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The influence of disturbance on a hot spring cyanobacterial mat community was investigated by physically
removing the top 3.0 mm, which included the entire cyanobacterial layer. Changes in 16S rRNA-defined
populations were monitored by denaturing gradient gel electrophoresis analysis of PCR-amplified 16S rRNA
gene segments. Some previously absent cyanobacterial populations colonized the disturbed areas, while some
populations which were present before the disturbance remained absent for up to 40 days. Changes in
physiological activity were measured by oxygen microelectrode analyses and by '*CO, incorporation into
cyanobacterial molecular components. These investigations indicated substantial differences between the
disturbed and undisturbed mats, including an unexplained light-induced oxygen consumption in the freshly
exposed mat, increased carbon partitioning by phototrophs into growth-related macromolecules, bimodal
vertical photosynthesis profiles, and delayed recovery of respiration relative to photosynthesis.

We have used the Octopus Spring cyanobacterial mat as a
simple, stable model system in which to investigate principles
of microbial community ecology (30, 32). Our molecular and
dilution culture studies revealed novel 16S rRNA types that
have not been observed in isolates obtained by standard en-
richment culture and microscopic analyses (10, 19, 20, 28, 34).
16S rRNA-defined populations exhibit unique spatial distribu-
tions and thus represent unique populations of organisms
which are probably specialized to different environmental vari-
ables (11). Some of these novel populations have been de-
tected repeatedly, while others have only rarely been observed.
For instance, we frequently detect A- and B-type cyanobacte-
rial populations directly in the mat and in enrichment cultures
established with highly diluted mat inocula (9, 10, 30), whereas
other cyanobacterial populations, such as C9 and sequence
types I, J, and P, are infrequently detected (31). Even an
extensive seasonal survey of population distributions along
thermal gradients failed to reveal a pattern of occurrence for
these rare populations (11).

It is a common observation in plant and animal ecology that
physical perturbations can influence species distributions (2).
This occurs when an area occupied by persistent species is
cleared, permitting colonization by and growth and succession
of new species. In Yellowstone National Park, intense hail-
storms or trampling by bison and elk are noted sources of
natural stochastic disturbances to shallow microbial mat com-
munities, and anthropogenic disturbances have become an in-
creasing concern (5). We hypothesized that some of the rarely
detected bacterial populations may play the role of colonists.
As such, one might expect to find them in abundance only in
recently disturbed areas, possibly explaining their apparent
patchy spatio-temporal distributions (10).

Previous studies addressing the disturbance and reestablish-
ment of this or similar mats have been performed (5, 7). How-
ever, these studies did not have the benefit of molecular meth-
ods for the detection of bacterial populations. We now realize
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that this is imperative because many Octopus Spring popula-
tions cannot be discerned by traditional techniques, such as
microscopy and cultivation (10, 33-36). In the present study,
denaturing gradient gel electrophoresis (DGGE) analysis of
PCR-amplified 16S rRNA gene segments was used to monitor
changes in 16S rRNA-defined bacterial populations following
removal of the photosynthetic layer of the mat. DGGE is a
technique that can be used to separate equivalently sized dou-
ble-stranded DNA segments in an acrylamide gel based on
sequence differences (1, 17, 18). The resulting banding pat-
terns or “profiles” facilitate the detection of gross changes in
population structure and offer the ability to systematically
identify individual populations at the 16S rRNA sequence level
(9, 17). Microsensor analysis of oxygen microprofiles and dis-
tribution of oxygenic photosynthetic and respiratory activities
were conducted to correlate changes in microbial populations
during recolonization with changes in microbial activity. Phys-
iological differences between cyanobacterial cells within con-
trol and disturbed areas were evaluated by measuring the
incorporation and partitioning of '*CO, into carbohydrate,
protein, lipid, and low-molecular-weight cellular components.
Postdisturbance patterns of molecular synthesis were of par-
ticular interest, since recent studies have shown that cyanobac-
terial populations in undisturbed mat communities synthesize
primarily storage polymers (e.g., polyglucose) (19) whereas
increased synthesis of growth-related molecules would be ex-
pected in mat communities recovering from a disturbance
event. The overall goal of this study was to enhance our ability
to resolve successional events and increase our understanding
of the effects of disturbance on microbial mat communities.

MATERIALS AND METHODS

Study sites. The study site was a microbial mat community located in the
southernmost effluent channel of Octopus Spring, a thermal pool in the Lower
Geyser Basin of Yellowstone National Park, Wyo. (7). The upper surface of the
mat contains primarily two cell types, Synechococcus-shaped cyanobacterial cells
and filamentous bacteria believed to be Chloroflexus-like organisms (7, 32). It has
recently been demonstrated that phylogenetically diverse Octopus Spring cya-
nobacterial populations are contained within the Synechococcus phenotype (10).

Two sites in the mat were examined. Each was located several meters down-
stream from the source pool. Here the stream was approximately 25 cm wide and
2.5 cm deep with continuous flow over the experimental sites. The temperature
at site 1 varied between 55 and 62°C over a 2-min interval, whereas the temper-
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FIG. 1. DGGE profile of a representative undisturbed site 1 mat sample
(lane C), and triplicate profiles of site 1 mat immediately (lanes 0) and 5, 12, and
21 days after disturbance. Single letters indicate 16S rRNA sequence types;
double letters indicate heteroduplex bands (see the text).

ature at site 2, upstream from site 1, varied between 58 and 62°C over the same
interval. At each site, the uppermost 2 to 3 mm of mat was scraped away from
areas of approximately 7 by 15 cm (the longer measurement was parallel to the
direction of flow) with a spatula. This process visibly removed the green cya-
nobacterial layer. These scraped areas served as disturbed sites. Adjacent areas
a few centimeters upstream from each disturbed site served as undisturbed
controls. Microelectrode analyses were conducted toward the downstream side
of the disturbed areas to avoid disrupting the boundary between the control and
scraped sites.

Sample collection. A no. 4 (7.0-mm-diameter) cork borer was inserted into the
mat, and a small cylindrical core was removed. The top of each core (approxi-
mately 1.5 mm) was sliced off with a razor blade and placed into a 1.5 ml
screw-cap microcentrifuge tube. The samples were stored on dry ice during field
collections. During each sampling visit, triplicate cores were collected from both
the control and disturbed sites. Within each study site, all samples for DGGE
analyses originated within an area of approximately 7.0 by 9.0 cm. Previous
DGGE studies indicated that populations are distributed homogeneously within
areas of this size with the same temperature range (9). All the samples were
collected during a period from June through August 1995 at solar noon = 2 h.
Sampling at site 1 began on 9 June (day 0) and continued on days 5, 12, and 21.
Sampling at site 2 began on 18 July (day 0) and continued on days 7, 13, 27, and 40.

Synechococcus cell counts. Counts of Synechococcus-shaped cells were performed
for samples collected at site 1 on days 0, 5, 12, and 21, using a hemacytometer.

Nucleic acid extraction, PCR, DGGE, and sequencing. The methods used for
nucleic acid extraction, PCR amplification conditions, primer sequences, and
DGGE have been reported elsewhere (9, 11). The primers have been shown to
recover 16S rRNA sequences (Escherichia coli positions 1055 to 1406) from six
different kingdoms in the domain Bacteria (9, 28). Sequence information was
obtained from the major (i.e., the most intensely stained) bands that appeared in
the DGGE profiles of the control and test sites at the start of the experiment.
Thereafter, differential migration of bands produced by possibly different pop-
ulations was used to identify bands of interest for further sequencing. Since
identical band position alone is not an absolute indication of sequence identity,
some bands in samples from later time points were also sequenced. DGGE band
reamplification, sequencing, and sequence analysis methods have been described
previously (9, 11, 16).

Oxygen profiles and photosynthesis. Oxygen profiles in the mat were mea-
sured with a Clark-type oxygen microsensor described by Revsbech (25). The
sensors used were made so that the difference in signal between stagnant and
vigorously stirred air-saturated water was less than 1.5% and the 90% response
time to changes in oxygen concentration was less than 0.3 s. The tips were about
6 pm in diameter, and the shaft was made very slim (around 50 wm at a distance
of 2 mm from the tip) to minimize physical disturbance by repeated insertion into
the same spot. Construction of sensors with both these characteristics results in
very low current outputs. Even at 60°C in the spring water, the signals were only
about 40 pA for the ambient oxygen concentration (140 uM) and about 2 pA for
anoxia. A linear two-point calibration was performed by placing the microsensor
tip in the overlying water and dark-incubated anoxic mat. The cyclic temperature
changes in the spring resulted in some inaccuracy since both the oxygen concen-
tration in the overlying water and the sensitivity of the sensor were affected by
these changes. Thus, the current from the sensor could be read with excellent
accuracy but the absolute values are accurate only within a range of =10%. The
microsensor was inserted vertically from above with a manually operated micro-
manipulator, and the signal was recorded on a strip-chart recorder. All measure-
ments were conducted only in bright sunlight at solar noon * 2 h, and all oxygen
profiles were measured after the mat had been exposed to constant illumination
for a minimum of 15 min. The light intensity during sampling was ca. 65,000 lux
(LX-101 lux meter; Lutron).

APPL. ENVIRON. MICROBIOL.

Photosynthetic activity was measured by the light-dark shift technique (26).
The microsensor was positioned in the photosynthetic layer, and the change in
oxygen concentration during a short period of darkening was recorded. It has
been shown that the spatial resolution of this method is about 0.1 mm when the
change in signal is recorded within 1 s after the light is extinguished (13).
Circumstances in the field necessitated a dark period of about 2 s to accurately
record the change, and since the diffusion coefficient for oxygen at 60°C is 2.1
times higher than at room temperature, the spatial resolution of our measure-
ments was about 0.2 mm. The parameter obtained by this procedure is gross
photosynthesis; therefore, to obtain net photosynthetic rates, we would have to
subtract the simultaneously occurring respiratory activity in the same layer.

Darkening of the mat was accomplished with a 12- by 12-cm black plastic box
with the bottom removed. The upper surface of the box was 3 cm high at the end
facing the Sun (south) and 5 cm high at its north side. Thus, the upper surface
was almost perpendicular to the incoming sunlight. Sunlight entered the box
through a 6- by 6-cm square opening in the upper surface. A 1- by 1-cm extension
of the 6- by 6-cm opening was located at the center of the 6-cm side facing north.
This provided a small opening through which the oxygen microsensor probe was
inserted during experiments that required the 6- by 6-cm opening to be covered.
The box was held about 0.5 cm above the mat surface by steel rods fixed to the
outside of the box. Various light intensities were achieved inside the box by
placing one to three layers of translucent tracing paper over the 6- by 6-cm
opening. Darkening was accomplished by covering the opening with a sheet of
black plastic. It was necessary to move the box about every hour to keep the
microsensor insertion point within the center of the area illuminated through the
6- by 6-cm opening.

Radiolabeling and cell fractionation. Triplicate samples from both the scraped
and control areas at site 1 were collected with a no. 4 cork borer as described
above on days 0, 5, 13, and 21 and transferred to 4.0-ml glass vials containing 3.0
ml of water from the collection site. The samples were then incubated for 3 h at
ambient water temperature and light intensities in the presence of 1.0 pCi of
!4C-labeled sodium bicarbonate (54.6 mCi/mmol; New England Nuclear). Fol-
lowing incubation, the samples were frozen on dry ice to stop biological activity.
Cells were separated from unincorporated radiolabel by centrifugation (20 min
at 15,000 X g) and washed once with sterile water to remove unincorporated
14C0O,; 98.5% * 1.7% (mean = standard deviation [SD], n = 21) removal of
unincorporated '4C was measured in the first cell wash. The major end products
of photosynthesis were determined by partitioning cellular carbon into chloro-
form-soluble (lipid), methanol-water-soluble (low-molecular-weight metabo-
lites), hot trichloroacetic acid-soluble (carbohydrate), and hot trichloroacetic
acid-insoluble (protein) fractions by the method of Li et al. (15) as modified by
Fitzsimons et al. (12). The radioactivity in each of these fractions was determined
by liquid scintillation counting as previously described (21). Total incorporated
14C was calculated by adding the radioactivity detected in each fraction. By
comparison with whole-cell incorporation, recovery of '“C by this method was
determined to be 94.6% * 13.2% (mean = SD, n = 7). The extent of radiolabel
incorporation into cellular material in disturbed and undisturbed regions of the
mat was compared by a two sample ¢ test.

Nucleotide sequence accession number. The new sequence reported here
(type A") has been submitted to GenBank and assigned accession number
U88530.

RESULTS

Microscopic cell counts. At site 1, counts of Synechococcus-
shaped cells in the undisturbed mat were around 6.2 X 10°
cells/ml. On day 0, just after scraping away the surface layer,
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FIG. 2. DGGE profiles of representative control (lanes C) and disturbed
(lanes D) site 2 samples immediately (day 0) and 7, 13, 27, and 40 days after
disturbance. Single letters indicate 16S rRNA sequence types; double letters
indicate heteroduplex bands (see the text).
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FIG. 3. Vertical profiles of oxygen and gross oxygenic photosynthesis before (day 0) (a) and 7 (b), 13 (c), and 40 (d) days after disturbance of the site 2 mat.

microscopic fields were dominated by filamentous cell forms to
the extent that meaningful counts of the few Synechococcus-
shaped cells that may have been present could not be made.
On days 5, 12, and 21, the counts were 1.6 X 108, 3.2 X 108, and
5.5 X 108 cells/ml, respectively.

DGGE profiles. Major bands in DGGE profiles of replicate
samples were essentially identical. An example of this can be
seen in Fig. 1, where banding patterns of replicate samples
were the same on a given sampling day. DGGE profiles of
samples from control sites were also constant over time, except
that band C” from the site 2 sample seemed to diminish with
time and there was some variability in the formation of the AB’
heteroduplex bands (artifacts containing one strand from each
of two closely related sequences [11]) (Fig. 2). In contrast, the
DGGE profiles of disturbed areas appeared notably different
than those of the controls.

With one exception (noted below), the sequences of all
DGGE bands in this study have been previously detected in
the Octopus Spring mat (9, 11, 32). The identity of each band
is thus indicated by a letter that corresponds to an Octopus
Spring 16S rRNA sequence type. Bands A, A’, B, and B’ are
contributed by cyanobacterial populations; bands C and C” are
contributed by green nonsulfur bacterium-like populations,
and band E” is contributed by a green sulfur bacterium-like
population (Fig. 1 and 2). Heteroduplex bands are labeled with
two letters that correspond to their component sequences (11).
The sequences of three individual bands (labeled A" in Fig. 1
[site 1]), exhibited one nucleotide difference from that of band
A’ (Fig. 2 [site 2]).

Site 1 originally contained major bands identified as Octopus
Spring cyanobacterial types B and B’, green nonsulfur bacte-

rium-like sequences C and C”, and green sulfur bacterium-like
sequence E". A heteroduplex band, BB’, was present above the
B’ band. Faint bands that correspond to cyanobacterial type A
and to the AB’ heteroduplexes were also seen (Fig. 1, lane C).
This pattern was typical of samples in this temperature range
(11). Immediately following the removal of the surface layer,
the cyanobacterial bands were absent from the DGGE profile,
as was band E". Bands C and C” were present on day 0 and
throughout the experiment. Two bands labeled CC” were also
observed on day 0 just after removal of the surface layer. Our
best reamplification evidence suggests that these are hetero-
duplex molecules composed of C and C”, but this could not be
established with certainty (11). On day 5, an A’-like cyanobac-
terial band (A"), which was not detected before the distur-
bance, appeared in the profile; it remained present through
day 21. The other cyanobacterial bands, most notably the orig-
inally prominent B and B’ bands, remained absent. A faint E”
band was evident by day 21.

Site 2 initially contained cyanobacterial bands A and B’,
green nonsulfur bacterium-like bands C and C’, and the green
sulfur bacterium-like sequence, band E". This pattern was typ-
ical given the slightly higher temperature range and upstream
location relative to site 1 (11). In addition, two AB’ heterodu-
plex bands were present as the uppermost bands in the gel
(Fig. 2). As at site 1, the cyanobacterial bands were absent
from profiles immediately after removal of the surface layer. A
cyanobacterial band A’, which was not detected before the
disturbance, appeared on day 7 along with band A and the
heteroduplex band AA'. Heteroduplex bands AB’ were faintly
visible in the disturbed site on days 13 and 40 and are clearly
visible in the disturbed site on day 27, indicating the presence
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FIG. 4. Vertical profiles of oxygen penetration into the site 2 mat measured
immediately after disturbance in full sunlight and darkness.

of the B’ population. Band E” was absent on day 0, but a faint
band corresponding in position and sequence to band E” re-
appeared in the scraped site on day 40. Band C was present
throughout the experiment. Band C” appeared to diminish
with time.

Oxygen and photosynthesis. The oxygen and photosynthetic
activity profiles of site 2 at midday under full sunlight are
shown in Fig. 3. Similar results were observed at site 1 (data
not shown). Prior to removal of the photosynthetic layer, an
intense photosynthetic activity of up to 35 nmol cm > s~ ! at
0.2-mm depth in the undisturbed mat resulted in a peak oxygen
concentration of 820 uM at 0.3 mm deep (Fig. 3a). Oxygen
consumption in the deeper layers resulted in a decrease to 50%
of the peak concentration only 1 mm below the maximum. The
photosynthetic zone was about 0.9 mm thick, and the inte-
grated photosynthetic activity was 1.29 nmol cm ™2 s~ . Imme-
diately after removal of the photosynthetic layer, photosyn-
thetic activity could not be detected by use of the microsensors;
in fact, an apparent light-induced consumption of oxygen was
observed, as noted in a comparison of light and dark profiles
(Fig. 4). After 7 days, a pale green layer had developed at the
surface of the mat and a peak photosynthetic rate of 3.3 nmol
cm s~ ! was detected in the top layer (Fig. 3b). Low activities
could be detected down to a depth of 0.7 mm, but the total
activity (0.086 nmol cm™2 s~ ') was barely able to raise the
oxygen concentration above that found in the overlying water
(154 uM found at 0.2-mm depth). After 13 days (Fig. 3c), the
photosynthetic activity had increased considerably to 0.40 nmol
cm ™2 s~ ! with a peak activity of 12.8 nmol cm > s™' in the
surface layer. The photosynthetic activity had a bimodal ap-
pearance with a second peak at 1-mm depth and activity could
be detected down to 1.5-mm depth. The maximum oxygen
concentration was associated with the deepest maximum in
photosynthetic activity, where a concentration of 310 uM was
detected. After 40 days, the depth-integrated photosynthetic
activity was 1.04 nmol cm 2 s~! and was thus back to the

APPL. ENVIRON. MICROBIOL.

normal range (Fig. 3d). The distribution of the activity was,
however, quite different from that in the control, since activity
could be detected down to a depth of 3 mm. The activities at
depth were low but apparently were sufficient to balance res-
piration, as evidenced by the virtually linear (and vertical)
oxygen profile from 1 to 3 mm deep. The integrated photosyn-
thetic rates as a function of incubation time after removal of
the top layer are shown in Fig. 5.

Respiratory rates and oxygen profiles in the dark. From the
data on oxygen and photosynthesis 7 days after scraping (Fig.
3b), it can be seen that photosynthetic activity almost balanced
respiration within the mat, resulting in an almost vertical oxy-
gen profile across the water-mat interface. If photosynthesis
exactly balanced respiration, the profile would be vertical.
Since there was a slight excess of oxygen, photosynthesis under
these conditions must have slightly exceeded respiration, so
that the integrated rate of photosynthesis (0.086 nmol cm >
s~ 1) would slightly overestimate the rate of respiration. When
we reduced photosynthesis by shading the mat with one layer
of tracing paper, an oxygen deficit resulted (i.e., decreasing
oxygen concentration with depth rather than a vertical profile),
indicating that respiration then exceeded photosynthesis, and
the photosynthetic rate under these conditions (0.031 nmol
cm ™2 s!) underestimated the rate of respiration. The true
rate of respiration was judged to be between these extremes
(i.., 0.05 nmol cm~2 s~ !). We used this general approach to
estimate the respiratory rates for all postdisturbance time
points (Fig. 5).

The most inaccurately determined rates are those after 40
days, since even shading with three layers of paper did not
cause near-vertical oxygen profiles across the mat-water inter-
face, but all estimates are probably correct to within +=20%. It
is evident that removal of the photosynthetic layer reduced the
respiratory activity considerably, and the activity had not fully
recovered after 40 days (Fig. 5), although without replication
this is not a quantitative observation. The effect of disturbance
on respiratory activity was, however, also evident from the
oxygen profiles in scraped mat during dark incubation, where
both the oxygen gradient in the surface layer (the steeper the
gradient, the higher the respiratory activity) and oxygen pen-
etration (the shallower the oxygen penetration, the higher the
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FIG. 5. Depth-integrated photosynthetic rates and estimated respiration
rates in the undisturbed site 2 mat on day O and as a function of time after
removal of the top layer. Bars indicate the standard error (n = 6). Respiration
rates were not replicated.
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FIG. 6. Vertical oxygen profiles measured under dark conditions in the site 2 mat before (day 0) (a) and 7 (b), 13 (c), and 40 (d) days after the disturbance.

respiratory activity) indicate reduced respiratory activity
throughout the 40-day period (Fig. 4 and 6).

Partitioning of '*CO, into cell components. Samples from
the site 1 control area incorporated between 3.9 X 10° and
5.97 X 10° dpm of *CO, core™' (Fig. 7A, top panel) and
partitioned the majority of photosynthetically fixed carbon into
the polysaccharide fraction (67 to 79% of the total incorpo-
rated radiolabel) during the experimental period (Fig. 7A,
bottom panel). In contrast, cells in the scraped region of the
mat incorporated significantly less carbon than did those in the
controls on all sampling dates (P < 0.0305, » = 3) and dis-
played an increase in carbon incorporation between days 5 and
21 (Fig. 7B, top panel). In addition, cells in the disturbed
region of the mat displayed variable patterns of carbon par-
titioning between molecular components (Fig. 7B, bottom
panel). On day 5, "*CO, was partitioned nearly equally into
protein, low-molecular-weight compounds, and carbohydrate.
Carbon incorporation into the carbohydrate fraction increased
from days 5 to 21, and carbon incorporation into the protein
and low-molecular-weight fractions decreased over the same
interval. By day 21, the majority of the radiolabel associated
with cellular material was detected in the polysaccharide frac-
tion.

DISCUSSION

DGGE banding patterns, oxygen and photosynthesis pro-
files, and carbon fixation measurements indicated that substan-
tial changes in the Octopus Spring mat community occurred
following removal of the surface layers. The freshly exposed
undermat appeared red-orange. Microscopic examination of

this layer immediately after scraping revealed almost exclu-
sively filamentous cell forms with few Synechococcus-shaped
cells, indicating that most of the cyanobacteria had been elim-
inated. This is consistent with the absence of cyanobacterial
bands in the DGGE profiles and the absence of detectable
oxygen production. In addition, a light-dependent consump-
tion of oxygen was observed in the freshly exposed undermat.
This phenomenon has been reported to occur in deeper layers
of the Solar Lake microbial mat (i.e., >30 mm below the
surface freshly exposed by removal of the overlying mat layers)
(14). In our experiment, the newly exposed undermat was
about 3 mm beneath the original mat surface. No mechanism
for this phenomenon has been elucidated.

Recovery of Synechococcus mats following disturbances has
been noted previously. In some cases, recovery was measured
following an artificial disturbance, such as the application of an
opaque layer of silicon carbide to the surface of the mat (3, 7)
and a prolonged period of darkening which resulted in com-
plete washout of the Synechococcus-shaped cells (3). In one
case, recovery was measured after an intense hailstorm had
completely scoured away the mat, leaving behind an area of
cleared substratum (5). Our observation of an olive-green film
composed of Synechococcus- and Chloroflexus-shaped cells
covering the disturbed sites within a few days after the distur-
bance was consistent with observations made in the above
studies. Our cell counts were essentially the same as those
made by Brock and Brock following hailstorm damage to the
microbial mat in neighboring Mushroom Spring (5).

We were able to take advantage of DGGE, microsensors,
and radiolabel partitioning methods to provide a more detailed
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FIG. 7. Patterns of '*CO, incorporation (top panels) and partitioning into carbohydrate (triangles), protein (diamonds), lipid (circles), and low-molecular-weight
metabolite (squares) cellular fractions (bottom panels). (A) Control area; (B) site 1 immediately (day 0) and 5, 12, and 21 days after disturbance. Error bars represent

95% confidence intervals about the mean (n = 3).

view of the recovery of the cyanobacterial community and its
activity. Low levels of oxygen production and photosynthesis at
both sites 1 and 2 on days 5 and 7, respectively (Fig. 3b [site 2]),
were consistent with the re-formation of a cyanobacterial layer
shortly after the disturbance events. The DGGE profiles indi-
cated that the populations in the newly established layer dif-
fered from those in the undisturbed sites. Some populations
present before the disturbance were absent in the new layer,
and some populations that were not detected before the dis-
turbance appeared over time. New cyanobacterial populations,
A’ and A", initially colonized the freshly exposed undermat at
both of the disturbed sites. This occurred in the absence of
both originally prominent cyanobacterial populations, B and
B’, at site 1 and in combination with one of the originally
prominent cyanobacterial populations, A, at site 2. The reap-
pearance of the AB’ heteroduplex bands at later time points at
site 2 indicated that the B’ cyanobacterial population had also
begun to recolonize this area. The A’ and B’ bands are difficult
to resolve when they both appear in the same lane, but the
differential migration of their heteroduplex forms aided in
their detection.

Two green nonsulfur bacterium-like populations, C and C’,
and a green sulfur bacterium-like population, E”, were initially
present at each site. Removal of the surface layer appeared to
eliminate the E” population in both cases, suggesting that it
inhabits only the upper cyanobacterial layer of the mat. In
contrast, the C and C” bands appeared in the intact mat and
remained detectable in the undermat after scraping, suggesting
that these green nonsulfur bacterium-like populations may re-
side deeper in the vertical interval. These results are consistent
with the vertical positions of E-like and C-like populations in a
similar mat community (Mushroom Spring) (23). The bimodal
photosynthesis profile 13 days following disturbance of site 2
may indicate a vertical structure related to different cyanobac-
terial populations, also consistent with unpublished observa-
tions (23). The E” band had returned to detectable levels by
day 40 at site 2, and a faint E” band had also appeared at site

1 by day 21, suggesting that over time the E” population had
begun to reestablish itself at both sites.

The observation that A’-like cyanobacterial populations (A’
and A”) were involved in recolonization of both areas invokes
speculation about why this was so, especially since these pop-
ulations were not initially observed at either site. Establish-
ment of a population in the scraped areas probably involves a
combination of immigration and reproduction. Immigration
may occur by dispersal of cells from upstream areas or by the
active migration of motile cells into the disrupted site (24). It
is of note that the A’ cyanobacterial population is routinely
detected upstream, near the uppermost temperatures at which
the cyanobacterial mat is visible (9, 11). Thus, dispersal from a
hotter upstream site to the downstream disturbed sites might
account for the appearance of this population. However, if
dispersal from upstream was the dominant factor controlling
the appearance of populations in the scraped sites, one would
anticipate the appearance of the original populations, since
they, too, were present immediately upstream in the control
areas.

Our initial presumption that thermophilic Synechococcus
populations are essentially immobile and thus incapable of
actively traversing the scraped areas (6) was revised by the
recently demonstrated gliding motility of several Octopus
Spring Synechococcus isolates (24). Recolonization of the dis-
turbed areas by gliding Synechococcus cells would also seem to
favor cells that are closest to a newly exposed site, i.e., the
original populations. While it is not possible to determine
whether motility played a role in this study, the absence of the
B and B’ populations during recolonization of site 1 suggests
that motility was not a key factor in their case.

It seems more plausible that A’-like cells are, by some
means, more capable of establishing themselves in the exposed
site. Investigation of the environment in which A’ cells are
typically found leads to several possible explanations. The
highest-temperature regions of the Octopus Spring mat are
visibly thinner than the downstream portions, consisting of a
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thin, pale green film coating the channel substratum. It may be
that the A’ cells in these thin regions can tolerate higher visible
and UV light intensities and thus may be better able to cope
with equivalent conditions present in freshly exposed sites.
Alternatively, the uppermost temperature extremes may select
for populations that are capable of rapidly recolonizing the
fringe areas where cells are intermittently eliminated by occa-
sional surges of hot water from the source pool. Thus, A’ may
be an efficient colonizer, able to rapidly move into and grow in
areas free of competing cells.

Since B and B’ cyanobacterial populations, which differ by
only a single nucleotide in 300 positions analyzed, represent
different ecotypes (11), we hypothesize that the same may be
true for the A’ and A" cyanobacterial colonist populations.
Given the highly conserved nature of the 16S rRNA sequence,
it is even possible that the A’ population detected as a colonist
is not identical to the A’ population found in the undisturbed
mat at higher temperatures. This can be verified only by ana-
lyzing higher-resolution genetic markers.

Although we had hypothesized that some of the more rarely
detected 16S rRNA-defined cyanobacterial populations might
establish themselves in disturbed sites as colonizer species, this
was not observed. Previous DGGE surveys of the effluent
channel over a seasonal interval also failed to detect these rare
populations (11). It may be that such populations are simply
not abundant and are not efficient colonizer species (11). How-
ever, the possibility that methodological biases prevent the
detection of the 16S rRNA genes of these populations cannot
be excluded (8, 22, 27, 29).

It is likely that cell division played a significant role in the
reestablishment of Synechococcus populations. That growth of
Synechococcus cells had occurred at the disturbed sites can be
inferred from the *CO,-labeling results. Cells in the disturbed
site had allocated a higher proportion of fixed carbon into
growth-related cellular components by days 5 and 12 than had
those in the undisturbed control area, suggesting that Synecho-
coccus cells within the scraped sites were initially dividing more
frequently than those in the undisturbed mat. By day 21, car-
bon partitioning in the disturbed site was nearly the same as in
the undisturbed control area, suggesting that the rate of cell
growth had begun to decrease (21). '*CO, incorporation im-
mediately following scraping was unlikely to have been due to
cyanobacterial autotrophy, because cyanobacteria had just
been removed and no oxygenic photosynthesis was detected.

By the end of the experiment, 21 days for site 1 and 40 days
for site 2, the original population structures had not been
reestablished at either of the disturbed sites. Oxygen produc-
tion and penetration occurred throughout a considerably
greater depth interval than in the intact mat. Likewise, incor-
poration of '*CO, remained below initial levels. Respiratory
activity was not yet in balance with oxygenic photosynthesis.
The time required for full recovery of the microbial mat com-
munity remains to be determined.

Clearly, disturbances resulting from our anthropogenic in-
fluence affected the composition, structure, and function of
this microbial community. The same effect can be presumed to
occur after natural disturbances. The stability in community
structure observed over a seasonal cycle (11) suggests that such
disturbances may not be frequent, although in the month fol-
lowing the completion of this work, the entire mat was heavily
damaged by hail, which may have caused the types of changes
we observed. Extensive anthropogenic sampling might result in
similar effects.
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