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Summary

We used microsensors to investigate the com-
binatory effect of hydrogen sulfide (H.S) and light on
oxygenic photosynthesis in biofilms formed by a
cyanobacterium from sulfidic springs. We found that
photosynthesis was both positively and negatively
affected by H.S: (i) H.S accelerated the recovery of
photosynthesis after prolonged exposure to darkness
and anoxia. We suggest that this is possibly due to
regulatory effects of H.S on photosystem | compo-
nents and/or on the Calvin cycle. (ii) H>S concentra-
tions of up to 210 uM temporarily enhanced the
photosynthetic rates at low irradiance. Modelling
showed that this enhancement is plausibly based on
changes in the light-harvesting efficiency. (iii) Above
a certain light-dependent concentration threshold
H.S also acted as an inhibitor. Intriguingly, this inhi-
bition was not instant but occurred only after a spe-
cific time interval that decreased with increasing light
intensity. That photosynthesis is most sensitive to
inhibition at high light intensities suggests that H.S
inactivates an intermediate of the oxygen evolving
complex that accumulates with increasing light inten-
sity. We discuss the implications of these three
effects of H.S in the context of cyanobacterial photo-
synthesis under conditions with diurnally fluctuating
light and H,S concentrations, such as those occur-
ring in microbial mats and biofilms.
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Introduction

Over the last centuries scientific interest in hydrogen
sulfide (H.S) was focused on its toxicity. This effect of H.S
is mainly based on the inhibition of cytochrome c oxidase,
the enzyme catalyzing the last step of oxidative
phosphorylation in respiration (Beauchamp et al., 1984;
Cooper and Brown, 2008). H,S can therefore negatively
affect a multiplicity of organisms including bacteria,
animals (Beauchamp etal., 1984; Dorman, 2002) and
plants (Lamers etal, 2013). In the last two decades,
however, rising attention has been given to H,S as a crucial
metabolic regulator in higher organisms. In both animals
and plants, H.S serves as a gasotransmitter with diverse
physiological functions (Hancock etal, 2011; Wang,
2012). In plants, externally supplied H»,S was successfully
tested as a growth-supporting agent, wherein the species-
specific balance between the positive and toxic effects has
to be considered (Lisjak ef al., 2013). The specific positive
effects of both endogenously produced and externally
provided H.S include increased resistance against patho-
gens (Bloem et al., 2004; Rausch and Wachter, 2005),
improved freezing and heat tolerance (Stuiver et al., 1992;
Li etal, 2012), protection against heavy metal toxicity
(Zhang et al., 2008; 2010) and drought resistance (Jin
et al.,, 2011). Besides increasing the stress tolerance, H.S
was also shown to be involved in the regulation of plant
development (Rennenberg and Filner, 1983; Zhang et al.,
2008) and other complex processes such as stomatal
closure (Garcia-Mata and Lamattina, 2010; Lisjak et al.,
2010; Shen et al., 2013).

In addition to these complex mechanisms, H,S also
impacts the basic constituents of oxygenic photosynthesis
in plants. For instance, H,S upregulates the expression of
photosynthetic genes such as those coding for RuBisCO
and ferredoxin (Chen et al., 2011), promotes the activity of
superoxide dismutase (Zhang et al,, 2009), induces an
increase in the chlorophyll content (Zhang et al., 2009;
Chen etal, 2011) and possibly affects photosystem
stoichiometry (PSI:PSlII ratio) (Dooley et al., 2013). These
components of photosynthesis had probably already
evolved in the ancestor of all oxygenic phototrophs, most
probably in a cyanobacterium (Mulkidjanian et al., 2006).
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This raises the question whether similar stimulatory func-
tions of H,S on photosynthesis can also be found in these
bacterial oxygenic phototrophs. This would indicate that
the positive regulatory effects represent evolutionarily old
regulatory mechanisms thereby setting the basis for the
development of further functions of H.S in photosynthetic
eukaryotes after the endosymbiotic event (McFadden,
2001).

Cyanobacterial oxygenic photosynthesis evolved in
microbial mat-like structures (stromatolites) about 3.8—
2.4 Ga ago (Buick, 2008). Possibly, these systems were
characterized by intense sulfur cycling and abundant H.S
in the microenvironment of the early cyanobacteria
(Nisbet and Fowler, 1999; Buick, 2008). Even after the
first success of oxygenic photosynthesis in oxygenation of
the atmosphere during the great oxygenation event,
cyanobacteria still had to thrive in partially sulfidic oceans
(Canfield, 1998; Johnston et al., 2009). Exposure of oxy-
genic phototrophs to H.S therefore runs like a thread
through the history of their evolution. Still, the oxygen
evolving complex (OEC) of all contemporary cyano-
bacteria studied so far is inhibited to a species-specific
degree by H,S — even in species that are successful in
sulfidic environments (Miller and Bebout, 2004). This sug-
gests that the inhibitory effect of H,S is evolutionarily deep
rooted and that plausibly already the first OEC was
vulnerable to H,S toxicity. Consequently, cyanobacteria
must have rapidly evolved strategies to cope with this
toxicity and/or to even make use of H,S. One strategy
might have been the active depletion of H.S by
anoxygenic photosynthesis (Jorgensen et al., 1986). This
capability to perform both oxygenic and anoxygenic pho-
tosynthesis is conserved in several specialized con-
temporary cyanobacterial species from sulfidic habitats
(Cohen et al., 1975; 1986; Garcia-Pichel and Castenholz,
1990) (Klatt et al., 2015). The advantage of this strategy is
the coupling of depletion of the toxic H.S to energy con-
servation. In contrast, the strategies of obligate oxygenic
phototrophic cyanobacteria that cannot photosynthetically
deplete H.S are comparatively poorly understood. So far,
only Cohen and colleagues (1986) have shown for two
cyanobacterial species that H,S can act as a stimulator of
photosynthetic rates under specific light conditions and
H»S concentrations. However, the parameter range, as
well as the time frame over which this enhancement
occurs, remains unclear.

Typical contemporary habitats of sulfide-adapted
cyanobacteria are microbial mats and biofilms (Cohen
et al., 1986; Jargensen et al., 1986; Voorhies et al., 2012)
that are regularly used as analogues for stromatolites
(Seckbach and Oren, 2010). Due to the activity of their
inhabitants and mass transfer limitations, these systems
are generally characterized by steep vertical gradients in
the concentrations of sulfide and oxygen (O), pH and

light (Seckbach and Oren, 2010). Moreover, due to the
diurnally fluctuating input of light energy, the conditions in
these systems also change substantially on a temporal
scale (Revsbech et al., 1983; Jargensen et al., 1986). We
hypothesized that all cyanobacteria that are competitive
in such environments have special adaptations to H.S
and light dynamics, even if they are not able to actively
deplete sulfide by anoxygenic photosynthesis. We
therefore aimed to identify and elucidate possible adap-
tation mechanisms of obligate oxygenic phototrophic
cyanobacteria to the fluctuating exposure to H,S and light
in such spatially heterogeneous and temporally dynamic
systems. To fulfil this aim, we obtained a non-axenic
mono-algal cyanobacterial culture from a thin microbial
mat growing in a cold sulfidic spring and investigated its
potential for anoxygenic photosynthesis and the inhibitory
and stimulatory effects of H,S on its oxygenic photo-
synthesis. The measurements were performed using
microsensors in biofilms formed by the cyanobacterium
with a set-up that allows creating artificial sulfide gradients
across the biofilms (Fig. S1). We monitored the long-term
effects of H.S on photosynthesis and simulated diurnal
light and H.S fluctuations of natural microbial mats and
biofilms.

Results
Studied strain

The studied cyanobacterium strain FS34 originates from a
thin microbial mat sampled in the Frasassi sulfidic springs
(Galdenzi et al., 2008). The cyanobacterium is filamen-
tous (diameter of ~4 um, length of up to ~100 um; Fig. S2)
and motile. The results of the tree reconstruction placed
the sequence FS34 with other sequences of Planktothrix
spp. (Fig. S2), and the sequence identity calculations
returned values above 95%. Therefore, we propose that
the isolate is a member of the genus Planktothrix and
refer to it as Planktothrix str. FS34.

Planktothrix str. FS34 does not perform sulfide-driven
anoxygenic photosynthesis

To determine whether Planktothrix str. FS34 can perform
oxygenic and anoxygenic photosynthesis, the first experi-
ments were conducted in a stirred batch reactor (Klatt
et al. 2015). These experiments showed that Planktothrix
str. FS34 can perform oxygenic photosynthesis in the
presence of H,S (Fig. S3). However, as total sulfide
(Stot = [SZ]+HHS]+[H2S]) was not consumed, we conclude
that Planktothrix str. FS34 does not perform anoxygenic
photosynthesis with sulfide as an electron donor within
the studied range of irradiance (20-500 umol photons
m2s).
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During these batch reactor experiments, we observed
the formation of biofilms and aggregates. Thus, the bulk
measurements did not accurately reflect the conditions
that the cyanobacteria were actually exposed to in their
microenvironment, because O,, pH and sulfide gradients
typically develop within photosynthetically active biofilms
(Wieland and Kuhl, 2000). Although this does
not invalidate the conclusion that they do not perform
anoxygenic photosynthesis, further experiments were
therefore performed in the biofilms with microsensors to
accurately link the rates of photosynthesis to the local H.S
concentration.

Recovery of oxygenic photosynthesis after long-term
exposure to darkness and anoxia

To study the effects of H,S on the recovery of photosyn-
thesis in Planktothrix str. FS34, we incubated biofiims of
Planktothrix str. FS34 for ~10 h in the dark and anoxia
and, after switching on the light, monitored the rates of
gross photosynthesis (GP) together with the concentra-
tions of O, and H>S and pH inside the biofilm. After the
first dark-anoxic incubation, which was done without
H.S, GP increased slowly after the onset of illumination,
and the biofilm had to be illuminated for more than 6 h
before GP reached an apparent steady state (Fig. 1A,
triangles). After the next dark-anoxic incubation, which
was done in a stable H,S gradient across the biofilm
achieved by the addition of sodium sulfide (Na,S) stock
solution to the reservoir of the flow cell below the biofilm
(Fig. S1), switching on the light led to a remarkably
faster recovery of GP than in the previous H,S-free incu-
bation (Fig. 1A, rectangles). The concentration of H.S
gradually decreased within the biofilm because of the
equilibrium shift in the sulfide pool due to an increase in
pH (Fig. 1B-D). When the H,S concentration in the
biofiim was still between 10 uM (surface) and 20 uM
(1 mm depth), the GP rates at all depths reached a tran-
sient maximum that was between 1.5- and 2-fold higher
than the apparent steady state level reached after ~6 h
of incubation (Fig. 1A, rectangles). Intriguingly, the accel-
eration of the GP recovery as well as the level of the
transient GP maximum were higher in deeper layers
where H,S concentrations were higher and light intensi-
ties plausibly lower (Fig. 1). When the same biofilm was
again incubated in the absence of light, O, and H.S, the
recovery of GP after the light was switched on was
again slow and gradual (data not shown). A long-term
exposure of Planktothrix str. FS34 to H,S in the dark
and anoxia has therefore two effects on its photosynthe-
sis: it accelerates the rate of photosynthesis recovery
and induces a transiently higher rate than in a steady
state reached several hours after the light becomes
available.
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Dynamics of the inhibition of photosynthesis by H>S

To study the inhibitory effects of H,S on photosynthesis
in Planktothrix str. FS34, we incubated biofilms for ~6 h
at different levels of incident irradiance and H,S concen-
tration and monitored O,, H.S, pH and the rate of GP in
the uppermost layer of the biofilm. Before each meas-
urement, we incubated the biofilm for 1-3 h in the dark
under stable H,S and O, gradients. In contrast to the
results obtained after the long-term dark-anoxic incuba-
tions (see above), O, concentrations in the biofilm
increased immediately when the light was switched
on (data not shown). Additionally, H.S concentrations
concomitantly decreased due to a pH increase. When
the HoS concentration in the dark had been adjusted to
230 uM, the subsequent exposure to a low light (irradi-
ance of 41 umol photons m2s™) led to a rapid (within
~30 min) establishment of an apparent steady state
(Fig. 2A). In this state, which we hereafter refer to as the
‘active state’, the cyanobacteria performed oxygenic
photosynthesis at a constant rate while exposed to an
H.S concentration of 180 uM (Fig. 2A). However, this
active state was stable only for ~3 h, after which GP
rapidly decreased to zero (Fig. 2A). The cyanobacteria
remained in this inactive state as long as H.S was
present. However, GP completely recovered within
~30 min after the H.S was removed from the biofilm
(data not shown). The inhibitory effect of H.S was there-
fore reversible. In contrast to low light levels, a stable
active state of photosynthesis in the presence of H.S
was not observed at higher light levels. For example, at
irradiance of 130 umol photons m2s~', the GP rate
shortly increased after the onset of light, but then rapidly
collapsed (Fig. 2B). At even higher light intensities, this
peak of activity disappeared completely, and the cells
were photosynthetically inactive immediately after expo-
sure to light (data not shown). Thus, oxygenic photosyn-
thesis in Planktothrix str. FS34 exhibits a biphasic
pattern: it is not inhibited during a short-term exposure to
H-S, while a long-term H,S exposure leads to an inhibi-
tion, which occurs faster at higher light intensities.

Temporary enhancement of oxygenic photosynthesis by
H.S at low light intensities

To study the stimulating effects of H,S on photosynthesis
in Planktothrix str. FS34, we measured the rates of GP in
the uppermost layer of the biofilm as a function of irradi-
ance (PI curves) and H,S concentrations. Before each
measurement, the biofilm was incubated in the dark with
the O, concentration in the water column adjusted to
~20% air saturation and the H,S concentration in the
biofilm adjusted to a specific value by injecting the Na,S
stock solution into the bottom part of the flow cell. After the
establishment of a stable H,S gradient in the biofilm, the
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Fig. 1. Recovery of oxygenic photosynthesis in the Planktothrix str. FS34 biofilm after the long-term exposure to darkness and anoxia in the

presence (+H>S) and absence (-H.S) of H.S.

A. Volumetric rates of GP at two depths in the biofilm as a function of time, determined at incident irradiance of 69 umol photons m2s'. The
corresponding H.S concentration measured at the same depths (dashed line: 0.1 mm, solid line: 0.8 mm) are also shown.

B-D. Depth profiles of O, and H.S concentrations and pH measured in the biofilm at time points 0 h, 3 h and 6 h during the exposure to H.S
(+H.S-treatment). S, concentrations were calculated from the local H.S concentrations and pH.

light was switched on, which led to the dynamic increase
and decrease of GP described above (see Fig. 2). When
all measured parameters (GP, H.S, pH) stabilized for
more than 2 min, i.e. when a stable active state estab-
lished, volumetric rates of GP and the H.S concentration
were recorded. Afterwards, the light was switched off to
allow for an increase in the H,S concentration in the
measured point of the biofilm to the original value, and
then GP measurements were repeated at higher light
intensities. Subsequently, the concentration of H.S was

further increased by injection of Na,S stock into the
bottom part of the flow cell, and the entire procedure of
GP measurements at different light intensities was
repeated until partial Pl curves at various H.S concentra-
tions were obtained.

In the absence of H,S, the rate of GP exhibited a typical
dependence on irradiance, increasing linearly at low light
levels, reaching a maximum at some intermediate level
and decreasing due to photoinhibition at high light levels
(Fig. 3A). In contrast, the presence of sulfide induced
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Fig. 2. Transition from the photosynthetically active state to an
inactive state in Planktothrix str. FS34 biofilms. Gross
photosynthesis rates were determined in the uppermost
photosynthetically active layer of the biofilm at incident irradiances
of 41 umol photons m2s~' (A) and 130 umol photons m=s™' (B).
The corresponding H.S concentrations were measured in parallel in
the same layer of the biofilm.

complex patterns, wherein the interplay between both
light intensity and H»S concentration determined the pho-
tosynthetic rates (Fig. 3B). At H,S concentrations below
150 uM, photosynthesis was enhanced at all light intensi-
ties, and no inhibition was observed within the time frame
of the measurement. Interestingly, the increase of the GP
rate with irradiance was quadratic in the irradiance range
of 0—40 umol photons m2 s, as opposed to an approxi-
mately linear increase in the absence of H,S. Above
40 umol photons m=2s7', the GP rates gradually
approached the values measured at zero H,S concentra-
tion and continued to increase with a slope comparable to
the slope at zero H,S. However, there was a clear offset
towards higher rates. At H.S concentrations above
150 uM, the PI curve was characterized by a sharp
decline above a certain threshold light intensity that

O GP (umol O, L s™)

0.0 E

0 100 200 300 400
Light intensity (umol photons m? s™)
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decreased with increasing H,S concentrations (Fig. 3B).
This decline corresponded to the rapid collapse (within
<60 min) of the active state described above (see
Fig. 2B). These clear patterns were only observed when
plotted dependent on H,S concentrations but not as a
function of Sy concentrations (data not shown).

Discussion

Oxygenic photosynthesis is the light-driven process of
H-.O oxidation to O, coupled to the reduction of carbon
dioxide (CO,) to organic carbon. This coupling is facili-
tated by various redox reactions in the membrane (the
electron transport chain) and in the cytosol during the
Calvin cycle. Previous work has demonstrated that H.S
can affect a variety of these intermediate steps in plants
and some cyanobacteria. For instance, H,S inhibits the
photosynthetic electron transport already during its first
reaction when H,0 is split in the OEC (Miller and Bebout,
2004). The activity of photosystem | (PSI), which couples
electron flow from PSII via the cytochrome bsf complex to
the last steps in the linear transport chain that serve
NADP* reduction, appears to be upregulated (Dooley
etal., 2013). Also, H,S increases the expression of the
gene encoding for ferredoxin, one of the electron carriers
between PSI and NADP* (Chen et al., 2011). Even the
activity of enzymes of the Calvin cycle is promoted by H,S
(Chen et al., 2011).

Also our study demonstrates that the effects of H,S
can be multifaceted in a single organism. Specifically,
H,S appears to have three main effects on oxygenic pho-
tosynthesis in Planktothrix str. FS34: (i) It can accelerate
the recovery of photosynthesis after exposure to darkness
and anoxia, (i) it can act as an inhibitor and, before
inhibition occurs, (ii) it can temporarily enhance
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Fig. 3. Volumetric rates of GP as a function of incident irradiance (Pl curves) measured in the uppermost layer of Planktothrix str. FS34

biofilms.

A. Complete PI curve in the absence of H»S. The data points were fitted by the model of Eilers and Peeters (1988).
B. Partial Pl curves measured at different H.S concentrations in another biofilm sample.
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photosynthesis during a time interval whose duration
decreases with light intensity. We propose that these
effects are caused by separate mechanisms that are dis-
cussed in the following.

Acceleration of the recovery of photosynthesis after
exposure to darkness and anoxia

We observed a very slow recovery of the photosynthetic
activity in Planktothrix str. FS34 after extended exposure
to anoxia and darkness. Intriguingly, the recovery time
was substantially shortened by H.S (Fig. 1). A delay in the
onset of photosynthesis after darkness and anoxia is a
well-documented phenomenon in oxygenic phototrophs
(Schreiber et al., 2002) and is explained by the fact that
the Calvin cycle cannot be instantaneously activated.
After long periods of darkness, ATP is depleted while
NADPH is abundant. The latter cannot be oxidized to
NADP* due to the limitation in ATP. Also the electron
transport chain cannot become oxidized due to the limi-
tation in the NADP* or other, external, electron acceptors
such as O, (McDonald etal, 2011). In other words,
without a terminal electron acceptor the non-cyclic oxy-
genic photosynthetic electron transport cannot be active.
Consequently, photosynthetic ATP generation, which is
crucial to generate the electron acceptor NADP* via the
activity of RuBisCO, is inhibited. To overcome the problem
of ATP limitation and over-reduction of the cellular
components, oxygenic phototrophs generally use cyclic
photophosphorylation in PSI (Schreiber et al., 2002). This
process serves the generation of ATP in the absence of an
electron acceptor for the non-cyclic oxygenic photosyn-
thetic electron transport (Buchanan, 1991; Ghysels et al.,
2013). H.S might therefore increase the rate of cyclic
photophosphorylation in PSI. This could, for instance, be
accomplished by increasing the number of PSI reaction
centres or associated pigments, as seen in Zostera
marina seedlings (Dooley et al., 2013). Alternatively, it
could also be achieved through an increased activity of
ferredoxin, which is also involved in the cyclic electron
transport, as observed in Spinacia oleracea seedlings
(Chen et al., 2011).

However, because in the absence of H,S the recovery
time of photosynthesis after darkness and anoxia was
extraordinarily long (up to 6 h, compared with minutes
measured by Ghysels etal., 2013 or Schreiber et al.,
2002), and the recovery was also delayed after prolonged
darkness under aerobic conditions (up to 4 h, data not
shown), it is more likely that H.S has yet another crucial
regulatory role. Enzymes involved in the Calvin cycle are
generally activated indirectly by light. The mechanism
behind this activation is the reduction of disulfide-bonds,
which increases the catalytic capability of the respective
enzyme. The reductant needed for this reaction is

thioredoxin, which in turn receives electrons from
ferredoxin at a light-dependent rate (Schirmann and
Buchanan, 2008; Michelet et al., 2013). Therefore, we
hypothesize that the function of H.S in Planktothrix str.
FS34 is similar to that of thioredoxin, i.e. it directly acti-
vates enzymes involved in the carbon fixation pathway by
disulfide bond reduction. Further research is required to
directly identify the mechanisms involved in the accelera-
tion of the recovery of photosynthesis in Planktothrix str.
FS34 after prolonged darkness.

Light-dependent inhibition of photosystem Il activity
by H-S

We found that H,S enhances photosynthesis in
Planktothrix str. FS34 temporarily, i.e. during an active
state. This active state can last for several hours at low
light intensities but is substantially shortened or even dis-
appears at higher light intensities (Fig. 2). The conspicu-
ous light dependency of the inhibition in Planktothrix str.
FS34 suggests that H,S binds to an intermediate that is
formed at a rate that is determined by the light intensity.
We propose that this intermediate is generated during
the light-driven water oxidation process in the OEC,
because H.S has been shown to inhibit PSII activity at its
donor site (Miller and Bebout, 2004). We have incorpo-
rated this concept into a basic model of the electron
transport processes in PSIl (Fig. 4). Importantly, in our
model, the reactions that actually convert the light energy
into chemical energy, i.e. the excitation of the catalytic
Chl a dimer in PSIl (kes), the reduction of the primary
electron acceptor Qa (ko) and the generation of the inter-
mediate in the OEC (k¢), are not directly affected by H,S.
They only indirectly depend on H,S through an inactiva-
tion of an intermediate formed in the OEC. Because our
data do not allow us to identify this intermediate, we
refer to it generally as OEC,. Nevertheless, based on
the present knowledge, this intermediate could be any-
thing formed at the donor site of the catalytic Chl a —
starting from the oxidized catalytic tyrosine residue that
mediates electron transport between the reduced man-
ganese centre of OEC to the oxidized P680 to any inter-
mediate state formed in the S-cycle of OEC described in
(Jablonsky and Lazar, 2008).

Numerical implementation of this model based on the
rate laws described in Table 1 indeed enabled us to simu-
late the biphasic pattern of photosynthetic O, production
observed in Planktothrix str. FS34 at low light intensities
and the fast establishment of the inactive state at high
light intensities (compare Fig. 2 with Fig. 5A and C). Spe-
cifically, the long-term stable active state at low light inten-
sities occurs because the OEC is only slowly removed
from the reactive pool through binding to H,S (compare
the evolution of OEC and OEC.H,S in Fig. 5B). This
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makes it still available for the interaction with the oxidized
catalytic Chl a dimer in PSII (P680,.), the generation rate
of which is not directly affected by H,S and continues
dependent on the light intensity. Only upon inhibition of
the complete OEC pool by H.S does the photosynthetic
rate rapidly decrease to zero. In contrast, a stable active
state does not occur at high light intensities because the
intermediate (OEC.) is generated at a higher rate, which
leads to a more rapid accumulation of OEC.:H»S and
consequently to a faster depletion of OEC available for
the oxidation by P680.« (Fig. 5D). We therefore conclude
that the likely mechanism of the inhibition of oxygenic
photosynthesis in Planktothrix str. FS34 is based
on binding of H,S to an oxidized intermediate of
the oxygen evolving complex whose formation is driven
by light.
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Fig. 4. Proposed model for the kinetic control
of the reactions in the photosystem Il of
Planktothrix str. FS34 by H.S. E is the photon
flux; P680 and P680* is the Chl a dimer in the
ground and excited state respectively; P680ox
is the oxidized form of the Chl a dimer that
receives electrons from the oxygen evolving
complex (OEC). OEC is the intermediate
formed during H.O oxidation that is inhibited
by H>S. OEC.:H,S is the bound (and thus
inhibited) form of this intermediate; PSI is the
. reaction centre of PSI in the ground state;
P+ PSI* is the excited catalytic Chl a in the PSI

g reaction centre; PSly is the oxidized form of
S L 2 the PSI reaction centre that can receive
i CO, | electrons from reduced plastoquinone (PQeq).

Definitions of the process rates (k) are given

in Table 1. Model implementation was done in
R (www.cran.r-project.org) using the deSolve

package (Soetaert et al., 2010).

Enhancement of the energy conservation efficiency in
PSII and PSI by H.S

Our data showed that oxygenic photosynthesis in
Planktothrix str. FS34 is enhanced by H.S at low light
intensities (Figs. 1A and 3B). Intriguingly, H.S appears to
additionally transform the normally linear increase of pho-
tosynthesis with irradiance into a quadratic one (Fig. 3B).
The initial slope of the PI curve is mainly determined by
the energy conversion efficiency of PSIl, while the
decrease of the slope at higher light intensities and the
resulting saturation of photosynthesis (Fig. 3A) are deter-
mined by the rate limiting steps downstream of PSII,
which can either be plastoquinone diffusion time or
carbon fixation rate in the Calvin cycle (Sukenik et al.,
1987; Cardol et al., 2011). In S. oleracea seedlings, H.S

20 10 pmol photons m*s” 10 umol photons m”s’ 100
— 15 A T .. ,r"" B 80
TUJ o - dr T ”,'e,"” s+ OEC 60 8
. L —O0CEC, 40 &
o 0 .-t el ==sOECIHS [20 O
(@) 0 ,a” Tl 0 L
S (@]
g 200 100 pymol photons m’s’ 100 umol photons m’s’ =
£ T e 100 ks
o 150 C 3 ’;' D80 %
O L 60 o
100 W 3>
3 40
50 .”. 20
0 - 0
0 1 2 3 4 5 6 0 1 2 3 4 5 6
time (h) time (h)

Fig. 5. Simulation of the transition from an active state to an inactive state in Planktothrix str. FS34. Shown are temporal dynamics of the
volumetric rates of GP at low (A) and high (C) irradiance together with the corresponding partitioning of the OEC pool (B and D). In both
cases, H>S concentration of 200 uM was used. Note that the area under the two curves in (A) and (C), i.e. the total amount of O, produced, is
the same. Thus, at a certain H,S concentration a fixed amount of O, can be produced before complete inhibition occurs and only the time that
it takes to generate this specific amount depends on light. In our model, this total amount of O, produced is defined by the ratio between the

rates ko and ks (ko:ks: = €/(x [H2S]); Table 1).
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Table 1. Definition of the rate laws governing the redox reactions shown in Fig. 4, and values of the constants used for the simulations in Figs. 5

and 6.

Expression® Description

Constants®

Kkes = o E [P680]
a =0 +nE ((H:S]/Ks +[H:S])

The rate of generation of an excited catalytic Chl a dimer (P680*) in PSII. It
depends on irradiance (E in umol photons m= s7"), the availability of the
ground state Chl a ([P680] in nmol L") and the absorbance cross-section

0p=1% 10" m?2 umol
1n=30x10°m*s umol?
Ks=2 umol L™

factor o that describes the efficiency of conversion of the externally
available photon flux into a volumetric rate of pigment excitation. The
absorbance cross-section is assumed to increase with the H.S

concentration and irradiance.
kez= 3 [P680*]

The rate of reformation of the ground state P680 from the excited state

B=1x10%s"

P680*. This reformation yields fluorescence and heat. Together with ¢, the
parameter 3 determines the relation between the external photon flux and

the potential electron transport rate.
[PQy ] The rate of P680* oxidation coupled to the reduction of oxidized
plastoquinone (PQ.). This process results in the formation of a highly
reactive oxidized Chl a dimer (P680.x).
[PQreq ] The rate of reduced plastoquinone (PQrq) oxidation coupled to the reduction
of oxidized photosystem | (PSl.). This rate controls the availability of PQox

Kar = 7[P680" |22
ar =7l JKg+[PQox]

Kap = pIPSlgy]——ee]
o2 = PIPSl im0 o]

y=1s"
Ky =50 nmol L'

p=100s"
K:=5 umol L

for the reduction by PSIl and PSI in the ground state.

kc= 0 [P6804] [OEC]
(OEC,), driven by P680cx.
ko= ¢ [OECw]

The rate of generation of an intermediate in the oxygen evolving complex

The rate of H,O oxidation to O, coupled to the reduction of OEC.. Division of

6=0.1 L nmol™" 7'

e=1s"

ko in nmol electrons L™ s™' by 4 gives the rate of oxygenic photosynthesis

in nmol O, L' s,
K1 = k [OECay] [H2S]
OECDx:st.
Ksz= 6 [OECoxH2S]

The rate of binding of H.S to OEC... This binding leads to the formation of

The rate of the reverse reaction that results in the release of OEC. from

k=20x10°L umol' s~

6=02x10°s"

OECOXZHQS.
kes= 6 E [PSI] The rate of generation of an excited reaction centre in PSI. It depends on 0o=1x 10 m? umol™'
[H,S] irradiance (E), the availability of the ground state PSI and the absorbance {=2x10"° m? umol™
0=00+¢ m cross-section factor 6. In contrast to factor o, factor 6 is assumed to Ky =500 pmol L™
" 2 increase only with the H.S concentration but not with irradiance.
[PSI*] The rate of photosystem | (PSI*) oxidation. PSI* oxidation is coupled to v=900 nmol L' s
kea = Vm NADP* reduction and finally to CO. fixation in the Calvin cycle. Thus, we Ke=4 umol L™

implemented the rate limitation in the Calvin cycle indirectly as a limitation
of the PSI oxidation rate, which is given by the maximum rate v.

a. Rates are in nmol L' s™', where L refers to the volume of the biofilm.

b. The values correspond to the assumed concentrations of 1000 nmol L™ for the total P680 pool (P680 + P680* + P680.), the total OEC
pool (OEC + OECo + OECc:H,S) and the total PQ pool (PQox + PQred), and of 1500 nmol L' for the total PSI pool (PSI+ PSI* + PSlu) in the

biofilm.

increased the maximal photosynthetic rate but did not
affect the initial slope of the Pl curve (Chen et al., 2011).
This increase was accompanied by increased activity of
RuBisCO and other photosynthetic components mediat-
ing the electron transfer between PSI and CO, (Chen
et al., 2011). Also in Planktothrix str. FS34, H,S appears to
affect PSl-associated electron transport, which acceler-
ates recovery of photosynthetic rates after exposure to
darkness (see above). The enhancement of the rates,
however, cannot exclusively be based on this effect of
H,S. This is because the enhancement in Planktothrix str.
FS34 occurred already in the range where the PI curve is
normally linear and not in the range where light saturation
occurs. Thus, the effect of H.S cannot be limited only to
the acceleration of electron transport downstream of PSII.
We propose that H,S also has an effect on the energy
conversion efficiency in PSII.

40 L) L) L) L
] Lo HS (M)
35 o —o-0 7
1 o° A —n—1 |
T 907 pa }»» L —0—100 ]
- 1 g o —v—150 ]
—, 257 T AT O —»—200 ]
O 5] % B an’-g —Xx—250 1
- [m) -
SRS Y .
E 151 2 .
~ g ]
o Ao
10 4 o ]
O | £
5 4 4
0 P D e
\J M ) M L) M )
0 50 100 150

irradiance (umol photons m? s™)

Fig. 6. Simulation of the Pl curves in Planktothrix str. FS34 at
different H.S concentrations. The rates of GP are non-zero only if
the active state was stable for more than 60 min.
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Energy conservation efficiency can be increased by
increasing the rate of excitation of the catalytic Chl a
dimer, P680 (kg; in Fig. 4), or by decreasing the rate of
excitation energy loss into heat and fluorescence (Kgo).
The rate kgs can either be increased by increasing the
pool of P680, i.e. the number of photosystems, or
by increasing the absorption cross-section of PSII-
associated pigments (factor o in Table 1). In our model,
we assumed the latter. Specifically, we used the
Michaelis—Menten kinetics with a low half-saturation con-
stant (~2 uM) in combination with a linear function to
describe the increase in the absorbance cross-section
with H»S and light respectively. Although we presently lack
a mechanistic explanation for this increase, the most
probable mechanism is a light-driven chemical transfor-
mation in PSII that leads to conformational changes and
eventually to an increase in the absorbance cross-
section. This would be consistent with the fact that the
increase in photosynthesis is rapidly achieved (Fig. 2).

Assuming that only PSII activity is enhanced (kg in
Fig. 4), rate limitation in PSI (kes in Fig. 4) is expected
when kg; approaches a certain threshold. This is
because the electron transport components between
PSIl and PSI, e.g. plastoquinone (PQ), would become
rapidly fully reduced and could not receive electrons from
PSIl anymore, which would slow down the complete
electron transport process. The ‘bump’ on the PI curve at
low irradiances indeed suggests that rate limitation
in PSI plays a role above an H.S-dependent light
threshold. However, our data show that after this
‘bump’, the rates of photosynthesis are higher than those
measured in the absence of H.S. This implies that the
potential PSl-associated electron transport rates must
also increase in the presence of H,S. A possible mecha-
nism could be an increase in the maximum rate of CO,
fixation in the Calvin cycle. However, since this positive
effect on the Calvin cycle would mainly increase the
slope of the Pl curve above the ‘bump’, which would be
inconsistent with our data, we deem this mechanism as
unlikely. Another mechanism could be an increase in
the absorbance cross-section in PSI (parameter 6 in
Table 1), plausibly due to the redistribution of excitation
energy between the photosystems [state transition
(Allen et al., 1989)] or an increase of the number of PSls
in the thylakoid membrane. We implemented this by
assuming that the parameter 6 increases with H.S
according to the Michaelis—Menten kinetics but is light
independent.

Numerical implementation of these mechanisms and
empirically derived rate laws gave a reasonably good
agreement between the experimentally determined
(Fig. 3) and modelled (Fig. 6) PI curves. Therefore, we
conclude that the stimulation of photosynthetic rates in
Planktothrix str. FS34 by H,S is likely based on (i) a
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rapidly saturated increase of the absorbance cross-
section in PSIl and (ii) a simultaneous, but less pro-
nounced, increase of the light harvesting capabilities
in PSI.

Implications for the ecophysiology of Planktothrix
str. FS34

In microbial mats and biofilms, anoxygenic photosynthe-
sis and aerobic sulfide oxidation (driven by photosyntheti-
cally produced O,) are often responsible for the depletion
of sulfide in the photic zone (Jorgensen etfal., 1986).
These processes are, however, restricted to the times of
daylight. During night, biotic and abiotic sulfide removal
is limited by the supply of oxidant (e.g. O., NO3) from
the overlying water column, and consequently, sulfide
concentrations in the photic zone generally increase
(Jorgensen et al.,, 1986). Our measurements reveal that
during early mornings, such high H.S concentrations, are
not necessarily disadvantageous for obligate oxygenic
phototrophic cyanobacteria such as Planktothrix str.
FS34. Specifically, H.S is even crucial to shorten the
recovery time of photosynthesis after darkness during
night and, especially under low light intensities, H>S can
temporarily increase the photosynthetic rate.

However, our data indicate that the niche of Planktothrix
str. FS34 within sulfidic environments is rather narrow, as
their activity strongly depends on defined temporal
dynamics of H,S and light, and their interplay. Specifically,
the H.S concentrations must be <230 uM, otherwise,
inhibition would occur instantaneously also at low light
intensities, whereas at about 180 uM H,S concentration
and 40 pmol photons m2 s™', photosynthesis is stable at
an enhanced rate for more than 3.5 h. If comparable
conditions occur in the microenvironment of Planktothrix
str. FS34 during the early morning, it will rapidly recover
from previous dark anoxic conditions and perform
photosynthesis at an enhanced rate. lts oxygenic photo-
synthesis will then indirectly modulate the local H.S con-
centration, even though it does not perform anoxygenic
photosynthesis. Namely, the CO. fixation driven by oxy-
genic photosynthesis will lead to an increase in pH and
thereby a decrease in H.S in its microenvironment. Addi-
tionally, the H,S levels will also decrease due to the
uptake of sulfide by anoxygenic phototrophs and
chemotrophic sulfide oxidizers. This means that the inac-
tivation by H,S (Fig. 2) will not occur in natural biofiims, as
the sulfide species H.S is quickly removed due to the
strong photosynthesis-driven pH increase, similarly to the
dynamics in Fig. 1. But even without efficient H.S
removal, it is expected that Planktothrix str. FS34 can
remain in an active state for a complete day, given that the
light intensity is very low. Also, Planktothrix str. FS34 is
able to migrate inside a biofilm or a microbial mat, and
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thus these cyanobacteria can plausibly escape from
disadvantageous microenvironmental conditions. For
instance, at 190 uM H,S and 130 pumol photons, m=2 s
photosynthesis is completely inhibited after ~30 min.
Migrating either deeper into the biofilm to reduce the light
intensity or into a less sulfidic layer can, however, prevent
the inhibition. Therefore, cyanobacteria like Planktothrix
str. FS34 are probably effective competitors to obligate
anoxygenic phototrophs and to cyanobacteria that can
perform both anoxygenic and oxygenic photosynthesis.

Implications for current models of ancient
ocean chemistry

The regulatory functions of H>S on oxygenic photosyn-
thesis identified in this study for the cyanobacterium
Planktothrix str. FS34 might have played a globally impor-
tant role before the complete oxygenation of Earth’s
atmosphere and oceans (Johnston et al., 2009) and even-
tually also during the subsequent sulfidic events that are
thought to have caused global mass extinctions [e.g. in
the end of Permian period, (Wang, 2012)]. However,
it is important to stress in this context that H.S is
advantageous for photosynthesis in cyanobacteria like
Planktothrix str. FS34 only if the exposure time to H.S is
limited, or if the light intensity or H,S concentration is low.
This means that such cyanobacteria will be competitive as
free-living planktonic organisms in a sulfidic water column
where H,S concentrations are not substantially fluctuating
only if both light intensity and H.S concentration are low.
The latter implies electron donor limitation for obligate
anoxygenic phototrophs. Thus, oxygenic phototrophs like
Planktothrix str. FS34, which are never limited in electron
donor, might have had a selective advantage. Such
cyanobacteria would also be successful in environments
where H,S concentrations were fluctuating — either by
their own activity (i.e. through the modification of pH) or by
the interaction with phototrophic or chemotrophic sulfide
oxidizers. In microbial mats that have dominated shallow
coastal regions for billions of years and in aggregates
formed in the water column, the regulatory functions of
H>S might have provided cyanobacteria like Planktothrix
str. FS34 a selective advantage. The competitiveness of
such obligate oxygenic phototrophs with anoxygenic
phototrophs (both obligate and versatile cyanobacteria) in
a sulfidic environment was plausibly crucial in the oxy-
genation process of our planet. This is because the com-
petitiveness implies that oxygenic photosynthesis might
have dominated under certain conditions despite abun-
dant electron donor (H.S) for anoxygenic photosynthesis.
The introduction of O, to a sulfidic environment would
have opened the stage for other competitors to
anoxygenic photosynthesis, namely the light-independent
aerobic sulfide oxidizers. Therefore, even if their habitat

was limited to temporarily fluctuating environments,
sulfide-adapted cyanobacteria like Planktothrix str.
FS34 might have shifted the global balance between
anoxygenic and oxygenic photosynthesis, which repre-
sents a key aspect of the oxygenation of Earth.

Experimental procedures
Isolation and cultivation

The cyanobacterial strain FS34 was isolated from a biofilm
growing in a sulfidic spring emerging from the Frasassi Cave
system (Galdenzi et al., 2008). Specifically, the culture was
obtained by dilution series in sulfidic and non-sulfidic medium
and by picking of individual filaments from solid medium as
previously described (Klatt efal., 2015). The mono-algal
culture was not axenic; however, microscopy revealed that
the ratio between the cyanobacterial and other cells was
> 250. The contaminant cells were most likely not aerobic
sulfide oxidizers, as we did not observe any biological sulfide
consumption even in the presence of high O, concentrations
(Fig. 1; Fig. S3). Also their contribution to O, removal was
< 2%, and therefore negligible (data not shown). During the
whole isolation procedure, the cultures were incubated at
15 °C under irradiance of 200 pmol photons m2 s™" provided
by fluorescent lamps (Envirolight, USA). For maintenance,
cultures were transferred every 3 to 6 weeks alternating to
BG-11 and sulfidic Pfennig’s medium I.

For the batch reactor experiments, strain FS34 was grown
in stirred liquid BG-11 medium until the exponential phase
and then transferred into the reactor as previously described
(Klatt et al., 2015). For the experiments in the flow cell, strain
FS34 was also grown in BG-11 medium on a rotary shaker,
which led to the formation of floating rigid biofilms that were
transferred to and fixed in the flow cell.

Deoxyribonucleic acid extraction, polymerase chain
reaction, sequencing and phylogenetic analysis

Deoxyribonucleic acid was extracted as previously described
(lonescu et al., 2010; Klatt et al., 2015). The partial 16S rRNA
gene sequence was amplified using the cyanobacteria-
specific primers CYA106F and CYA781R and the parameters
for the polymerase chain reaction (PCR) as described by
(Nubel et al., 1997). The PCR product of the partial 16SrRNA
sequence was purified using the QlAquick PCR purification
kit (Qiagen) and Sanger sequenced as previously described
(Klatt et al., 2015). The partial 16S rRNA gene sequence is
deposited in the European Nucleotide Archive under the
accession number LN609763.

For phylogenetic analysis, the 16S rRNA sequence was
aligned with SINA (Pruesse et al.,, 2012), and was merged
with the SILVA SSURef_NR99_115 dataset (Quast etal.,
2013) for further processing using software package ARB
(Ludwig et al., 2004). Along with the strain FS34 16S rRNA
gene sequence, 20 full-length 16S rRNA gene sequences
from other cultivated strains belonging to the Oscillatoriales
order were selected for phylogenetic tree reconstruction.
Several treeing algorithms (neighbour joining, maximum
parsimony and maximum likelihood) with and without
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alignment position and base conservation filters were
applied, and each attempt returned almost identical tree
topologies. The final tree shown is calculated using RAXML
version 7.0.4, with a GTRGAMMA model, a 10%
cyanobacterial base conservation filter, and with 1000 boot-
straps. The FS34 sequence was added later to this tree using
the ARB parsimony insertion tool, again applying the 10%
base conservation filter.

Stirred batch reactor experiment

To test whether strain FS34 is capable of anoxygenic pho-
tosynthesis using sulfide as an electron donor, culture har-
vested in the exponential growth phase was incubated in a
stirred batch reactor without headspace (Klatt et al., 2015).
The set-up allows online measurement of O, concentration
and pH and the assessment of the S, concentrations in
subsamples taken during an incubation. In this experiment,
we exposed the culture to S concentrations of up to
400 UM ([H.S] = 60 uM) for 5 min—20 h in the dark, switched
on the light (irradiance 20-500 umol photons m=2s™") and
measured O, production and S consumption rates for at
least 6 h.

Flow-through chamber with a sulfidic bottom reservoir

The experimental set-up used for the measurements of
photosynthesis in the biofilms formed by the studied
cyanobacterial strain consisted of a top part that was con-
structed like a flow-through chamber (height: 10 cm, length:
25 cm, depth: 10 cm) and placed on top of a stirred reservoir
(volume 2.4 L) (Fig. S1). The reservoir was filled with BG-11
medium to which Na,S stock solution (pH ~7.5, 200 mM)
could be added by injection through a butyl rubber stopper.
The chamber was separated from the reservoir by a polyester
fibrous web on which the biofilm was fixed with pins. The flow
chamber was fed from a thermostated recycle via gas-tight
tubing. O, concentration in the recycle and consequentially in
the water column was adjusted by bubbling with nitrogen gas.
To reduce exchange with air, paraffin oil was added on the
water surface of the flow chamber, and the thermostated
recycle was covered with foil. Sulfide gradients across the
biofilms were generated by the addition of sodium sulfide
from a stock solution to the reservoir and in some cases also
to the recycle.

lllumination of the biofilms in the flow chamber was pro-
vided by a halogen lamp (Schott KL2500). The incident irra-
diance at the surface of the biofilm was determined with a
submerged cosine-corrected quantum sensor connected
to a LI-250A light meter (both LI-COR Biosciences GmbH,
Germany).

Microsensors

0,, pH and H,S microsensors with a tip diameter of 10—-30 um
and response time of <1 s were built, calibrated and used
as previously described (Revsbech, 1989; Jeroschewski
etal., 1996; de Beer etal., 1997). Calibration of the H,S
microsensors was performed in an acidified BG-11 medium
(pH<2) to which Na,S was added stepwise. The S
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concentrations in the calibration solution were determined
according to Cline (1969).

Microsensor measurements

During simultaneous O,, pH and H,S measurements, the tips
of the microsensors were always separated by less than
50 um. Depth profiles were corrected for the azimuthal angle
at which they were measured (Berg et al.,, 1998; Polerecky
et al., 2007). Calculation of Sy from the local H,S concentra-
tions and pH values measured with microsensors was done
according to Millero (1986), using a pK value of 7.14 (Wieland
and Kuhl, 2000). Volumetric rates of GP were determined
using the O, microsensor based light-dark shift method
(Revsbech and Jorgensen, 1983).
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Fig. S1. Schematic diagram of the flow-through chamber
used in this study. Biofilms (a) were fixed on a polyester
fibrous web (b) that separated the flowing water column of the
upper part from the reservoir in the bottom part. Sodium
sulfide stock solution was added to the reservoir through a
butyl rubber stopper (c). Mixing in the bottom part was
achieved by a magnetic glass stir bar (d).

Fig. S2. Light microscope image of Planktothrix str. FS34
(scale baris 5 um) and a dendrogram showing the position of
its 16S rRNA sequence with respect to sequences from other
cultivated members of Oscillatoriales. The tree reconstruction
was performed using maximum likelihood algorithm as
implemented in RAXML. The two Gloeobacter violaceus
sequences serve as the out-group. Bootstrap values are only
shown when they were above 60%; the bar indicates 0.02
substitutions per nucleotide position.

Fig. 3. Oxygen and total sulfide concentration dynamics
measured in a stirred batch reactor filled with Planktothrix str.
FS34 culture. Sodium sulfide stock solution was added to the
culture in the dark to establish a final S concentration of
400 uM ([H.S] =95 uM) in the reactor. Scalar irradiance in
the reactor was 100 umol photons m2s'. The decrease in
the S, concentration in the presence of photosynthetically
produced oxygen was due to abiotic sulfide oxidation as
confirmed by separate incubations of medium without culture.
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