it especially susceptible 
to excessive marine snow formation, hlorcovcr, Ober- 
nosterer & Herndl (1995) recently showed that, under 
phosphorus-depleted conditions, high PER accumu- 
lates in the system and is not taken up by bacterio- 
plankton since, in turn, their growth is phosphorus- 
limited as well. 

Although a series of studies has been performed on 
the role of microorganisms in the formation and degra- 
dation of marine snow and in its chemical composition 
(reviewed in Alldredge & Silver 1988), the structure of 
the fibrillar matrix remains largely unknown. Apply- 
ing Alcian blue as a carbohydrate-selective stain and 
optical microscopy (Kierrboe & Hansen 1993, Passow & 
Alldredge 1995, Schuster S1 Herndl 1995), it ha.s been 
shown that micrometer-sized 'transparent exopolymer 
particles' are abundant in surface waters (up to 
103 ml-l). Due to their polysaccharidic origin and their 
stickiness, these small particles might function as pre- 
cursors of marine snow. Ultrastructural examinations 
using high resolution transmission electron microscopy 
(TEM) can reveal further information on these trans- 
parent exopolymer particles, the formation of marine 
snow, the interactions of mlcroorganisms within the 
particles and the role of microorganisms in the alter- 
ation of the mucilage. As marine snow is greatly 
enriched not only with phytoplankton cells but also 
with bacteria (Miiller-Niklas et al. 1994) as compared 
to the ambient water, a major influence of these organ- 
isms should be detectable on the physical and chemi- 
cal properties of the mucilaginous matrix. 

Recently, Tranvik (1993) and Heissenberger & 
Herndl(1994) showed that bacteria release high molec- 
ular weight substances into the surrounding water. 
These organic macromolecules have been shown to be 
rather refractory. Therefore, bacterial activity associ- 
ated with marine snow might change the matrix of 
marine snow in 2 ways. On the one hand, the macro- 
molecules within fibrils may be cleaved due to bacterial 
ectoenzymatic activity, with the resulting mono- and 
oligomers being taken up by bacteria (Karner & Herndl 
1992, Smith et al. 1992). On the other hand, ~t has been 
shown that the availability of surfaces stimulates the 
production of exopolysaccharides by bacteria (Vande- 
vivere 81 Kirchman 1993) and that the production of 

polysaccharidic fibrillar capsules is an important 
mechanism for attachment (Corpe 1970, Fletcher & 
Floodgate 1973, Costerton 1984). These findings, and 
the assumption that particles trapped In marine snow 
provide a substrate for bacterial attachment, suggest 
that the production and release of refractory organic 
matter by marine-snow-associated bacteria may con- 
tribute to the form.ation of the fibrillar matrix and the 
gluing together of particles, ultimately resulting in the 
formation of larger aggregates (Leppard 1995). 

The aim of this study is to elucidate the ultrastructure 
and natural associations of the marine-snow-associated 
mlcroorganisms using a newly developed technology 
(Leppard et al. 1996, this issue) to minimize perturba- 
tion of the highly hydrated polysaccharide fibrils (see 
Leppard et a1 1996 for an in-depth description of the 
methods). Furthermore, specific attention was paid to 
characterization of the envelope of capsular material of 
free-living and marine-snow-associated bacteria. 

MATERIAL AND METHODS 

Study site and sampling. Marine snow and ambient 
water samples were collected along a trophic gradient 
across the northern Adriatic Sea i.n July 1993 (for a 
detailed description of the sampling stations see 
Karner et al. 1992) as well as in nearshore waters off 
Rovinj (Croatia]. Samples were taken from various 
depth layers with rinsed Niskin bott1.e~ as well as by 
SCUBA divers with hand-made syringes as described 
in Herndl & Peduzzi (1988). From on board the RV 'Vila 
Velebita', marine snow from each respective sampling 
depth was collected as descnbed in d.etai1 in Leppard 
et al. (1996). 

Optical microscopy. In order to obtain an overview 
of the matrix of marine snow, 1 or 2 aggregates with 
ambient water were stained with a few drops of a 
toluidine-blue solution (0.02 % in distilled water on a 
microscope slide, thoroughly mixed during applica- 
tion). After 20 min, the stained particles were covered 
with a cover slide and observed under a Nikon (Micro- 
phot-SA) optical microscope. 

Transmission electron microscopy. As outlined in 
detail in the companion paper (Leppard et al. 1996), 4 
different preparatory treatments were used correla- 
tively; this allowed us to delineate the specific artifacts 
inherent in each of the preparatory treatments. All 
preparations were performed in 5 replicates and within 
10 min after sampling in order to avoid storage artifacts 
(Perret et al. 1991, Leppard 1992). Ultrathin sections of 
embedded samples (50 to 70 nm) mounted on grids 
were examined with a JEOL 1200 EX I1 TEMSCAN 
scanning-transmission electron microscope (STEM) 
operating at 80 keV in transmission mode. 



Heissenberger et al.: Ultrastructure of marine snow 

Determination of the capsular envelope of bac- 
teria. In order to determine the extent of the capsular 
envelope in bacteria, at least 3 sections of each repli- 
cate (ambient water and marine snow, respectively) 
were examined. In marine snow samples, only bacte- 
ria not directly embedded in the dense matrix of the 
flocs were considered (1) to ensure that the capsule 
is actually derived from the bacterium and (2) to 
allow a crude sizing of the capsular envelope. The 
size of the capsule was split in 4 categories: fully 
developed capsules covered the whole cell surface 
and were 21 cell diameter; well-developed capsules 
were >0.5 to I 1  cell diameter or covered more 
than half of the cell surface; poorly developed cap- 
sules consisted of only a few fibrils and/or covered 
less than half of the cell surface; cells lacking any 
capsule were also counted. In order to avoid under- 
estimation of the size of the capsular envelope due to 
extraction artifacts, only glutaraldehyde/ruthenium- 
red-fixed samples (Leppard et al. 1996) were exam- 
ined. 

RESULTS 

Due to the heterogeneity and the large number of 
samples investigated, the comments below refer to the 
most common types of marine snow. During the inves- 
tigation period, the marine snow was generally rather 
small, ranging from 0.5 to 20 mm in diameter. 

Optical microscopy 

Optical microscopy showed the heterogeneous 
structure of marine snow particles. As revealed by 
acidic polysaccharide-selective stains like toluidine 
blue, the main components of the matrix consisted of 
amorphous mucilaginous material (Fig. 1). Besides 
mucilage, the particles contained large numbers of 
diatoms (mainly Chaetocer-os sp.) ,  bacteria, organic 
debris (such as algal scales, fragments of bacterial cell 
walls and parts of zooplankton), and inorganics (such 
as fragments of diatom frustules or clay particles). 

Fig. 1 Typical marine snow particle stained with toluidine blue and observed by optical microscopy; the amorphous mucilaginous 
matrix stains pink. Embedded in the matrix are Chaetocerossp. cells (C), organic debris (0) and inorganic particles (I) 
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Ultrastructure of marine snow 

Despite the heterogeneity of marine snow, the large 
number of samples examined allowed us to make gen- 
eralizations about the marine snow of the northern 
Adriatic Sea. 

The general features detectable were: (1) bacteria 
were dominant in terms of numbers; (2)  diatoms were 
the dominant eukaryotes; (3) polysaccharide fibrils 
were the major component of the mucilaginous matrix, 
providing a structural framework of polymer bridges 
which cross-connected other marine snow subcom- 
ponents (both colloids and true particles); (4) fibrils 
appeared to be mainly of algal origin, but a significant 
part of the matrix was bacteria-derived; (5) several 
mineral types were present in large marine snow; 
(6) no correlation was found between the trophic state 
of the water and general aspects of the ultrastructure 
of marine snow. 

Besides fibrils and organisms, colloidal organic 
debris and organo-mineral debris were important 
components of the matrix of marine snow. Much of this 
debris consisted of submicron particles with distinctive 
geometry and substructure. Among these distinctive 
colloids were algal scales, coccoliths, patterned re- 
mains of bacterial cell walls, organic crystals, patterned 
tubes (possibly stalks from attached protozoans) and 
trichocysts. 

Although 4 different preparatiodembedding tech- 
niques were used, all samples illustrated here (except 
Fig. 1) were prepared using the glutaraldehyde + 
ruthenium red preparation because it yields the clear- 
est images of the associations within the marine snow 
matrix (Leppard et  al. 1996). The complexity of the 
structure of marine snow and the patchy distribution of 
bacteria and fibrils on the ultrastructural level are 
demonstrated in Fig. 2. Despite the extreme hetero- 
geneity, subcomponents seemed to be connected and 
associated with each other. The most frequent 
microbe-microbe associations were bacterium-bac- 
terium and bacterium-alga, with the alga being usually 
a colonial diatom (mostly Chaetoceros sp.). While the 
bacteria tended to be present as individual cells in 
mixed communities (Fig. 2A), discrete colonial types 
were also seen (Fig. 2B). Virus-virus and virus-bac- 
terium associations were also detected. 

Fig. 3 demonstrates the relationship between 
Chaetoceros sp. cells and their external mucilage. The 
alga was typically found as a small linear colony, with 
a small number of thin long setae projecting from each 
cell (Fig. 3A inset). A voluminous and irregular layer of 
mucilage surrounded the colony, with dense patches of 
mucilage attached to some setae. At high resolution, 
the gel-like structure of the mucilage was detectable 
as a 3-dimensional network of fibrils with a high 

porosity throughout much of the mucilage layer 
(Fig. 3A). Fig 3B shows the fibrils acting as polymer 
bridges with an average width of -5 nm and thus not 
detectable as individual ftbrils by optical microscopy or 
conventional scanning electron microscopy. The fibrils 
in Fig. 3B are part of a dense patch of mucilage which 
cross-connects several setae. Many Chaetoceros sp. 
cells found in marine snow were not active, either 
being devoid of cytoplasm or containing spores. 

Fig. 4 represents a selection of marine-snow- 
associated bacteria surrounded by capsular enve- 
lopes. The fibrillar component is well developed in 
each case. It is evident from Fig. 4 that the structure of 
fibrils can be different in different bacteria and that 
more than 1 fibril morphotype can be found per bac- 
terium. Generally, marine-snow-associated bacteria 
were found to have their capsular envelope more 
extensively d.eveloped than free-living bacteria 
(Tdble 1, Fiy. 5) .  While 4 2 %  of the marine-snow- 
associated bacteria exhibited a capsular envelope 
larger than their cell diameter, the corresponding 
value for free-living bacteria was only 12%. On the 
other hand, 37% of the free-living bacteria but only 
5 % of marine-snow-associated bacteria had no 
capsule (Table 1). 

DISCUSSION 

Under the special nutrient conditions of the northern 
Adriatic Sea it has been previously shown that photo- 
synthetic extracellular release (PER) can reach -80% 
(Kaltenbock & Herndl 1992) and leads subsequently to 
the formation of marine snow. Using TEM, this com- 
monly assumed 'dissolved' PER has been shown to 
consist at least partially of polysaccharide fibrils linked 
closely together, providing an efficient 'trap' for bac- 
teria and other small particles (see also Kepkay et al. 
1993). 

In the northern Adriatic Sea, marine snow has been 
shown to become increasingly enriched with bacteria 
over a period of -3 mo (Muller-Niklas et al. 1994). 
Given the high abundance of marine-snow-attached 
bacteria and the high percentage of bacteria (-70%) 
with a capsular envelope of at least half of the cell 
diameter (Table 1, Figs. 4 & 5),  it is evident that 
marine-snow-associated bacteria might contribute 
substantially to the polysaccharide matrix of marine 
snow. Capsular envelopes similar to those shown in 
Figs. 4 & 5 have also been documented by Cowen 
(1992). The production of these exopolysaccharides is 
stimulated by the presence of inorganic particles or 
organic debris, as demonstrated by Vandevivere & 
Kirchman (1993). These authors suggest that most 
marine bacteria are able to adapt their ability to pro- 





"
3
 2
 

g 
c

c
! 

n.
 

&
 L

J 
5

. 4
 

E
g

rn
 

2 
5 

3
 

E
3

 5
 

g c.
 3

. 
,
 

E
g

o
 E

 
5

s 
2
3
 

(
D

-
 

U
 

a
%
 cl

 
LE

?"
 

3
.
9

 0
"
 

X
L

2
3

 
3

m
0

 
W
O
.
,
 

F 
&

P
P

_
. 

$2
 g

? 
W

 
c

 -
3

: 
1
 

V
I 

9
 

Y
 
3
~
 

,m 
W
 

b
?
,
 2: 

- "
2

 &
,5

 

W
 

t;
 '

 
- 

n
m

 

g 
g 
z 

;;. 
5.

 
D
 

7
 

g
%

; 
Q

?
P

 



Heissenberger et  al.: Ultrastructure of marine snow 

Fig. 4.  TEM images of 3 different morphotypes of marlne snow-associated bacteria; these bacteria exhibit a well-developed 
fibrillar capsule exceeding the actual cell volume 

duce exopolysacchandes depending on the availability 
of colonizable surfaces. Bacterial adhesion via polysac- 
charide production has also been shown to be induced 
by starvation (Wrangstadh et al. 1986) a:nd to be a 
major mechanism in the attachment to surfaces 
(Fletcher & Floodgate 1973, Costerton 1984). The large 
extension of the capsular envelope in marine-snow- 
associated bacteria might be interpreted as an anchor 
site for the bacterium on the surface and, additionally, 

as a site to scavenge charged molecules (amino acids, 
metals). There is evidence that marine-snow-associ- 
ated bacteria exhibit higher ectoenzymatic activity per 
cell than do free-living bacteria (Karner & Herndl 
1992, Smith et al. 1992). Since it is thought that a large 
portion of the ectoenzymes is embedded in the capsu- 
lar envelope (Chrost 1991), it is thought that the fre- 
quently detected higher per-cell activity is directly 
related to the dimension of the capsular envelope. 

Table 1 Development of the capsular envelope in free-living versus marine-snow-associated bacteria (for a description of the 
criteria see 'Materials and methods'). Values are given as mean precentage i SD (n = 6 for ambient water, n = 5 for marine snow). 

Total number of bacteria enumerated was 109 free-living and 187 marine-snow-associated bacter~a 
P P 

Fully developed Well developed Poorly developed No capsule I 
11.88 + 6.24 28.17 + 11.91 23.20 * 9.26 36.75 2 7.79 

Marine-snow-associated 42  12 2 10.42 28.08 + 11.75 24.68 + 5.46 5.12 + 3.10 



Mar Ecol Prog Ser 135: 299-308, 1996 

Fig. 5. TEM micrographs showing specific bacterial attachments. (A) A bacterium attached with fibrils to a diatom seta. (B) A 
bacterium attached to debris vla polymer bridges of fibrils. Scale bar = 0.25 pm 

A major biological contribution of this study rests in 
its description of the relationships between fibrils, fib- 
ril-secreting microorganisms, the mucilaginous matrix 
of marine snow and the various particulate and col- 
loidal subcomponents of marine snow. These relation- 
ships are depicted in Fig. 6, which also indicates pos- 
sible transformations between the various kinds of 
marine snow precursors and marine snow and their 
interaction with their physico-chemical environment. 
Some roles of important marine biota and molecules 
are shown in relation to marine snow and its fibrils. I t  is 
postulated in Fig. 6 that there is a size continuum from 
single polysaccharide fibrils (in the nm range), pro- 

duced and extruded across the cell surfaces of auto- 
and heterotrophic microorganisms, to fibrillar mesh 
bundles or 'transparent exopolymer particles' (TEP) (in 
the pm range) or mucus sheets in the mm range. TEP 
are predominantly produced by turbulence and shear 
(Kierrboe 1993, Schuster & Herndl 1995) and might, in 
turn, further aggregate to form eventually marine 
snow (size range: cm to dm). Thus the entire spectrum 
of polysaccharide material ranges over -7 orders of 
magnitude. All these polysaccharide-rich 'particles' 
outlined in Fig. 6 undergo modification due to aggre- 
gation, disaggregation, adsorption and desorption of a 
variety of molecules. 

an~mals 

Fig. 6. Suggested scheme of 
polysaccharide particle for- 
mation in the sea. A size 
continuum is proposed 
from single fibrils (in the nm 

6m$mreqauon range) released by rnicroor- 
ganisms to the mdrine 
snow (in the dm range). At 

flagellate ur~l~zatarlon'l all levels of partlcle size, 
bacternal urrlrzatxln 

these particles expenence 
various physically, chemi- 

I mrrwmanisms embedded i cally and biologically medi- 

I Metazoa embedded i ated modif~cations 
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In summary, we have shown that the careful use of 
TEM techniques provides insights into the nlicroenvi- 
ronment of bacteria and eukaryotes embedded in the 
fibrillar matrix of marine snow. Furthermore, we have 
demonstrated that bacterioplankton associated with 
marine snow produce copious amounts of capsular 
material which might act as a sorption site for mole- 
cules which are, in turn, taken up subsequently and/or 
act as a retention mechanism for ectoenzymes. We 
have presented evidence that the capsular envelope 
exceeds the volume of the cell in about 70% of the 
marine-snow-associated bacteria and in about 40% of 
the free-living bacteria. It is likely that this polysaccha- 
ride capsule has to be continuously renewed. The fate 
of the replaced polysaccharides remains unknown. 
This capsular material could either be released into the 
bulk seawater or degraded within the newly formed 
fibrillar matrix. Currently, experiments are being de- 
signed to answer these questions. 
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