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Simultaneous measurements of photosynthesis (both oxygenic and anoxygenic) and N, fixation were con-
ducted to discern the relationships between photosynthesis, N, fixation, and environmental factors potentially
regulating these processes in microbial mats in a tropical hypersaline lagoon (Salt Pond, San Salvador Island,
Bahamas). Major photoautotrophs included cyanobacteria, purple phototrophic bacteria, and diatoms. Che-
mosystematic photopigments were used as indicators of the relative abundance of mat phototrophs. Experi-
mental manipulations consisted of light and dark incubations of intact mat samples exposed to the photosys-
tem II inhibitor DCMU [3-(3,4-dichlorophenyl)-1,1-dimethylurea], a dissolved organic carbon source (p-
glucose), and normal seawater (37%o). Photosynthetic rates were measured by both O, and '*C methods, and
nitrogenase activity (NA) was estimated by the acetylene reduction assay. Moderate reductions in salinity
(from 74 to 37%o0) had no measurable effect on photosynthesis, O, consumption, or NA. CO, fixation in
DCMU-amended samples was ~25% of that in the control (nonamended) samples and demonstrated photo-
synthetic activity by anoxygenic phototrophs. NA in DCMU-amended samples, which was consistently higher
(by a factor of 2 to 3) than the other (light and dark) treatments, was also attributed to purple phototrophic
bacteria. The ecological implication is that N, fixation by anoxygenic phototrophs (purple phototrophic
bacteria and possibly cyanobacteria) may be regulated by the activity of oxygenic phototrophs (cyanobacteria
and diatoms). Consortial interactions that enhance the physiological plasticity of the mat community may be

a key for optimizing production, N, fixation, and persistence in these extreme environments.

Microbial mats are laminated communities that form inter-
dependent layers of vertically stratified heterotrophs, chemo-
autotrophs, and photoautotrophs in aquatic habitats (35). The
cohesive, turf-like matrix is constructed of interwoven cya-
nobacterial filaments (trichomes) covering the sediment sur-
face. Mat microbes are aligned in discrete vertical layers that
conform to chemical and light gradients within the mat (6, 8,
10, 29). These microbial communities are highly productive
and significant contributors to carbon (C) and nitrogen (N)
cycling in some shallow-water habitats (12, 17, 28). Primary
productivity (CO, fixation) and the biological conversion of N,
to NH; (N, fixation) are two major ecophysiological processes
that determine the potential for phototrophic community
growth (2, 17, 29). Nitrogen fixation, used by some prokaryotes
(diazotrophs) to avoid chronic N limitation in oligotrophic
systems, may meet N demands or provide supplementary
“new” N for growth by N-requiring phototrophs (2, 17, 19, 34).
The chemical and ecological interactions of N, fixation, CO,
fixation, and related C and N cycling are of fundamental im-
portance in controlling mat production. However, the contri-
butions of individual mat components to the emergent prop-
erties (productivity, N, fixation, etc.) of the community are
poorly understood.

Mat production is regulated by the complex interactions
between C, N, and other nutrient (biogeochemical) cycles
within the mat matrix and external exchange with adjacent
environments (i.e., sediments, overlying water, and the atmo-
sphere) (12). Although nitrogen dynamics in mats have been
studied (2, 19, 23, 29), simultaneous measurements of CO,
fixation, oxygenic-anoxygenic photosynthesis, and N, fixation
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are needed to understand the primary factors and mechanisms
controlling community production. The contribution of each of
the major phototrophic mat consortia (cyanobacteria, purple
phototrophic bacteria, and eukaryotes) must be considered to
understand the processes involved in structuring and maintain-
ing these complex communities (8, 18).

The Bahamian Islands have many small hypersaline lagoons
supporting benthic microbial mat communities (4, 16, 23). The
calm, protective conditions and shallow waters of these lagoons
provide an ideal habitat for the prolific growth of both struc-
turally and functionally well-developed mats. Microbial mats in
these lagoons are appropriate models because the stability of
these systems promotes close coupling of biogeochemical gra-
dients and community structure (6, 18). In addition, this sta-
bility leads to the development of distinct layers (community
stratification) of physiologically diverse microbiota engaging in
consortial interactions. The purpose of this study was to exam-
ine the relationship between oxygenic and anoxygenic mat
photosynthesis, nitrogen fixation, and factors potentially con-
trolling these processes in a typical Bahamian hypersaline la-
goon habitat.

MATERIALS AND METHODS

San Salvador Island (24°N, 72°W), in the eastern Bahamas, contains several
shallow ponds and hypersaline lagoons (Fig. 1). Lagoon salinities vary from 45 to
>100%o seasonally, depending on rainfall during the wet season (summer and
fall). Salt Pond is a small (0.05-km?) enclosed, shallow (<0.5-m) hypersaline
(74%o0) lagoon carpeted with a thick (0.5- to 1.0-cm) mat dominated by cya-
nobacteria. The mat community is composed primarily of the filamentous cya-
nobacteria Microcoleus chthonoplastes, with a small amount (<5%) of Lyngbya
spp. underlain by a layer of purple sulfur bacteria (Chromatium spp.) and cov-
ered by a thin film of benthic diatoms. Deep cores reveal alternating periods of
prolific mat growth, sedimentation events, and a layer of pure gypsum at ~1.0 m
in the sediment. The pH of the hypersaline water in Salt Pond is 7.95 to 8.00.

Large sections (500 cm? by 5 cm) of mat were collected on 23 to 29 March 1996
from Salt Pond and transported to the field station, and cores were obtained for
individual incubations and photopigment analyses. Experimental manipulations
consisted of light and dark incubations of mat samples exposed to the photosys-
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FIG. 1. Maps of San Salvador Island, Bahamas, and Salt Pond, a hypersaline
lagoon containing the microbial mats examined in this study.

tem II inhibitor DCMU [3-(3,4-dichlorophenyl)-1,1-dimethylurea; 10 uM final
concentration], a dissolved organic carbon (DOC) source (DOC as p-glucose; 5.0
mM), and normal seawater (37%o). The final concentration of ethanol, associ-
ated with DCMU additions, was less than 0.25 pM and should not enhance
heterotrophic activities over the short (<3-h) incubation periods. Incubations
were conducted outside under ambient irradiance in small pools continuously
flushed with flowing seawater for temperature control. For dark incubations,
containers were wrapped in three layers of aluminum foil and submerged in the
incubation pools. Air temperatures during the daytime period ranged from 24.1
to 32.9°C, and water temperatures varied from 27.1 to 34.6°C. All incubations
were conducted between 10:00 a.m. and 2:00 p.m.

Photosynthetic rates of intact mat cores were measured by both O, and '*C
methods. For O, incubations, mat cores (18.5 cm? by 0.5 cm) were placed in clear
plastic bags (1-pt Ziploc bags) and filled with water (100 to 300 ml) collected
from Salt Pond. Bags containing the mat cores were submerged in a water bath,
slowly filled with water, and then sealed underwater to minimize aeration and
exclude air bubbles. The flexible plastic bags also facilitated gentle mixing of the
water during incubations. The dissolved O, concentration and pH were mea-
sured simultaneously at fixed intervals during incubations. Incubation water (500
wl) was withdrawn from the sealed plastic bags with a gas-tight syringe and
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injected into a small-volume sample chamber (200 pl; Cameron Instruments
BC202 gas cell and BGM 200 analyzer). The partial pressure of dissolved oxygen
(pO,) was determined with a Clarke-style oxygen electrode, and the pH was
measured with a glass pH electrode. For these experiments, O, production was
defined as the net increase in O, concentration per unit time and was equivalent
to oxygenic net primary productivity. O, consumption was defined as the net
reduction in O, concentration per unit time and represents the sum of aerobic
respiration and abiotic oxygen consumption. Preliminary incubations were un-
dertaken to determine optimal incubation times, assess the effects of elevated
pO, on photosynthetic rates, and compare O, and '*C methods.

For carbon (CO,) fixation measurements, cores (1.15 cm? by 0.5 cm) were
placed in 20-ml glass scintillation vials (with polypropylene caps) along with 20
ml of the incubation water and 0.2 ml of NaH'*COj; (3.5 pCi; 58 pCi wmol 1).
Following incubations, mat plugs were placed on drying paper, dried, and fumed
with concentrated HCl for 6 h in a covered container to remove unincorporated
and abiotically precipitated '*C. Preliminary experiments indicated that 6 h was
sufficient to remove all inorganic '*C (19). Scintillation cocktail (5 ml of Cyto-
Scint [ICN Inc.]) was added, and each sample was stored in the dark for 24 h
before being counted. Counts (Beckman TD 5000 liquid scintillation counter)
were converted to disintegrations per minute by using a quench curve based on
calibrated '*C hexadecane (NEN, Inc.). The amount of dissolved inorganic
carbon in the incubation water was measured by infrared gas analysis (Beckman
model 864 infrared analyzer). CO, uptake rates for light-incubated samples were
corrected for dark CO, uptake (i.e., CO, fixation = light uptake — dark uptake).

N, fixation was estimated by the activity of the N,-fixing enzyme complex,
nitrogenase. Nitrogenase activity (NA) was determined by the acetylene reduc-
tion assay (1, 31). Cores (1.15 cm? by 0.5 cm) were placed in 15-ml glass serum
vials, 6 ml of incubation water was added, and the vials were capped with rubber
serum stoppers. Acetylene (2 ml), generated from calcium carbide, was injected
into each sample. After incubation, the vials were shaken vigorously for 30 s to
equilibrate acetylene and ethylene, and 2 ml of the gas phase was transferred into
evacuated 2-ml vials. Ethylene concentrations were quantified by injecting 300 .l
of the headspace gas into a gas chromatograph (Shimadzu model GC9A with a
flame ionization detector and a 2-m Porapak-T column at 80°C).

Core samples (0.50 cm? by 0.5 cm) for photopigment analysis were collected,
stored in 2-ml microcentrifuge tubes, wrapped in foil, and frozen. Photopigment
samples were sonicated (30 s) and extracted in 1.5 ml of solvent (45% methanol,
45% acetone, 10% deionized H,0) (5, 22). Chemosystematic carotenoids and
chlorophylls were used as indicators of the relative abundance of major microal-
gal groups (i.e., cyanobacteria, purple phototrophic bacteria, diatoms) (25). Pho-
topigment quantification was achieved by high-performance liquid chromatog-
raphy (14, 26, 32). Three reverse-phase C,g columns were connected in series to
optimize photopigment separations. The column order was a single monomeric
reverse-phase C;g column (Rainin Microsorb-MV; 0.46 by 10 cm, 3-wm packing)
followed by two polymeric reverse-phase C,g columns (Vydac 201TP; 0.46 by 25
cm, 5-pm packing). The nonlinear, variable-flow, binary gradient consisted of
solvent A (80% methanol, 20% ammonium acetate [0.5 M adjusted to pH 7.2])
and B (80% methanol, 20% acetone) (26, 33). Absorbance spectra (380 to 670
nm; Shimadzu SPDm10av photodiode array detector) were obtained at 2-s in-
tervals. Pigment peaks were identified and quantified at 440 nm (605 nm for
bacteriochlorophyll ) by comparison of retention times and absorption spectra
with authentic crystalline standards, including chlorophylls a and b, bacteriochlo-
rophyll a, B-carotene (Sigma Chemical Co.), fucoxanthin, and zeaxanthin (Hoff-
man-LaRoche & Co.). All other pigments were identified by comparison to
pigments extracted from phytoplankton cultures (36) and quantified by using the
appropriate extinction coefficients (27).

Nonparametric statistical procedures (Wilcoxon rank sum W test, Kruskal-
Wallis one-way analysis of variance) were used for comparisons of experimental
treatment groups. A posteriori comparisons of means for multiple treatments
were performed by a Bonferroni-type nonparametric procedure (P < 0.05) (15).

RESULTS

The most abundant photopigments in the upper 5 mm of the
Salt Pond microbial mat were chlorophyll a (29.36 = 5.89 nmol
cm 2 mean = 1 standard deviation [SD]), bacteriochlorophyll
a (19.23 = 5.48 nmol cm ™ 2), and zeaxanthin (18.68 = 2.06
nmol cm~?) (Fig. 2). These pigments are characteristic of ox-
ygenic phototrophs, purple phototrophic bacteria, and cya-
nobacteria, respectively. Lower concentrations of diatoxanthin
and fucoxanthin (diatoms) and of echinenone and myxoxan-
thophyll (cyanobacteria) were also detected. These data, com-
bined with qualitative microscopic observations, indicate a mat
phototroph community composed primarily of filamentous
cyanobacteria and purple sulfur bacteria. Benthic diatoms, al-
though present, were a minor component of the microalgal
assemblage.

Although the response was highly variable, oxygenic photo-
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FIG. 2. Photopigment concentrations in the Salt Pond microbial mat. Values
are the mean * 1 SD for 10 samples.

synthesis (in nanomoles of O, per square centimeter per hour)
was significantly reduced at higher pO, levels (> = 0.25, P <
0.01, n = 39) (Fig. 3). The most severe inhibition and consis-
tent response occurred at pO, greater than 23.33 kPa (125%
O, saturation) and corresponded to incubation times of >2 h
with our experimental setup. The pO, changes associated with
oxygenic photosynthesis and O, consumption were also highly
correlated with pH (+* = 0.74, P < 0.001, n = 181) (Fig. 4). A
doubling in pO, translated into an increase of 0.4 pH unit in
the overlying incubation water within the enclosed containers.
Short incubation times had minimal impacts on mat oxygenic
production, and all subsequent measurements of oxygenic pho-
tosynthesis were limited to <1 h.
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FIG. 3. Rate of oxygen (O,) production plotted against the partial pressure
of oxygen (pO,) in the enclosed sample containers. The dashed line indicates the
results of linear regression analysis (> = 0.252, P < 0.01, n = 39).
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FIG. 4. pH plotted against the partial pressure of oxygen (pO,) in the en-
closed sample containers. The dashed line indicates the results of linear regres-
sion analysis (> = 0.744, P < 0.01, n = 181).

The O, and '*C methods for measuring photosynthetic rates
were compared by using samples exposed to identical incuba-
tion conditions (Fig. 5). The '*C method measures C assimi-
lation associated with photosynthesis, while the O, method
evaluates net oxygenic photosynthesis. The O, method gave
rates that were more than double those of the '*C method and
suggests that the '*C method underestimated oxygenic photo-
synthesis for this mat community. The relationship between
the two methods was fairly constant within sample groups but
highly variable between different sample groups and incuba-
tions. Calculations based on the water and mat volumes used
for the "C incubations indicated that pO, levels were below
the threshold (i.e., 23.33 kPa or 125% O, saturation) for oxy-
genic inhibition of photosynthesis. Dark uptake rates of *C
were <1% of the light uptake rates, clearly indicating that the
HCI fuming procedure effectively removed inorganic **C from
the samples and that the dark uptake of '*C was very low.
Although the photosynthetic rates determined by the O, and
'4C methods were not equivalent, the relative rates (i.e., treat-
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FIG. 5. Comparison of mat productivities by the '*C and O, methods. The
dashed line indicates a photosynthetic quotient (PQ) of 1 and illustrates a
hypothetical 1 mol of O, evolved per mol of C fixed. Values are the mean *+ 1
SD for five samples.
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FIG. 6. Results of simultaneous measurements of O, production (positive
values) or consumption (negative values), CO, fixation, and NA following ex-
perimental manipulations. Values are the mean = 1 SD for five samples. The
notation nd indicates that rates were not determined, and Glu is an abbreviation
for the DOC addition (i.e., p-glucose).

ments versus controls) provided useful insights into mat re-
sponses to the manipulated variables.

The effects of DCMU and a DOC source (DOC as p-glu-
cose) on oxygenic photosynthesis, O, consumption, CO, fixa-
tion, and NA were evaluated in two incubations (Fig. 6 and 7).
The DCMU additions effectively inhibited oxygenic photosyn-
thesis completely, and D-glucose additions did not change light
or dark O, consumption rates (Wilcoxon, P = 0.14) (Fig. 6).
Although O, production rates differed for the two incubations,
O, consumption rates were similar in the dark and DCMU
treatments. CO, fixation continued after the addition of
DCMU but at a lower rate than in the nonamended control
(Light) (Kruskal-Wallis, P < 0.05; Bonferroni). p-Glucose ad-
ditions did not enhance CO, fixation in DCMU-amended sam-
ples. Collectively, the O, and CO, fixation data suggest that
nearly 25% of the total CO, fixed by these microbial mats can
be attributed to anoxygenic photosynthesis. The addition of
D-glucose had no measurable impact on respiration or photo-
synthetic rates, showing that the exogenous organic carbon
provided was not readily assimilated by mat phototrophs.

NA was higher in the DCMU-amended samples, while the
light and dark rates of NA in nonamended samples were not
significantly different (Kruskal-Wallis, P < 0.01; Bonferroni)
(Fig. 6 and 7). p-Glucose additions resulted in a small but
significant reduction in NA relative to the light-plus-DCMU
treatment (P < 0.05; Bonferroni). In combination with the
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productivity incubations, these results suggest that without ox-
ygenic photosynthesis and exposure to light, NA is much
higher (>300%) than dark rates.

The lower-salinity (37%o) incubation water had no effect on
O, photosynthesis, O, consumption, CO, fixation, or NA (both
light and dark) relative to Salt Pond water (74%o0) (Wilcoxon,
P > 0.05) (Fig. 8). However, the NA of the DCMU-amended
samples was higher (by a factor of 3 to 4) than that of nona-
mended treatments (Kruskal-Wallis, P < 0.01; Bonferroni).

DISCUSSION

The phototrophic community composition and total biomass
(as chlorophyll a) of hypersaline microbial mats in Salt Pond
were similar to those of temperate and tropical intertidal mi-
crobial mats (23-25). In addition, the molar ratio of carbon to
nitrogen for the Salt Pond mat (9.2 = 1.3; mean = 1 SD) was
close to values for coastal Atlantic intertidal mats in North
Carolina (10.4 = 1.8) (25). However, the Salt Pond mat had
twice the concentration of zeaxanthin (cyanobacteria), more
than five times the concentration of bacteriochlorophyll a (pur-
ple phototrophic bacteria), but only one-fourth the concentra-
tion of fucoxanthin (diatoms) compared to the North Carolina
mats (25). The dominant phototrophs in the Salt Pond mat, as
determined by photopigment analyses and qualitative micros-
copy, were filamentous cyanobacteria (M. chthonoplastes) and
purple sulfur bacteria (Chromatium spp.). The implication for
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FIG. 8. Microbial mat responses to reduced salinity and DCMU additions
under light and dark conditions. Pond water salinity was 74%o, while the sea-
water salinity was 37%o. Values are the mean = 1 SD for five samples. The
notation nd indicates that rates were not determined.

productivity measurements is that both oxygenic photosynthe-
sis and anoxygenic photosynthesis are potentially important
pathways for CO, fixation in this microbial mat community. An
assessment of the relative contributions of mat community
constituents required a combination of O, and '*C methods to
measure photosynthesis.

Dissolved O, levels above 125% saturation reduced the rate
of oxygenic photosynthesis greatly in the Salt Pond microbial
mats. At 150% saturation, oxygenic photosynthesis was almost
completely inhibited. In shallow lagoons, the high photosyn-
thetic rates of the mat community could easily lead to dissolved
O, supersaturation. However, because these lagoons are shal-
low, the relatively high surface-area-to-water-volume ratio pro-
motes rapid gas exchange and equilibration at the water-air
interface. In deeper lagoons, where the surface-area-to-water-
volume ratio is lower, the likelihood of O, supersaturation is
greater and may limit mat development and production. This
may help explain the more prolific mat growth around the
margins of the lagoon. Subaerially exposed (but periodically
wetted) mats at the water’s edge are exposed to optimal con-
ditions because diffusive exchange of photosynthetic O, with
the atmosphere minimizes supersaturation. In addition, pho-
toprotective pigments (myxoxanthophyll, B-carotene, diatox-
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anthin, and echinenone) and sheath pigments provide protec-
tive sunscreens in these high-light environments (9).

The positive (linear) relationship between pO, and pH cor-
responded to the measured high oxygenic photosynthetic ac-
tivity of the microbial mat. CO, consumed during C fixation
shifted the carbonate equilibrium and subsequently increased
the pH of the incubation water. However, in the incubations,
pO, levels that were inhibitory for oxygenic photosynthesis
were achieved much sooner than high pH levels were. High
aerobic respiration rates, which result in CO, release, caused a
decrease in pH when oxygenic photosynthesis ceased. The
range of pH exposure, especially in the well-buffered hypersa-
line lagoon water, represents a small change in the dissolved
inorganic C concentration. The dissolved CO, concentration in
the lagoon water should be sufficient to meet photosynthetic
demands. Although slow diffusion could promote CO, limita-
tion of phototrophs within the mat matrix, it is more likely that
phototrophs experience O, inhibition before CO, becomes
limiting. Based on these results, it is unlikely that the Salt Pond
microbial mat experiences in situ CO, limitation of photosyn-
thesis.

For the Salt Pond mat, photosynthetic rates based on the O,
method were two to three times higher than those obtained by
the **C method. Direct comparisons of the O, and **C meth-
ods for microalgal productivity measurements have been the
subject of many studies. The reasons for the discrepancy be-
tween the two methods have been discussed in detail (21) and
will not be addressed here. However, one important distinction
is that the O, method measures photosynthesis only by oxy-
genic phototrophs. In contrast, the **CO, method measures
CO, fixation by both oxygenic and anoxygenic phototrophs but
cannot be used to quantify aerobic respiration (O, consump-
tion). Experiments incorporating both methods provided in-
sights into the relative contributions of oxygenic and anoxy-
genic photosynthesis in these mat communities.

The addition of DCMU, which inhibits oxygenic (photosys-
tem II, [PSII] i.e., noncyclic) photosynthesis, followed by light
incubation provided an indirect measure of anoxygenic (PSI,
i.e., cyclic) photosynthesis. This addition probably led to over-
estimates of anoxygenic photosynthesis because hypoxic and
anoxic conditions are both conducive to and stimulatory for
anoxygenic photosynthesis. The O, data (Fig. 6 and 7) show
that DCMU effectively halted oxygenic photosynthesis and
that O, consumption rates were the same in light and dark
incubations. Rapid O, consumption resulted in hypoxic-anoxic
conditions in the overlying incubation water and, presumably,
within the mat matrix. Although photoheterotrophy has been
observed in similar microbial mat communities (20), D-glucose
additions to the Salt Pond mat did not affect O, consumption
or photosynthetic rates during the incubations.

Moderate reductions in salinity (from 74 to 37%o) had no
measurable effect on photosynthesis, O, consumption, or NA
in these mats. In a similar study, Pinckney et al. (23) found that
the NA and productivity of hypersaline mats could be in-
creased at lower salinities. However, in these experiments,
mats were preincubated for 48 h at the lower salinities before
rates were determined. The short exposure times (<1 h) used
here for the Salt Pond mat may not have been sufficient to
allow acclimation to the lower (37%o) salinity.

A possible explanation for the higher NA in the DCMU-
amended samples is that a reduction in ambient O, enhanced
the NA. Nitrogenase, which is O, sensitive, exhibits its highest
activity under anoxic conditions for nonheterocystous cya-
nobacteria as long as reductant (i.e., respirable organics) is
available (2, 17). If anoxic conditions promoted a higher NA,
the rates of NA should have been higher in the dark incuba-
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tions than in the light-exposed incubations. However, the O,
consumption rate was the same in light, dark, and DCMU
treatments, demonstrating that the dark and DCMU treat-
ments were exposed to nearly identical ambient O, concentra-
tions. Therefore, it is unlikely that reduced O, levels alone
promoted the observed increases in NA.

Under anoxic conditions in the light, purple phototrophic
bacteria are capable of anoxygenic photosynthesis with H,S
(rather than H,O) as an electron donor (7, 11). Electrons
generated by anoxygenic photosynthesis can be used for either
CO, or N, fixation (3). High sulfide levels, which are charac-
teristic of microbial mats under anoxic conditions, induce an-
oxygenic photosynthesis in some cyanobacterial species (8, 11,
28). Both M. chthonoplastes and Lyngbya spp., which normally
conduct oxygenic photosynthesis, switch to anoxygenic photo-
synthesis when exposed to high levels of H,S (11, 28). The
initiation of anoxygenic photosynthesis involves de novo syn-
thesis of proteins and may require an induction period of
several hours (11, 28). Therefore, it is conceivable that the
enhanced NA rates in the DCMU treatments in our experi-
ments could be attributed to electrons supplied by cyanobac-
terial anoxygenic photosynthesis. However, recent evidence
suggests that M. chthonoplastes, the dominant cyanobacterium
in the Salt Pond mat, lacks the dinitrogenase reductase gene
(nifH) and is therefore unable to fix nitrogen (30). Lyngbya,
which is a diazotroph capable of anoxygenic photosynthesis, was
a minor constituent in this mat and could have made only a small
contribution to the measured rates of NA and anoxygenic pho-
tosynthesis. Photosynthetic purple sulfur bacteria, which were a
major component of the Salt Pond mat, can fix N, with energy
supplied from either photosynthesis or anaerobic respiration (13).
Collectively, the experimental results support the hypothesis that
noncyanobacterial phototrophs were responsible for the en-
hanced NA in the DCMU-amended incubations.

The NA in the DCMU-amended samples exposed to light
was consistently higher (by a factor of 2 to 3) than in the other
treatments. However, the NA rates for the light and dark
treatments were never significantly different. One possible
mechanism for this response is that following DCMU addition
and subsequent inhibition of PSII activity, high O, consump-
tion rates shifted the oxic/anoxic interface in the mat. This shift
allowed the upward migration of purple phototrophic bacteria
(e.g., Chromatium spp.) into higher ambient irradiance. Higher
light exposure (i.e., in situ irradiance) translated into higher
rates of anoxygenic photosynthesis, which provided more en-
ergy for NA and N, fixation.

This proposed mechanism is supported by the experimental
results. The photopigment data showed that purple phototro-
phic bacteria were a major component of this mat community.
Oxygen consumption rates were high in both the DCMU and
dark treatments, resulting in a reduction of the ambient DOC
in the overlying water. D-Glucose (DOC) additions did not
enhance NA, suggesting that N, fixation was not limited by the
availability of exogenous organic carbon. High O, consump-
tion, low ambient O,, and no oxygenic photosynthesis pro-
duced conditions favorable for anoxygenic photosynthesis.
CO, fixation rates in the DCMU-amended samples were
~25% of the control (nonamended) samples, further demon-
strating the occurrence of photosynthetic activity by anoxy-
genic phototrophs. The fact that the rates of NA in the dark
were always lower than those for DCMU treatment implies
that in the absence of oxygenic photosynthesis, N, fixation was
coupled closely to irradiance.

The ecological implication of these findings is that N, fixa-
tion by anoxygenic phototrophs (purple phototrophic bacteria
and possibly cyanobacteria) appears to be regulated by the
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activity (or inactivity) of oxygenic phototrophs (cyanobacteria
and diatoms). Conditions that promote high O, consumption
and low oxygenic photosynthesis, such as stress induced by
extreme hypersalinity or high H,S concentrations, should en-
hance N, fixation rates in these mats. Therefore, these micro-
bial communities can obtain N for growth and maintenance
over a wide range of environmental conditions. Cyanobacte-
rial-bacterial consortium interactions that enhance the overall
physiological plasticity of the mat community may be a key for
survival and persistence in extreme environments.

ACKNOWLEDGMENTS

We thank M. Piehler and K. Howe for technical support; T. Steppe,
C. Currin, M. Joye, and B. Bebout for enlightening discussions and
comments on early drafts; P. Reid and J. Fell for assistance in the field;
and D. Millie for photopigment standards. The Bahamian Field Sta-
tion, San Salvador Island, Bahamas graciously provided laboratory
space and logistical support. Special thanks to D. Suchy for his pa-
tience and assistance.

Funding for this study was provided by NSF grant OCE 94-15985.

REFERENCES

. Bebout, B., H. Paerl, K. Crocker, and L. Prufert. 1987. Diel interactions of
oxygenic photosynthesis and N, fixation (acetylene reduction) in a marine
microbial mat community. Appl. Environ. Microbiol. 53:2353-2362.

2. Bebout, B., M. Fitzpatrick, and H. Paerl. 1993. Identification of the sources
and energy for nitrogen fixation and physiological characterization of nitro-
gen-fixing members of a marine microbial mat community. Appl. Environ.
Microbiol. 59:1495-1503.

3. Belkin, S., Y. Shahak, and E. Padan. 1988. Anoxygenic photosynthetic elec-
tron transport. Methods Enzymol. 167:380-386.

4. Black, M. 1933. The algal sediments of Andros Island, Bahamas. Philos.
Trans. R. Soc. London 222:165-191.

5. Bowles, H., H. Paerl, and J. Tucker. 1985. Effective solvents and extraction
periods employed in phytoplankton carotenoid and chlorophyll determina-
tions. Can. J. Fish. Aquat. Sci. 42:1127-1131.

6. Canfield, D., and D. DesMarais. 1993. Biogeochemical cycles of carbon,
sulfur, and free oxygen in a microbial mat. Geochim. Cosmochim. Acta
57:3971-3984.

7. Caumette, P. 1989. Ecology and general physiology of anoxygenic phototro-
phic bacteria in benthic environments, p. 283-305. In Y. Cohen and E.
Rosenberg (ed.), Microbial mats. American Society for Microbiology, Wash-
ington, D.C.

8. de Wit, R., F. van den Ende, and H. van Gemerden. 1995. Mathematical
simulation of the interactions among cyanobacteria, purple sulfur bacteria
and chemotrophic sulfur bacteria in microbial mat communities. FEMS
Microbiol. Ecol. 17:17-136.

9. Garcia-Pichel, F., and R. Castenholz. 1991. Characterization and biological
implications of scytonemin, a cyanobacterial sheath pigment. J. Phycol. 27:
395-409.

10. Jorgensen, B., and D. DesMarais. 1988. Optical properties of benthic pho-
tosynthetic communities: fiber-optic studies of cyanobacterial mats. Limnol.
Oceanogr. 33:99-113.

11. Jorgensen, B., Y. Cohen, and N. Revsbech. 1986. Transition from anoxygenic
to oxygenic photosynthesis in a Microcoleus chthonoplastes cyanobacterial
mat. Appl. Environ. Microbiol. 51:408-417.

12. Joye, S., and H. Paerl. 1994. Nitrogen cycling in microbial mats: rates and
patterns of denitrification and nitrogen fixation. Mar. Biol. 119:285-295.

13. Madigan, M. 1995. Microbiology of nitrogen fixation by anoxygenic photo-
synthetic bacteria, p. 915-928. In R. Blankenship, M. Madigan, and C. Bauer
(ed.), Anoxygenic photosynthetic bacteria. Kluwer Academic Publishers,
Dordrecht, Netherlands.

14. Millie, D., H. Paerl, and J. Hurley. 1993. Microalgal pigment assessments
using high performance liquid chromatography: a synopsis of organismal and
ecological applications. Can. J. Fish. Aquat. Sci. 50:2513-2527.

15. Neter, J., W. Wasserman, and M. Kutner. 1985. Applied linear statistical
models. R. D. Irwin, Inc., Homewood, Ill.

16. Neumann, A., C. Gebelein, and T. Scoffin. 1970. The composition, structure,
and erodability of subtidal mats, Abaco, Bahamas. J. Sediment. Petrol. 40:
274-297.

17. Paerl, H. 1990. Physiological ecology and regulation of N, fixation in natural
waters. Adv. Microb. Ecol. 11:305-344.

18. Paerl, H. and J. Pinckney. 1996. A mini-review of microbial consortia: their
roles in aquatic production and biogeochemical cycling. Microb. Ecol. 31:
225-247.

19. Paerl, H., S. Joye, and M. Fitzpatrick. 1993. Evaluation of nutrient limitation

of CO, and N, fixation in marine microbial mats. Mar. Ecol. Prog. Ser.

101:297-306.



426

20.

21.

22.

23.

24.

25.

26.

27.

28.

PINCKNEY AND PAERL

Paerl, H., B. Bebout, S. Joye, and D. DesMarais. 1993. Microscale charac-
terization of dissolved organic matter production and uptake in marine
microbial mat communities. Limnol. Oceanogr. 38:1150-1161.

Peterson, B. 1980. Aquatic primary productivity and the *C-CO, method: a
history of the productivity problem. Annu. Rev. Ecol. Syst. 11:359-385.
Pinckney, J., R. Papa, and R. Zingmark. 1994. Comparison of high perfor-
mance liquid chromatographic, spectrophotometric, and fluorometric meth-
ods for determining chlorophyll @ concentrations in estuarine sediments. J.
Microbiol. Methods 19:59-66.

Pinckney, J., H. Paerl, and B. Bebout. 1995. Salinity control of benthic
microbial mat community production in a Bahamian hypersaline lagoon. J.
Exp. Mar. Biol. Ecol. 187:223-237.

Pinckney, J., H. Paerl, R. Reid, and B. Bebout. 1995. Ecophysiology of
stromatolitic microbial mats, Stocking Island, Exuma Cays, Bahamas. Mi-
crob. Ecol. 29:19-37.

Pinckney, J., H. Paerl, and M. Fitzpatrick. 1995. Impacts of seasonality and
nutrients on microbial mat community structure and function. Mar. Ecol.
Prog. Ser. 123:207-216.

Pinckney, J., D. Millie, K. Howe, H. Paerl, and J. Hurley. 1996. Flow scin-
tillation counting of '“C-labeled microalgal photosynthetic pigments. J.
Plankton Res. 18:1867-1880.

Rowan, K. 1989. Photosynthetic pigments of algae. Cambridge University
Press, New York, N.Y.

Stal, L. 1995. Physiological ecology of cyanobacteria in microbial mats and

29.

30.

31.

32.

33.

34,

35.

36.

APPL. ENVIRON. MICROBIOL.

other communities. New Phytol. 131:1-32.

Stahl, L., H. van Gemerden, and W. Krumbein. 1985. Structure and devel-
opment of a benthic microbial mat. FEMS Microbiol. Lett. 31:111-125.
Steppe, T., J. Olson, H. Paerl, R. Litaker, and J. Belnap. 1996. Consortial N,
fixation: a strategy for meeting nitrogen requirements of marine and terres-
trial cyanobacterial mats. FEMS Microbiol. Ecol. 21:149-156.

Stewart, W., G. Fitzgerald, and R. Burris. 1967. In-situ studies of N, fixation
using the acetylene reduction technique. Proc. Natl. Acad. Sci. 58:2071-2078.
Tester, P., M. Geesey, C. Guo, H. Paerl, and D. Millie. 1995. Evaluating
phytoplankton dynamics in the Newport River Estuary (North Carolina,
USA) by HPLC-derived pigment profiles. Mar. Ecol. Prog. Ser. 124:237-245.
Van Heukelem, L., A. Lewitus, T. Kana, and N. Craft. 1994. Improved
separations of phytoplankton pigments using temperature-controlled high
performance liquid chromatography. Mar. Ecol. Prog. Ser. 114:303-313.
Webb, K., W. Dupaul, W. Wiebe, W. Scotile, and R. Johannes. 1975.
Enewetak (Eniwetok) Atoll: aspects of the nitrogen cycle on a coral reef.
Limnol. Oceangr. 20:198-210.

Whitton, B., and M. Potts. 1982. Marine littoral. p. 515-542. In N. Carr and
B. Whitton (ed.), The biology of cyanobacteria. Blackwell Scientific Publi-
cations, Ltd., Oxford.

Wright, S., S. Jeffrey, R. Mantoura, C. Llewellyn, T. Bjgrnland, D. Repeta,
and N. Welschmeyer. 1991. An improved HPLC method for the analysis of
chlorophylls and carotenoids from marine phytoplankton. Mar. Ecol. Prog.
Ser. 77:183-196.



