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ABSTRACT: The structure of cyanobactenal mats growing in and on foam rubber (~nitiatedwith inoculates of defaunated sediments) is described by light and transmission electron microscopy. Different
horizontal layers can be recognised which largely correspond to what has previously been described
from stromatohtic mats in hyperhaline habitats, but phototroph diversity was lower than recorded from
natural mats. The maximum volume fraction of filamentous cyanobacteria was found within the upper
100 to 200 pm of the mat (about 10 or 25% when mucous sheaths are mcluded); deeper m the mat
(down to 3-4 nun where purple sulphur bactena appear) their volume fraction was reduced to about
about '4of that of the surface layer. The total length of cyanobactenal filaments beneath 1 cm2 mat 1s
about 14 km. Various types of cyanobacteria (chroococcoids, Phormidium, Microcoleus, and Nostoc)
were present, but 2 morphospecies of Pseudoanabaena were quanhtatively d o m n a n t in the studied
mats. Vertical migration of the organism in response to changing light conditions probably played a
minor role in these mats.
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INTRODUCTION

Among many studies on cyanobacterial mats published during the last 2 decades, few are concerned
with their spatial structure on a microscopic scale. A
major obstacle has been to obtain thin sections of communities that usually contain mineral grains and frequently carbonate deposits. Attempts to imbed mats
in resins and apply methods for obtaining thin sections
of geological specimens (Wachendorfer & Krumbein
1991) yield results with limited resolution and quality.
Scanning electron microscopy has given interesting
and attractive images of the 3-dimensional structure of
mats at different depths (Jlargensen et al. 1983, Stal et
al. 1985),but yields little information on the organisms
and cannot readily be used for quantitative estimates.
Transmission electron microscopy (TEM) of limited
parts of mats or of isolated organisms (Stolz 1983, 1990,
1994, Nicholson et al. 1987, D'Arnelio et al. 1989) has
primarily provided information on the diversity of mat
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biota, but the method has been limited by the difficulty
of making ultrathin sections.
The present paper describes the spatial structure
and biotal composition based on histological sections
of cyanobacterial mats growing on and in foam rubber
in combination with observations on living mat components.

MATERIAL AND METHODS

The inoculate for the mats was defaunated sediments from the shallow brackish NivA Bay 15 km south
of Helsinglar, Denmark (see Fenchel 1998a for methods) and the mats were maintained as described in
Fenchel(1998a).The sectioned mat was about 4 mo old
and grew in and on a 4 mm thick foam rubber plate
(the mat had at that tune grown about 0.7 mm above
the foam rubber surface while the purple zone extended below the foam rubber and into the underlying
sand). Vertical slices corresponding to a surface area of
approximately 2 X 5 mm were cut with a scalpel and
fixed in 3.5 % glutaraldehyde and 1.5% NaCl in 0.2 M
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pH 7.5 phosphate buffer followed by postfixation in
buffered 1 % OsO,. The fixed specimens were rinsed
in H 2 0 , dehydrated, embedded in epon and sectioned
on a n u1trarnicro:on;e (LKB). The 4 mm deep sections
were cut perpendicular to the mat surface. For light
microscopy, 2 pm sections were used after staining in a
toluidine blue solution prior to dehydration and mounting in DPX. For TEM, 0.1 pm sections were stained in
a saturated solution of uranyl acetate in ethanol and
viewed in a Zeiss EM900 electron microscope.
Estimates of volume fraction of different mat constituents were based on area fractions measured by
planimetry on TEM photographs (Aherne & Dunhill
1982). Such estimates were made on a series of 10
photographs, each covering a n area of 25 X 25 pm perpendicular to the surface (together covering the upper
0.25 mm of the mat), on a similar series situated about
1 mm beneath the mat surface, and on some individual
photographs at different depths in the mat.
Additional observations were made on live material
removed from the mat with steel needles or forceps.
Such observations were made regularly on mats of different ages growing on sand as well as on foam rubber. Identification of cyanobacteria
was based on Anagnostidis & Komarek (1988) and Komarek & Anagnostidis (1986, 1989).
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Fig 2. Schematic presentation of the vertical structure of
the mats

RESULTS AND DISCUSSION

The surface of young mats was
yellowish or light green and blistered due to the generation of O2
bubbles (Fig. l b ) . After about 3 wk,
mucous 'pinnacles' up to 2 mm tall
appeared and after about 2 mo the
surface became yellow or brownish
with lighter areas where carbonate
deposits (at a depth of 200 to 300 pm)
were visible through the mat surface
(Fig. l a ) .
A schematic presentation of the
vertical structure of a 4 mo old mat is
shown in Fig. 2; see also Figs. If & 3.
The light brown pinnacles consisted
of mucous material embedding
bacteria and relatively few Pseudoanabaena filaments, chroococcoids
(Fig. If), and some of the eukaryotic
constituents (see below). The surface of the pinnacles also often
harboured colonies of Nostoc which
did not seem to occur anywhere else

Fig. 3 . Sections of the flxed Inat in the light microscope; (a) from the surface to
0.25 mm depth; (b) between 0.32 and 0.77 mm depth. Scale bar: 50 pm
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Fig. 4 . (a) Deepest part of the mucous pinnacle layer (above) the parallel layer of cyanobacterial filaments. Scale bar: 2 pm.
(b) Pseudoanabaena morphotype found m the surface layer of the mat. Scale bar 1 pm

in the mats. Similar pinnacles are also a feature of
some naturally occurring cyanobacterial mats (Javor
& Castenholz 1981).
Below the layer with mucous pinnacles there was a
smooth horizontal surface (0 mm depth in Fig. 2);
beneath it the mat had a light brownish colour down to
a depth of 0.25 to 0.35 mm. This layer was totally dominated by filaments belonging to one of the 2 morphospecies of Pseudoanabaena (Figs. 4a, b, 5a & 6a). The
Living filaments appeared almost colourless, but fluorescence microscopy revealed the presence of chlorophyll as well as of phycoerythrin although these pigments were present at much lower concentrations than
in filaments living deeper in the mat. The filaments
were 1.0 pm in diameter and surrounded by mucous
sheaths. In the upper 30 pm of this zone many sheaths
were empty; at this level all filaments were oriented

parallel to the surface (Figs. 3 & 4a) and contained relatively few other types of bacteria. The greatest density of filaments occurred beneath this 'parallel layer'
and down to a depth of approximately 0.3 mm (Figs. 5a
& 6a). At this level the filaments appeared to have a
random orientation. The space between the cyanobacterial sheaths also contained mucous material as well
as numerous other, presumably mainly heterotrophic,
bacteria. These were often found adhering to the outer
surface of the sheaths (Fig. 4b), but none were found
inside. At these depths Pseudoanabaena filaments had
poorly developed thylakoids (e.g. Fig. 4b) in accordance with their low chlorophyll content.
Beneath 0.3 mm depth the mat turned light green
and the other morphotype of Pseudoanabaena appeared (Figs. 5b, 6b, c & 7a). It had the same cell diameter as the form inhabiting the surface layers. The
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cells had more thylakoids and appeared green, but this
was probably only a result of I l v ~ n gat gieater depth in
the mat However, the filaments also had thicker a n d
more elaborate mucous sheaths a n d s h o ~ v e d f a l s ~
branching within the sheaths so that several concentric
sheaths of different 'generations' were found in cross
sections (Flgs 5b, 6b, c & 7a) T h ~ sform grew ln bundles of parallel filaments (Flg l e ) a n d dominated the
biota from about 0 3 mm depth down to the bottom of
the green zone at about 4 m m beneath the surface I n
s ~ t uthe bundles tended to have a vertical onentation
(Fig 3b) The fact that both morphotypes of Pseudoanabaena occurred together between 0 3 and 1 mm
depth (Fig 6b) also suggests that they represent different specles The outer surface of their sheaths was
densely populated by attached bactena (Figs l e & 5b)
Around the transition between the brownish and the
light green zones (0 25 to 0 35 m m beneath the surface
of the 'parallel layer') carbonate minerals deposited,
resulting in a discrete white layer (Fig If) The carbonate layer was easily localised by dripplng dilute HC1 on
sections such as the one shown in Fig If a n d observing
the formation of C O 2 bubbles In the 4 mo old mat the
carbonate occurred in the torm of 100 to 200 p m large,
white granules (much as described by Dalrymple 1965
for natural mats), in 1 yr old mats these had grown
together to form a n almost continuous, but perforated,
100 to 200 pm thick plate (see also Fenchel 199813)
The green zone (whlch became dark green below
1 to 2 mm) was, as mentioned above, dominated by
bundles of the second morphotype of Pseudoanabaena However, filaments of Phormrdium sp (Fig I d )
a n d colonies of M~crocoleus(Fig l c ) also occurred, the
motile Phormldium filaments were mainly vertically
onented llke the Pseudoanabaena bundles In the
deepest part of the green zone M~crocoleusfilaments
often harboured attached colonies of purple sulphur
bactena (Fig l c ) The green layer also c o n t a ~ n e d
chroococcoid cyanobactena Purple sulphurbactena
appeared at a depth of 2 5 to 3 mm and had a maximum density at a depth of around 4 mm where the mat
turned purple
The mat also included structures which could not be
interpreted (Flg 7b) a n d various morpholog~callycharactenstic but unidentified prokarvotes (examples are
shown in Fig 8a-c)
The dominance of Pseudoanabaena seems unusual
In that most pieviously described mats seemed to be
d o m ~ n a t e dby forms like M~crocoleus,Phormidium,
Lyngbya, or Oscillatona The cell dimensions and ultrastructural details (such as the p e r ~ p h e r a lthylakoids,
see Anagnostidis & Komarek 1988) clearly shows that
the 2 dominating forms did belong to Pseudoanabaena However, among the previously published TEM
photographs of mat components, one presented bv

Nicholson et a1 (1987 t h e ~ Fig
r
5b) shows characteristics of Pseudoanabaena (length width ratio of cells,
peripheral thylakoids) and it is probably similar to the
forms described in the present paper These cyanobacterla may therefore also be a n important component of
other microbial mats
The mats studied here were characterised by the
apparent absence of filamentous colourless sulphur
bacteria whlch seemed to be present in most other
studied cyanobacterial mats ( e g J ~ r g e n s e nPc Des
Marais 1986 D'Amelio et a1 1989) and the mat surface
dld not become w h ~ t eIn the dark even though the mat
surface became anoxic and sulphidic In the present
mats most sulphide oxidation was phototioph~cin the
light (Fenchel 1998b),but in the dark this process must
have been catalysed by inconspicuous colourless sulphur bactena
The overall diversity of phototrophs in these mats
seemed lower than that reported from studles of natural mats (Nicholson et al 1987, D'Amelio et al 1989,
Stolz 1990) Certain cyanobactena which seem to
occur in most mats (Lyngbya, OsciUator~a Splruhna)
were absent Among non-oxygenic phototrophs the
purple sulphur bactenurn Thiocapsa dominated, green
sulphur bactena were present, but Chloroflexus filaments which have been reported from most other mats
were not observed
Eukaryot~cd~versitywas low a n d probably to a large
extent limited by the probability of surviving the
defaunation process of the inoculate (freezing at
-20°C see Fenchel 1998a) Diatoms Nav~culas p were
initially common in the surface layer, but became rare
In older mats Instead a n unidentif~ed,non-motile, 5 to
6 pm large spherical green alga, possibly a prasinophyte, was always common in the surface layers of
the mats Amoebae were comnlon and heterotrophic
flagellates occurred as did a few species of cillates,
among which only Protocrucla s p was consistently
present and common The mat also lncluded a variety
of unidentified, eukaryotic cysts Among metazoa an
unidentified nematode was consistently present and
specimens of the rotifer Colurella sp were occasionally
obscrt e d Altogether, biomass constituted by eukaryotes was too low to be quantified on the microscopic
sections
Fig 9 shows the volume fractlon of the mat constituted by the 2 quantitatively dominating components
filamentous cyanobactena and unicellular (presumably dominantly heterotrophic) bacteria Chroococcoid
cvanobactena were too rare for confident quantiflcation, but they constituted about 0 5"', of the volume of
the upper 0 2 mm The standard deviations of the individual data points in Fig 9 are 18 and 6 " ( , for f~lamentous cyanobacteria and b a c t e r ~ a ' respectively The
volume fractlon of the filamentous forms only Includes
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Fig. 8. (a) Small (-0.2 pm) prokaryotic organisms which occurred exclusively between 0.05 and 0.1 mm depth (can be seen in
Fig 5a). Scale bar: 0.1 pm. (b) Unidentified, presumably phototrophic prokaryote at a depth of 1.5 mm; the colonies contained
several cells. Scale bar: 0.5 pm. (c) Unidentified cyanobacterium, 3 m'm beneath the surface. Scale bar: 0.5 pm

cells in Fig. 9; if their sheaths are included the values
should be multiplied by 2.40 so that e.g. at 0.1 mm
depth the cyanobacteria including mucous sheaths
made up 25 to 30% of the entire volume (not including
empty sheaths and diffuse mucus). It can be seen that
the n~ucouspinnacles ( > O mm depth) contained relatively high numbers of bacteria, but few cyanobacterial

filaments, and that the density of filaments was highest
between 0.03 and 0.2 mm; below this depth the volume
fraction of the cyanobacteria remained relatively constant down to about 3 mm depth. Since the diameter of
the dominating cyanobacterial filaments was 1 , O pm,
it can be calculated that the total length of filaments
beneath 1 cm2 and down to a depth of 3 mm was
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their vertical position except for the response to the
slow vertical growth of the mat, which is only about
2 mm yr-l (Fenchel 1998a). The vertical migrations of
chemotrophic, filamentous sulphur bacteria in response to the die1 vertical migrations of the O2
gradients were a prominent feature of other studied
mats (e.g.Garcia-Pichel et al. 1994, Fenchel & Bernard
1995),but such organisms were absent from the descnbed mat. There was no evidence that the substrate
of the mat (foam rubber) was inhibitory to migrations;
also mats growing in a similar way on natural sediments yielded a n identical composition of the biota
(including the absence of filamentous colourless sulphur bacteria). Protozoa a r e also known to migrate in
cyanobacterial mats (and in other sediments) in response to changing PO, (Fenchel & Bernard 1996), but
this was not studied.

volume fraction
Fig. 9. Volume fraction of cyanobacterial filaments (excluding
sheaths) and of unicellular bacteria from the mucous pinnacles (about 30 pm above the surface of the parallel layer) and
down to a depth of 0.25 mm and between about 1.4 a.nd
1.6 mm depth. If sheaths are included, the volume fraction
constituted by filamentous cyanobacteria is 2.4 times higher

13.8 km. Other bacteria constituted on the average
2.3% of the mat volume at depths down to 0.25 m m
a n d 0.6% from 0.25 down to 3 m m depth. Since the
dimensions of t h e different bacteria varied considerably it w a s not possible to estimate their mean volume
from 2-dimensional sections. However, if w e assume
that the mean volume of the bacteria is 0.5 pm" (and
this is likely to b e a n overestimate) then the concentration of the bacteria was 4.6 X 101° ml-' in the surface
layers of the mat and 1.2 X 10'' ml-' further down. This
corresponds to 4.8 X l o g bacteria beneath 1 cm2 down
to a depth of 3 mm.
Vertical profiles of chlorophy1.l~(Fenchel 1998a) show
that chlorophyll a concentrations a r e 4 to 5 times
higher between 1 a n d 3 m m depth than in the upper
m m of the mat. Since the cyanobacterial biomass is 3 to
5 times higher in the uppermost layer, the chlorophyll
content of the cyanobacteria inhabiting deeper part of
the mat must b e 10 to 20 times higher than that of
cyanobacteria inhabiting the surface layers. The thylakoids a r e more developed in the cyanobacteria
further down, a n d the Pseudoanabaena filaments did
not show gliding motility in microscopic preparations
(in contrast to the less common Phormidiurn filaments).
Together, these obseruations suggest that the principal
phototrophs (which also provide the mechanical coherence of the mat) did not perform vertical migrations In
response to changing light conditions, but maintained
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