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Summary

Oxygenic and anoxygenic photosynthesis were stud-
ied with microsensors in microbial mats found at 9-
10 m depth in anoxic and sulfidic water in Little Salt
Spring (Florida, USA). The lake sediments were cov-
ered with a 1-2 mm thick red mat dominated by
filamentous Cyanobacteria, below which Green Sul-
fur Bacteria (GSB, Chlorobiaceae) were highly
abundant. Within 4 mm inside the mats, the incident
radiation was attenuated to undetectable levels. In
situ microsensor data showed both oxygenic photo-
synthesis in the red surface layer and light-induced
sulfide dynamics up to 1 cm depth. Anoxygenic
photosynthesis occurred during all daylight hours,
with complete sulfide depletion around midday.
Oxygenic photosynthesis was limited to 4 h per day,
due to sulfide inhibition in the early morning and late
afternoon. Laboratory measurements on retrieved
samples showed that oxygenic photosynthesis was
fully but reversibly inhibited by sulfide. In patches
Fe(lll) alleviated the inhibition of oxygenic photosyn-
thesis by sulfide. GSB were resistant to oxygen and
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showed a low affinity to sulfide. Their light response
showed saturation at very low intensities.

Introduction

Modern phototrophic ecosystems that are dominated by
bacteria and archaea are often considered as analogs for
the ecology of the early Earth. Studies on such modern
communities will help to interpret chemical and isotopic
signals in stromatolites, and other fossils to provide insight
into these early stages of life and the evolution of the Earth
(Canfield and Teske, 1996; Habicht and Canfield, 1996;
Knoll et al., 2007). The great oxidation event (GOE, 2.4 Ga
ago) was accompanied by profound global changes in sul-
fur and iron cycling (Canfield, 1998). Canfield argued that
the GOE occurred in two oxygenation steps: the first led to
increased weathering and increased sulfate levels which
enhanced sulfate reduction and led to iron removal from
the oceans by sulfide precipitations; and the second step
led to full oxygenation of the atmosphere and deep
oceans. Cyanobacteria are the only bacteria that can per-
form oxygenic photosynthesis, and many strains can also
perform anoxygenic photosynthesis. It is likely that both
anoxygenic and oxygenic photosynthesis were already in
operation before the GOE. However, the potential rate of
oxygen production was likely lower than the input of reduc-
tants into the biosphere by volcanism (Canfield, 2013).
Any oxygen that was produced was rapidly consumed ren-
dering the biosphere anoxic. Even under these reducing
conditions there might have been oxygenation events in
microenvironments of microbial mats long before the oxy-
genation of oceans. Microbial mats are cohesive microbial
communities with cell densities several orders of magni-
tude higher than in the water column. Light quality and
intensity structures phototrophic mats vertically in laminae
of distinct metabolic groups of microorganisms, with Cya-
nobacteria as the dominant primary producer. The ensuing
high volumetric metabolic rates, together with mass trans-
fer limitations, induce steep gradients of substrates and
products. Therefore, the concentrations of oxidants and
reductants in microbial mats can profoundly differ from
those in the water column. We investigated if microbial
mats in sulfidic environments can perform oxygenic
photosynthesis.
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Multicellular organisms developed following the GOE
and as a result, mats became limited to the uncommon
environments where grazers are excluded. The most inten-
sively investigated mats are found in hypersaline or hot
environments (Stolz and Margulis, 1984; Bateson and
Ward, 1988; Jorgensen and Des Marais, 1988; Canfield
and Des Marais, 1991; Ferris et al., 1997; Ramsing et al.,
2000; Wieland and Kuhl, 2000; Hoehler et al., 2002; Nubel
et al, 2002; Wieland et al., 2005; Klatt, 2015). More
recently, an interest has developed for hypoxic or anoxic
environments at the bottom of sinkholes that are influ-
enced by seeping groundwater (Hamilton et al, 2016a;
Voorhies et al., 2016). The seeping groundwater is devoid
of oxygen and enriched in sulfur species, which leads to
the formation of dense microbial mats at the bottom of
these lakes. Little Salt Spring (Florida, USA) is of moderate
temperature, low in salinity, hypoxic (<30% air saturation)
and slightly sulfidic (Clausen et al., 1979). The apparent
sulfur cycling (sulfate is 5 mM, sulfide is 40 uM) would
make the lake an analog for the oceans just before or dur-
ing the GOE (Canfield, 1998). The bottom of the upper
basin is covered by red microbial mats. A recent study
(Hamilton et al., 2016b) showed that these are dominated
by Cyanobacteria and GSB (Chlorobium spp). Remark-
ably, the most common Cyanobacteria could be cultivated
and several of its physiological characteristics were deter-
mined, showing that they can perform both oxygenic
photosynthesis and anoxygenic photosynthesis and that
sulfide inhibits oxygenic photosynthesis (Klatt, 2015). Our
aim was to assess if these characteristics are reflected in

the behavior of the consortium from which they were isolat-
ed. Green sulfur bacteria perform only anoxygenic
photosynthesis using thiosulfate, sulfide, S(0), Fe*2 or H,
(Overmann and Garcia-Pichel, 2012), and are sensitive to
oxygen (Harada et al., 2005). Thus the interplay between
the two communities is complex. We investigated the mats
with microsensors for oxygen, pH and H,S both in situ and

under controlled conditions in the laboratory. We investigat-
ed if both oxygenic and anoxygenic photosynthesis occur,
whether both processes occur simultaneously, what their
vertical distributions are, whether sulfide inhibits oxygenic
photosynthesis, and whether the mats can form a net
source of oxygenation.

Results
Site, mat structure and appearance

The red mats carpet coarse sandy sediments in the upper
basin of Little Salt Spring. Microscopic examination
showed that the top 0.5—-1.5 mm consisted of a cohesive
layer of red filamentous cyanobacteria (with a diameter of
approximately 5 um), below which green masses filled the
pore-spaces (Fig. 1). The green mass in the sediments
consisted of amorphous clusters of single cells which were
identified previously as Chlorobiaceae, or Green Sulfur
Bacteria (GSB) (Hamilton et al., 2016b). Motile white fila-
ments resembling Beggiatoa were observed occasionally
on top of the red mat. The filaments had a diameter of 5—
10 pm and contained sulfur granules. No metazoans, such
as nematodes or tardigrades, were observed in extensive
microscopic examinations.

The water column below 3 m depth contained approxi-
mately 40 uM total sulfide, nitrate was not detected, pH
decreased from 7.6 at the surface to 7.3 at 10 m depth and
then stayed constant, temperature decreased from 27°C
at the surface to 26.7 °C at 7-10 m depth and then stayed
constant, and salinity was constant at 0.3%. While oxygen
was, incorrectly, detected by CTD, microsensors indicated
the water column to be anoxic where the red mat is
observed. The outflow of the spring is 42.8 L s~ ' (Clausen
et al, 1979), thus with a volume of approximately
140,000 m® the water column has a residence time of ~40
days. SCUBA divers observed some circulation along a
transect crossing the sloping upper basin and the sinkhole

Fig. 1. The mats consisted of a thin red
layer (1-2 mm) on top of coarse sand, (A)
B imaged from the side, and (B) from above.
The bar in the (A) panel is 5 mm. The
pore space in the sand underneath was
filled with green biomass, consisting of
mainly GSB. Beggiatoa are visible in the
upper area of the right panel as thin white
filaments. The arrow points towards a
particularly densely populated area.
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orifice using injected milk plumes. In the center of the ori-
fice an upflow of approximately 1 cm s~ ' was observed,
and on the slopes, a downwelling was observed with
approximately the same flow velocity.

In situ radiation

Radiation spectra indicate the presence of Bacteriochloro-
phyll (BChl) -c, -d, -e or -f (Stomp et al., 2007; Croce and
van Amerongen, 2014) in the water column at 2 m inter-
vals; however, no Chlorophyll-a (Chl-a) fluorescence was
detected. In the upper water column, the absorbance spec-
trum showed peaks at 475 and 720 nm (Supporting
Information Fig. S1). As red and infrared radiation became
quickly attenuated the absorbance spectra at 3 and 5 m
depth could not resolve the peak at 720 nm, but showed
the peak of 475 nm. The light intensity at the mat surface
during midday varied between 50-75 pmol photons
m~2s~". Its spectrum ranged from 450-700 nm and had a
maximum at 570-580 nm (Supporting Information Fig.
S2A). Thus the radiation reaching the mats had very little
blue and no red components. Radiation profiles were mea-
sured inside the mats, showing that most attenuation
occurred within the 0.5-1 mm depth interval (Fig. 2A).
Radiation between 450 and 600 nm was absorbed in this
layer, and a Chl-a peak at 670 nm was observed. Radia-
tion was detectable up to 3—4 mm depth with wavelengths
above 600 nm (Fig. 2B; Supporting Information, Fig. S2).
Below 1.5 mm depth radiation levels were too low to calcu-
late accurate absorbance values above 600 nm.

Ex situ light profiles

In retrieved mats that were illuminated with a halogen
lamp, radiation also attenuated rapidly with depth. In con-
trast to the in situ radiation, this lamp produced also red,
infrared and blue components. Downwelling irradiance of
60 pmol photons m™2 s~ attenuated almost completely
within 2 mm in the mat.

The wavelength-specific attenuation visible in the spec-
tral profiles measured under PAR illumination at 60 umol
photons m~2 s~ provide information on the vertical distri-
bution of photopigments (Fig. 2C, Supporting Information
Fig. S2B). At 0.5 and 1 mm depth a Chl-a absorbance
peak at 670 nm was present and strong absorbance
occurred between 450 and 600 nm, probably by antennae
pigments. At 2 mm depth a peak was visible at 805 nm,
possibly of BChl-a. In the upper 1.5 mm radiation of the
shorter wavelengths (<700 nm) attenuated much stronger
than that of longer wavelengths and blue radiation became
completely depleted. Below 2 mm depth red radiation
attenuated further, but at a lower rate than the blue radiation
in the red layer. Similar results were obtained with a down-

welling radiation intensity of 10 umol photons m™2 s~ ',
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The profiles can be explained by the structure of the mat.
The red upper layer consisted of Cyanobacteria, which
effectively absorb the shorter wavelengths (450—-600 nm)
for oxygenic photosynthesis, while infra-red radiation pene-
trated deeper and could be used by anoxygenic
phototrophs below the red mat (Fig. 1).

In situ chemical microprofiles

Two successful deployments of the diver operated micro-
profiler (DOMS) each for 24 h resulted in continuous
recordings of O, and H,S microprofiles. The pH profiling
was unsuccessful, so that the dynamics of HoS could not
be converted to S;,; dynamics. No changes were detected
in the absence of light (at night) so only the data from
06:00 to 18:00 h are presented. From the series of O, and
H>S microprofiles contour plots were constructed which
demonstrate the distributions of oxygen and sulfide in
response to the changing light levels due to the movement
of the sun and irregularly passing clouds (Figs 3A and 4A).
Remarkably, net oxygenic production (Fig. 3B) occurred
only during a few hours per day, between 10:00 and
15:00 h, whereas a decrease in H,S occurred during the
entire light period, from 7:30 to 17:30 h (Fig. 4A and B).
The H,S dynamics at 1 cm depth were simultaneous with
the radiation dynamics at the surface of the mats (Fig. 4B).

In situ oxygen sensor data show that the mats are grow-
ing in an anoxic environment. The previously reported
hypoxia (Clausen et al., 1979), defined as 1-30% of air
saturation, may be due to contamination of anoxic samples
by air. During the period of oxygen production, 0.2 uM oxy-
gen was detected in the water column just above the mat
surface. This value was obtained by averaging the water
column oxygen signals measured 1-3 mm above the mats
over 3 h during midday, and comparing these with the sig-
nals recorded during midnight and in the anoxic deeper
zone. The water column near the mats was anoxic during
the remaining time (before 10:00 and after 15:00 h). Sul-
fide remained constant in the water column, independent
of illumination.

O, and H,S profiles, representative for light and dark
conditions, were averaged from five profiles each (Fig. 5).
Under illumination, oxygen developed within the mats due
to oxygenic photosynthesis. The highest net photosynthe-
sis (RO, in Fig. 5C) occurred at 0.5 mm depth and
respiration continued down to 3 mm depth (Fig. 5C). In the
light sulfide was consumed at a depth of 4 mm, whereas in
the dark sulfide diffused up to the surface (Fig. 5B).
Although radiation intensity decreased below detection lim-
it at 4 mm depth (Fig. 1B), a decrease of sulfide under
illumination was observed to 1 cm depth. Due to missing
pH profiles, Sit could not be quantified and no total sulfide
fluxes could be calculated. However, in the light the H,S
gradient between 1 and 4 mm depth was about half of the
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Fig. 2. Light attenuation spectra measured in situ using natural light (A) and using a halogen lamp producing white light (C). The light
absorption spectra were calculated from the irradiance spectra measured at the mat surface and inside the mats at 0.5 mm steps with a 100
um spherical irradiance sensor (Supplementary Information, Fig. S3). The irradiance data were integrated from 400-800 nm and used to plot
total light attenuation in situ (B) and in the laboratory (D). The light absorption rates in 0.5 mm thick zones were obtained by dividing light
spectrum at each depth by the one above. The numbers in the legend are the depths (m) of the lower spectra. (A) The upper layer (purple
line) absorbs in situ much less light than the second layer (orange line). The enhanced absorption between 450 and 570 nm is due to
accessory pigments, the maxima at 670 by Chl-a. Below 450 nm and above 700 nm the irradiance was too low to extract absorbance
information. Similar maxima were observed by using white light (C), however, in addition the maxima at 810 nm by BChl became visible, due

to the enhanced intensity in red light.

gradient present in the dark. This means that the upward
diffusive sulfide flux in the light is lower than in the dark.

Ex situ chemical microprofiles

Our CTD data showed oxygen to be present in the water
column at 50% of air saturation at the depth where mats
were sampled and as a result, incubations of retrieved
mats were performed under oxic conditions to reflect in
situ conditions. However, upon analysis of the in situ micro-
profiles described above, it became clear that the CTD

data were wrong and the ambient water column is anoxic.
Despite a homogeneous appearance of each mat and sim-
ilarity in color and structure of the samples, the pH and
H>S microprofiles were variable and appeared in two cate-
gories: either sulfide reached the surface in the dark or it
was depleted in the upper few mm. In three out of seven
samples sulfide reached the surface in the dark (Type 1),
while in the other four samples no sulfide was detected in
the upper mat (Type 2). The O, and H,S profiles in sam-
ples of Type 1 and 2 are displayed in the Supplement
(Supporting Information, Figs 3 and 4).
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B. The continuous black line presents the light level recorded just above the mat surface, the red line represents the H,S concentration at
1 cm depth.
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Complete sets of microprofiles (Oo, pH and Siy) in the
Type 1 mats are presented in Fig. 6. In the dark, oxygen
penetrated 200-300 um and overlapped with sulfide. Upon
illumination with an intensity close to ambient (60 pmol
photons m~2? s~ "), oxygen accumulated in the upper 2 mm
whereas sulfide receded below the mat to deeper in the
core. In the light sulfide and oxygen never overlapped, indi-
cating that sulfide was consumed by anoxygenic
photosynthesis and not by aerobic sulfide oxidation. In the
light, the fluxes were JOzouw 1.7 X 10°° mol m™2 s 7,
JOsgowny 1 X 1078 mol m™2 57", In the light JS;c; was 8.4
%X 10" molm2 s~ ", which is one order of magnitude low-
er than in the dark (7.2 X 1078 mol m™2 s™"). Similar as
observed in situ, sulfide levels decreased very deep in the
mats upon illumination. The dark fluxes were JO, 2.2 X

107" mol m2 s " and JSit 7.2 X 1078 mol m 2 s 1.
Thus, similar to the pattern observed in situ, the diffusive
upward flux of sulfide in the upper cm was higher in the
dark than in the light. The distribution of conversion rates
(Fig. 6C and D) showed that sulfide consumption in the
dark co-occurred with oxygen consumption. In the light,
the zones of oxygen and sulfide consumption were sepa-
rate, at 2-3 mm and 4-6 mm respectively.

In Type 2 mat samples the sulfidic and oxic zone were
separated by several mm in the dark (Fig. 7A), indicating a
sulfide oxidizing process. Also in the light, oxygen and sul-
fide did not overlap. Oxygen production was confined to the
upper 1-2 mm (Fig. 7B). Light reduced the upward sulfide
flux in the upper 8 mm. In the dark, strongly enhanced sul-
fide levels in the water column were necessary to observe
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Fig. 6. Ex situ profiles of O, pH and St
measured in the dark (A) and under white
light at 60 pmol photons m2s~" (B). The
mat was incubated in natural spring water
without added sulfide. S,; was calculated
from local H,S and pH levels. The
distribution of the consumption rates of
O, and S, calculated from their profiles,
are plotted in (C) and (D).
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penetration of sulfide into the mat (Fig. 7C). A likely oxidant
could be Fe(lll), which could have accumulated during the
day (Wieland et al, 2005). Fe** oxidation could have
occurred by oxygen that was photosynthetically produced
by the cyanobacteria or directly by light driven oxidation by
GSB. Indeed, using two methods to determine reduced and

oxidized iron showed strongly elevated levels, especially of
Fe(lll), in the red mat (Table 1).
Oxygenic photosynthesis was inhibited by very low lev-

els of sulfide.

In Type 2 mat samples, oxygenic

photosynthesis developed very quickly in the upper 1 mm.
Experimental elevation of S, in the water column from
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Fig. 7. Ex-situ profiles of O, pH and H,S measured in the dark (A) and in white light (B) at 60 umol photons/m®s. S,,; was calculated from
local H,S and pH levels. (C) Replicate profiles show that sulfide did not fully penetrate into the mats, in the dark with artificially enhanced

sulfide levels in the water column.

natural levels to 1 mM caused only slightly enhanced sul-
fide levels in the photic zone of the mat (<25 M Sy
and<1 puM H,S). However, this low level of sulfide
instantly stopped oxygenic photosynthesis (Supporting
Information, Fig. S5). At the location where the downward
diffusing sulfide was consumed a strong pH peak devel-
oped (Supporting Information, Fig. S5B), indicating a
reaction of sulfide with Fe(lll) (Preisler et al., 2007). The
inhibition was reversible, when sulfide in the overlaying
water was reduced to ambient levels (40 uM), oxygen pro-
duction instantly recovered (data not shown).

Sulfide kinetics was studied by positioning pH and H,S
sensors at a fixed position in the mats to measure sulfide
dynamics upon darkening and illumination (Supporting
Information, Fig. S6). The consumption of sulfide upon illu-
mination was much faster than sulfide production upon
darkening. Sulfide consumption gradually increased upon
illumination to a maximum consumption rate in 30-60 s,
after which it decreased again due to kinetic limitation. We
used this maximum sulfide consumption rate as an esti-
mate for the gross rate of anoxygenic photosynthesis.
After the maximum, the consumption rates were propor-
tional to the concentration (Supporting Information Fig. S7)
following first order kinetics (R=k X C) (Levenspiel,
1972). The depth distribution of gross anoxygenic photo-
synthesis was determined using dark-light shifts. At 60

umol photons m™2 s~ anoxygenic photosynthesis was

remarkably constant between 2 and 6 mm depth (Fig. 8).
Anoxygenic photosynthesis did not decrease with depth
and thus seems not to be controlled by radiation intensity,
meaning the GSB are light-saturated down to 6 mm depth.
At 10 and 30 pumol photons m2 s~ depth independent
sulfide consumption could be detected until 3 mm and
5.5 mm depth, respectively.

In the determination of the gross anoxygenic photosyn-
thesis by dark-light shifts, sulfide production due to sulfate
reduction can be ignored, as it is much lower than the con-
sumption (Fig. 8B). Sulfide production was determined by

Table 1. Fe content of the mats and the sediments below the mats.

HCl-extraction Na-acetate dithionate-citrate
Fe(ll) Fe(lll) Fe(ll) Fe(lll)
(mg/g)  (mg/g)  (mg/g) (mg/g)
Sediment 0.03 0.05 0.02 0.02
Red biofilm 0.10 0.24 0.02 0.21

Values are in mg Fe per gram dry weight. The analysis was done
with two different approaches on samples that were split in two ali-
quots. In one aliquot Fe was extracted by HCI, that was then ana-
lysed for Fe?* and total Fe, the difference was taken as Fe(lll). The
second aliquot was subjected to sequential extraction by Na-
acetate (Fe®*") and by dithionate-citrate (extract the remaining
Fe(lll)), and each were analysed for total Fe.
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Fig. 8. Dark-light shifts as measure for
gross anoxygenic photosynthesis (GP).
Upon illumination sulfide consumption
commenced after ca 30 s (see

Supplementary Information, Fig. S6), the
B maximum rates were used as measure
for gross photosynthesis rates. Also
plotted are local sulfide production rates
(continuous line A) determined from local
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exposure (B). The first profile upon
darkening is indicated by S, the last by E,
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the local production rates.
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first removing all sulfide by illumination and subsequently
darkening the mats, while H>S and pH profiles were contin-
uously measured. The local rates of S,y increase were
calculated and found to be ~1% of the sulfide consumption
rates (Fig. 8A).

The dark-light shifts were used to determine PI curves
at 2 mm depth (Supporting Information Fig. S8). Saturation
of the consumption rates were obtained at a surface radia-
tion intensity of 30—40 pmol photons m™2 s~ ', As radiation
is attenuated strongly (Fig. 2D), we corrected the PI curve
accordingly (upper x-axis in Fig S8.) and found that satura-
tion occurred at local radiation intensity of 0.2 pmol

photons m 2s™ 1,

Discussion
Energy availability in LSS and mat morphology

In a previous study of the red mats, the dominant popula-
tions were found to be Cyanobacteria and GSB based on
clone library and pigment analyses (Hamilton et al,
2016b), but the vertical distribution of organisms in the mat
was not investigated. Our microscopy showed the upper
red skin to consist of Cyanobacteria and GSB were
observed in the sediments below. The stratified structure
of the mat community was confirmed by spectral signa-
tures captured at different depths within the mat: a thin
layer of Cyanobacteria overlying masses of GSB that pref-
erentially absorb longer wavelengths. In situ incident
radiation occurred mainly in the 450-700 nm region, with a
strong attenuation above 600 nm. Our in situ spectral
measurements show that nearly all of this radiation is

dissipated/attenuated within the top 1.5-2 mm of the mat;
but this does not preclude anoxygenic photosynthesis from
occurring because GSB can grow in extremely low light
environments (Overmann et al., 1992). Most in situ radia-
tion is between 500 and 600 nm, a wavelength range that
forms a minimum in the photosynthetic action spectrum of
both oxygenic and anoxygenic phototrophs (McConnell
et al., 2002; Falkowski and Raven, 2007). Cyanobacteria
use the accessory pigments phycoerythrin, phycocyanin
and allophycocyanin (Klatt, 2015) to harvest radiation in
the 500-650 nm range (Nichols and Bogorad, 1962; Glaz-
er, 1985). The found antennae pigment isorenieratene
allow the GSB to harvest radiation between 350 and
500 nm (Overmann et al., 1992) which overlaps somewhat
with the light quality we observed.

Oxygen production

From the series of profiles we conclude a total absence of
oxygen at night and a very subtle increase of 0.2 uM in the
water column during midday. Although oxygen was
released by the microbial mats, it did not accumulate in the
reduced water column. The lake chemistry is unique as
light penetrates through the sulfidic water column to the
mats, and is not attenuated by a dense stratum of anoxy-
genic phototrophs as is commonly observed in other
euxinic systems. We found evidence for BChl through spe-
cific absorption at 720 nm (Fig. S1), thus some light-driven
sulfide consumption likely occurs in the water column.
However, the observed currents of 1 cm s~ are sufficient
to overturn the anoxic water column several times per day,
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dissipating gradients in sulfide that could be induced by
anoxygenic photosynthesis, and maintaining stable sulfide
levels in the water column above the mats. Also, the mixing
prevents development of a layer of anoxygenic phototrophs
near the chemocline, thus enabling light to penetrate to the
mats in the upper basin.

The in situ oxygen and sulfide microprofile measure-
ments were done on two successive days, however, they
were performed in close proximity (within 1 cm) and the
radiation regime was comparable. Sulfide dynamics and
radiation correlated well. Throughout the entire period of
sunlight (from 7:30 h till 17:30 h) the sulfide concentration
decreased. Sulfide was not immediately depleted upon the
start of the illumination and only after several hours (after
10:00 h) complete sulfide depletion was observed at
0.5 mm depth. After 15:00 h sulfide was again detectable
over the whole depth profile. Conversely, radiation and oxy-
gen levels did not correlate very well. Oxygen production
was limited to a period from 10:00 h to 15:00 h. In this peri-
od, variations in radiation intensities, due to passing
clouds, were reflected in O, levels. Thus, in addition to
light, sulfide also controlled oxygenic photosynthesis, as
oxygenic photosynthesis occurs only when sulfide is fully
depleted. It should be noted that the depth where sulfide
depletion occurred was occupied by Cyanobacteria. This
observation indicates that the Cyanobacteria in the red
mat switch smoothly from H,S to H,O as electron source
for CO, fixation when H,S is depleted. In our laboratory
measurements oxygenic photosynthesis did not occur in
the presence of detectable sulfide and sulfide inhibition
was rapidly reversible. These findings match earlier results
from detailed physiological studies of isolates of the most
abundant cyanobacterial strain from these mats (Klatt,
2015).

The anoxic and illuminated upper basin of Little Salt
Spring may be considered as an analog to the habitat of
the early Earth during the long period after oxygenic photo-
synthesis had developed, but when the biosphere was not
yet oxygenated. Whereas the water column is persistently
anoxic, oxygen production by the red microbial mats leads
to very local accumulation of oxygen during a part of the
day. It is possible that such small zones were the only aer-
obic environments for the approximate one billion years
after the ‘invention” of oxygenic photosynthesis and before
the great oxidation event. These photosynthetic microen-
vironments may have been the source of the ‘whiffs’ of
oxygenation (Anbar et al., 2007; Canfield, 2013) that pre-
ceded the large scale oxidation events. It can be assumed
that, similar to Little Salt Spring mats, O, diffusing out of
such aerobic microenvironments was quickly consumed in
the strongly reduced surrounding world. Such oxygenated
micro-zones may have existed for many hundreds of mil-
lion years on a strongly reduced Earth (Canfield, 2013). In
such small and ephemeral oxygenated pockets the

biochemical tools must have been developed that were
needed to survive and exploit the eventually oxygenated
world. Directly following the onset of the GOE, organisms
equipped with these tools were able to spread and control
global element cycling. For instance we observed aerobic
sulfide oxidizing Beggiatoa on top of the mats. They rely
on the oxygen produced by the cyanobacterial mats and
the sulfide from the water column. Nitrate, an alternative
electron acceptor for Beggiatoa, was not detected in the
water column (detection limit 0.16 pM). Further studies on
the presence and activities of aerobic heterotrophic and
autotrophic communities in these mostly anoxic microen-
vironments may be rewarding.

Deep anoxygenic photosynthesis

We assumed oxygen production would force the GSB
deeper in to the mat and decrease their exposure to light.
Instead, we observed the GSB to be regularly exposed to
oxygen and instantly capable of anoxygenic photosynthe-
sis when anoxia and sulfide levels were restored,
indicating that these GSB can survive temporary oxygen
exposure and do not have to perform a balancing act
between oxygen inhibition and light limitation. This is con-
sistent with previous observations of GSB in presumed
oxic zones in Yellowstone hot spring mats (Liu et al,
2012).

We employed dark-light shifts to measure gross anoxy-
genic photosynthesis. How reliably light perturbation
methods can quantify photosynthesis can be a matter of
debate. The responses were not instant; it took 0.5-1 min
before the sulfide consumption was maximal. Conversely,
also light-dark shifts showed a lag-period. Regardless, we
assume that the occurrence of light-induced dynamics
confirms the presence of anoxygenic photosynthesis, and
are proportional to its rate.

Anoxygenic photosynthesis rates measured by dark-
light perturbations (Fig. 8) were constant with depth, and
appeared not to be dependent on the radiation intensity.
The GSB were thus light-saturated in the upper 6 mm.
This was confirmed in the Pl-curve where saturation was
observed at very low radiation levels, below 0.2 umol pho-
tons m2 s~'. This light level was reached at 4-5 mm
depth, at 6 mm light intensity was below 0.1 pmol photons
m 2 s~ ', From the dark-light perturbation, we derived that
the reaction was first order to sulfide meaning that the Km
was far above 100 uM. This is an unusually low affinity to
an essential substrate. However, reported values for GSB
are highly divergent, possibly reflecting properties of differ-
ent strains and/or used light intensities. For instance, van
Gemerden reported values ranging from 1 to 54 uM in 17
isolates, measured on suspensions of different isolates
under saturating light (~300 pmol photons m™2 s~ ") (van
Gemerden, 1984). Findlay et al. report a value of 11 uM in
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dilute suspensions exposed to an irradiance of 5 umol pho-
tons m~2 s~' (Findlay et al, 2015). In an engineering
study of a very dense (0.5 mm thick) GSB biofilm exposed
to a radiation of 6 pmol photons m™2 s~ ', a saturation of
the sulfide conversion was found at 300 uM. The high den-
sity of the biofilm must have resulted in a very strong
attenuation of radiation with depth. In Little Salt Spring, our
evidence indicates that the GSB in the mats have a low
affinity to sulfide, with a Km that must exceed 0.1 mM, a
very high affinity to light, and a distribution of activity to a
depth where little or no light penetrates.

We observed steady state sulfide consumption at 5 mm
depth where the radiation level was only 0.3 pmol photons
m~2 s~ (Fig. 2D). Generally, sulfide diffusing upwards dis-
appeared at depths with radiation intensities well below 1
umol photons m™2 s~'. To estimate the quantum yield
(mol photons mol ™" sulfide consumed) the ratio of the radi-
ation- and sulfide fluxes were calculated from eight steady
state profiles measured at 30 or 60 pmol photons m 2 s’
downwelling irradiance. The radiation fluxes at the depth
where sulfide was consumed were 0.3 = 0.1 umol photons

m~2 s, the sulfide fluxes averaged 3+ 1.3 X 10~8 mol

m~2 s~ resulting in a quantum yield of 12 + 7 mol pho-
tons mol ™' sulfide, or a quantum yield for sulfide of 0.08.
The reported quantum vyield for CO, is in the range of
0.02-0.3, depending on the wave length of the radiation
and the organism (Oren et al., 1977; Brune, 1989). The
stoichiometry of CO,:H,S can vary between 0.5 and 2,
depending on the product (S(0) or SO;Z). Thus the quan-
tum yield calculated from the radiation and sulfide flux at
4 mm depth is at a realistic order of magnitude. Yet, the
problem remains that sulfide seems to be consumed below
the photic zone.

Based on the overlapping in situ O, and H,S profiles in
the light it might be concluded that sulfide consumption is
entirely aerobic and that oxygen produced is immediately
consumed by sulfide oxidation. The diel cycles in oxygen
and sulfide distributions show that sulfide is consumed
from sunrise to sunset, and oxygen is only present during
5 h around midday. However, sulfide at 10 mm depth, well
below the oxic zone of the upper 4 mm, followed closely
the radiation dynamics at the mat surface. Sulfide con-
sumption occurred far below the zone where radiation is
measurable. During the day the sulfide level at 1 cm was
half the concentration that occurs at night. The H.S
dynamics at 10 mm depth cannot be explained with diffu-
sive transport towards a micro-oxic zone. The diffusion
time is obtained from the distance to the oxygen producing
zone at 0.5 mm depth (9.5 mm) and the diffusion coeffi-
cient (1.6 X 107° m? s~ ") (Berg, 1983). Upon the start of
oxygen production and thus aerobic oxidation of sulfide, it
would take 9 h for the sulfide decrease in the oxic zone to
have an effect at 1 cm depth. Thus the H,S dynamics at
1 cm depth cannot be attributed to light-driven oxygen
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production in the photic zone and ensuing sulfide con-
sumption, followed by diffusion to 1 cm depth. Instead,
anoxygenic photosynthesis may have been responsible for
the sulfide dynamics but this explanation is complicated.
The in situ radiation spectrum below 4 mm depth was
indistinguishable from the background noise. The diffusive
transport from 4 mm depth to 10 mm depth is still far too
slow (o =3 h) to explain why the sulfide dynamics at
10 mm depth follow the radiation regime so closely. A
explanation for this observation may be analogous to the
concept of cable bacteria (Nielsen et al., 2010), that were
shown to couple oxygen reduction at the sediment surface
to sulfide oxidation at a depth of several cm in the sedi-
ment. Possibly, oxidizing power generated in the surface
layer can accept electrons directly from such a distance by
similar cables. The electrons would then be donated to
these cables at some depth by bacteria, e.g. GSB, that
receive the electrons from sulfide.

Together, several of our observations are unexpected
and invite further study: (1) anoxygenic photosynthesis
rates remained mostly constant until 6 mm depth, although
most of the radiation intensity was attenuated strongly with
depth; (2) the observation that sulfide dynamics occur
deeper and are faster than can be explained by radiation
or diffusive transport, respectively; (3) sulfide is consumed
in the dark. The latter will be discussed in the following.

Non-photosynthetic sulfide consumption

The dynamics and fluxes in Little Salt Springs cannot be
described simply by the interplay of oxygenic and anoxy-
genic phototrophic communities, and sulfide consumption
and production processes. The separation between the
oxic and sulfidic zone, as regularly observed during labora-
tory measurements (Fig. 7), demonstrates that sulfide and
oxygen consumption are not always coupled. The down-
ward oxygen flux in these mats is not driven by aerobic
sulfide oxidation. Instead, the e-donor could be sulfur,
Fe?" or photosynthetically formed organics. The diffusive
sulfide flux in the light was 10 times lower than in the dark
and the upward diffusing sulfide disappeared deep below
the oxic zone. Thus, light energy must penetrate far below
the oxic zone, where it lowers the sulfide levels and there-
by reduces the sulfide flux in the upper cm. Also in Type 1
mats, with overlapping oxygen and sulfide gradients in the
dark, the oxygen flux was higher than can be expected
from sulfide oxidation (Fig. 6). When sulfide is fully oxidized
to sulfate, two oxygen molecules are consumed per sulfide
(2HS + 4 0, -> 2805 + 2H™). As the measured stoichi-
ometry was even higher (Fig. 6, ratio of the dark fluxes
05:50t = 3.1), oxygen must be used for other oxidation
processes than of sulfide.

In the dark, aerobic sulfide oxidation was rarely
observed, as the oxic and sulfidic zones were often

© 2016 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,

Environmental Microbiology, 19, 1251-1265



1262 D. Beer et al.

separated. Even in the dark, sulfide could be lower in the
mats than in the water phase (e.g. Fig. 7) indicating sulfide
consumption that is not driven by oxygen or light. The
strong sulfide consumption in the dark can be explained by
the presence of oxidized iron. Fe levels were found to be
elevated in the photic zone (Table 1). The accumulation of
Fe(Ill) could result from a combination of factors including
abiotic oxidation of Fe?" by O,, precipitation of dust or bio-
logical oxidation of Fe®" by anoxygenic photosynthesis.
Assuming a mat porosity of 0.9 and ensuing density of
1.07, the Fe(lll) content was 3.5-4 mol m ™2, or assuming
a mat thickness of 3 mm approximately 0.01 mol m™2.
This amount is sufficient to absorb the typical sulfide fluxes
(0.3-1 X 10" mol m~2 s~ ") for several days. A phototro-
phic mat surrounded by a sulfidic environment will
accumulate iron, since all iron that enters the mat will be
trapped either as iron sulfide or as iron oxide. GSB are
known to quickly oxidize sulfide to elemental sulfur when
illuminated (Imhoff, 2014). Obviously, the presence of such
solid phase ‘redox buffers’ of sulfur and Fe(lll) complicates
the interpretations of microsensor profiles and fluxes
towards processes. More importantly, Fe(lll) accumulations
in the photic zone would provide oxygenic phototrophs a
crucial advantage as only they can be active in the Fe(lll)-
rich zone where the geochemistry is dominated by an
effective sulfide scavenger. Possibly, Fe(lll) accumulations
stimulated the development of oxygenic photosynthesis,
which required habitats where alternative e-donors were
depleted. Such an accumulation of Fe(lll) in a strongly
reduced environment is only possible due to mass transfer
resistance. This tempting scenario would make mats cru-
cial in the evolution of oxygenic photosynthesis.

Implications

Our data on the interplay between oxygenic and anoxy-
genic photosynthesis do not provide a novel explanation
on the delay of oxygenation after development of photo-
synthesis. Little Salt Spring represents rather the scenario
where the global supply of reductant, due to tectonics,
exceeds the potential for photosynthesis (Knoll et al.,
2007; Canfield, 2013). In Little Salt Spring, the mixing of
the anoxic part of the water column prevents sulfide deple-
tion in the photic zone and thus effectively suppresses
oxygenic photosynthesis. Our study provides an addition
to the scenario where high reductant input suppresses
oxygen evolution in the ancient ocean, despite phototropic
activity (Canfield, 2013): even if oxygenic photosynthesis is
inhibited in the water column, it could develop in microbial
mats, in which transport resistance limited reductant sup-
ply needed for anoxygenic photosynthesis. Iron may have
played a crucial role in the oxygenation of the world: by
shielding sulfide from the photic zone, iron cycling can
force a system from anoxygenic- to oxygenic

photosynthesis. Iron will accumulate in the photic zone,
thus it has a strong control on these two modes of photo-
synthesis in mats.

The lake represents a unique ecosystem to study the
survival of aerobic microorganisms in a largely anaerobic
world. Oxygen is present in very short intervals, in an
extremely narrow zone that is regularly exposed to toxic
sulfide. To study which species can indeed survive such a
stress is relevant from an evolutionary perspective. Finally,
the phenomenon that sulfide dynamics occur very deep in
the mats, below the photic zone requires further study.

Methods

The experiments and sampling were performed from Nov. 4—
10, 2014 at Little Salt Spring in North Port, Florida. Laboratory
experiments were performed in facilities available on site. Little
Salt Spring is a sink hole in karstic rock in Sarasota County,
FL (lat. 27°04'30"N, long. 82°14'00"W). The geology and
hydrology of the spring have been described elsewhere (Zari-
kian et al., 2005). The surface is circular with a diameter of
80 m and the depth of the lake is 77 m. At 15 m depth the
diameter is reduced to approximately 30 m. Below this depth
there are several ledges below which the sinkhole widens
again. The shallow areas (2 m depth) are densely covered
with green alga (Chara spec.). Between 4 and 13 m depth the
sloping bottom is completely covered with red microbial mats.
The water column was reported to be hypoxic below 3 m
depth and sulfidic (Clausen et al., 1979).

The upper 6-10 cm of sediment, covered with the red
microbial mat, was sampled by SCUBA diving at 9-11 m
water depth using plexiglass cores with a diameter of 5 cm
and a length of 15 cm. The cores were brought to the lab and
stored in the dark at 25-28°C for less than 12 h before they
were used in experiments.

Water column data were obtained by a CTD deployed from
a platform at the approximate center of the sinkhole. Water
depth, temperature, conductivity, Chl-a fluorescence, and oxi-
dation—reduction potential (ORP) were measured in situ using
a calibrated multiparameter YSI 6600 probe (Yellow Springs,
OH, USA). Dissolved sulfide concentrations were measured
spectrophotometrically by the methylene blue method for total
sulfides (Hach method 690, detection limit 2 uM) using a por-
table spectrometer (Hach Co., Loveland, CO). Dissolved
nitrate was measured in the field using a portable spectropho-
tometer with the Cadmium Reduction method (detection limit
of 0.16 uM; Hach Co., Loveland, CO, USA). Water column
samples were collected using a 3.8 L Van Dorn bottle (Wildlife
Supply Company, Yule, FL) and were analyzed immediately
for sulfide concentrations as they were brought to the surface.
Sulfide analyses were conducted in duplicate and the values
were within 5% of each other.

Radiation intensity distribution was measured using a using
a scalar quantum PAR sensor (LiCor LI-193S, Lincoln, NE,
USA) attached to a data logger (LiCor LI-1400, Lincoln, NE,
USA). Diurnal in situ radiation dynamics were recorded with
an Odyssey Integrating PAR Sensor (Dataflow Systems Pty.
Limited) that was calibrated in situ with the LiCor LI-193S.
Radiation spectra in the water column and within the mats
were measured using a fibre optic spherical irradiation sensor
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(100 um diameter) connected to an Ocean Optics USB2000
spectrometer in a water-proof housing (Wangpraseurt et al.,
2014; Rickelt et al., 2016). Absorbance spectra were calculat-
ed per depth interval as the logarithmic difference of the
spectral intensities between the upper and lower interval
boundaries. Irradiance profiles were calculated by integrating
the spectral intensities between 400-800 nm, and calibrating
the surficial irradiance as measured by the LiCor PAR sensor.

Microsensors for O,, H>S and pH were prepared, calibrated
and used as described previously (Revsbech and Ward, 1983;
Jeroschewski et al., 1996; de Beer et al., 1997). In the labora-
tory the sensors were positioned at the mat surface by using a
dissection microscope, to determine the sediment-water inter-
face or zero ‘0’ position. Microsensor profile measurements
were performed using a micromanipulator equipped with a
stepper-motor. Usually two sensors were used simultaneously
on two separate micromanipulators. The mats were illuminat-
ed by white light halogen lamps (Schott 2500).

For in situ microsensor measurements, a diver-operated
motorized microsensor profiler (Diver Operated Microsensor
System, DOMS) was used (Weber et al., 2007). The DOMS
performs stepwise single microsensor profiling of selected
parameters (O,, HoS, pH) within sediments and mats. The
DOMS was also used for measurements of radiation penetra-
tion into the mats using the fibre-optic radiation sensor
described above (Wangpraseurt et al, 2014). Absorbance
spectra in the mats were calculated as explained above for
the water column. The DOMS was deployed to record series
of profiles with H,S and O, microsensors during 24 h periods,
to assess the vertical dynamics of chemistry during a diel
cycle. The exact positions of the tip of the microsensors rela-
tive to the surface were determined under water by using a
magnifying glass and a strong lamp. For positioning at the sur-
face the sensor was manipulated until the shadow from the
lamplight of the sensor on the mat and the sensor optically
touched. To avoid shadowing of the investigated spot, the
equipment was positioned so that the stands were behind the
sensors in the light path. A small fraction of the diffuse light is
blocked, due to the waterproof adapter holding the microsen-
sor. From the diameter of the adapter (3 cm) and its distance
to the sensor tip (17 cm) we calculated that this effect is < 1%.

Total sulfide (S;ot) was calculated from the H,S concentra-
tion and pH value using a pK of 6.7 (Millero et al., 1988).

Fluxes (J) were calculated from concentration gradients
using Fick’s law of diffusion with Dy the effective diffusion
coefficient in the mats, C the concentration of the solute and x
the distance. Dgs was obtained from the molecular diffusion
coefficient in water corrected for the salinity (0.3%) and the
reduction of diffusivity in mats (65% (Wieland et al., 2001)),
resulting in Dy for O, of 1.6 X 107° m? s~ and for Sy of
1.04 X 107° m? s~ . Volumetric conversion rates, i.e. produc-
tion or consumption, were calculated using a 1-D approach,
from the differences in fluxes between two depths (Gieseke
and de Beer, 2004).

Using dark-light shifts, gross anoxygenic photosynthesis
rates were determined as the maximum rate of S,x consump-
tion upon illumination.

Iron contents were determined on mats that were separated
into the red skin and the underlying 1 cm of coarse sediment
with green biomass. The samples were stored in —20°C,
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freeze dried and powdered. Of this material, 50 mg aliquots
were used in two separate chemical extractions and finally Fe
content analyses. One aliquot was sequentially extracted with
10 ml 1 M sodium acetate solution (pH 4.5) and 10 ml 1 M
sodium dithionite-citrate solution (pH 4.8) under an N, atmo-
sphere (Henkel et al., 2016). The other aliquot was extracted
with 10 ml 2.5 N HCI for 2.5 h. All extracts were filtered
through 0.2 um membrane filters. Total Fe and Fe(lll) were
measured immediately after filtration using the ‘Hach FerroVer’
and the ‘Ferrous Iron kit', respectively (Hach Co., Loveland,
CO, USA). The sodium acetate treatment extracts reduced
Fe, such as adsorbed Fe, Fe-bound carbonates and acid-
volatile sulfides. The sodium dithionite-citrate treatment
extracts the remaining Fe(lll) (Henkel et al., 2016). HCI treat-
ment extracts all of the aforementioned Fe fractions, including
some Fe in silicates (Raiswell et al., 1994).
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Additional Supporting Information may be found in the
online version of this article at the publisher’'s website:

Fig. S1. Logarithmic absorbance spectra calculated from
light spectra at 0, 1, 3 and 5 m depth in the water column.
The legend indicates the depth of the lower spectra. Due to
rapid attenuation of longer wavelengths no reliable absor-
bance information could be extracted beyond 700 nm at
3 m depth and beyond 620 nm at 5 m depth. The absor-
bance maximum at 720 nm is indicative for the presence of
BChl-c, -d, -e or -f.

Fig. S2. Light irradiance spectra measured at the mat sur-
face and inside the mats at 0.5 mm steps with a 100 um
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spherical irradiance sensor, the numbers in the legends are
the depths (m). Measurements were made in situ with natu-
ral light (A) and in the laboratory using a halogen lamp pro-
ducing white light (B). Measurements for Fig. B were done
twice with similar results. The light intensities were similar,
60-65 pmol photons m~2s~', but as the in situ spectrum
was much narrower than the light from the lamp, the maxi-
ma were higher.

Fig. S3. O, and H,S profiles in 3 samples of Type 1, where
in the dark sulfide and oxygen overlapped. The left panels
present the dark situation and the left the illuminated mats,
in pairs of the same samples.

Fig. S4. O, and H,S profiles in 3 samples of Type 2, where
in the dark sulfide and oxygen are separated. The left pan-
els present the dark situation and the right panels the illumi-
nated mats, in pairs of the same samples.

Fig. S5. Microprofiles in a microbial mat sample, illuminated
by 60 umol photons m~2s™". (A) shows that oxygenic pho-
tosynthesis is highly active with a maximum at 4-6 mm
depth. Upon addition of 1 mM sulfide in the water column
oxygenic photosynthesis instantly stopped (B). In the photic
zone, at 0.5 mm depth, S reached 5 pM, H,S was
approximately 0.5 uM. Sulfide did not penetrate due to con-
sumption at 5 mm depth. At this depth a strong pH peak
developed.

Fig. S6. Sulfide dynamics at 3.5 mm depth upon illumina-
tion with white light (60 pmol photons m~2s~") and darken-
ing (left). The continuous line presents the calculated
decrease rate (dS/dt) calculated from the sulfide dynamics.
The dynamics upon illumination were plotted at higher reso-
lution, showing a slow startup (right). The arrows indicate
when light was switched on (upwards) or off (downwards).
Fig. S7. The sulfide consumption rates (dS./dt) were plot-
ted against the sulfide concentration. The rates were
obtained in experiments as presented in Fig. S6, after the
maximum rate was reached.

Fig. S8. PI curves for Gross Photosynthesis (GP, measured
as HoS consumption upon dark-light shifts, see Fig. S5) at
2 mm depth, using white light. The rates were plotted
against the light intensities at the surface (bottom axis) and
against the local intensities at 2 mm depth (top axis).
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