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The interplay between light, arsenic and H,O, controls oxygenic
photosynthesis in a Precambrian analog cyanobacterial mat.
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23 Abstract

24 The regulation of O, production by cyanobacteria is critical to understanding the co-evolution of
25  oxygenic photosynthesis (OP) and Earth’s redox landscape. This includes their response to electron
26 donors for competitive anoxygenic photosynthesis, like arsenic. In this work, we assessed the effect
27  of arsenic cycling on photosynthetic activity in a modern cyanobacterial mat thriving beneath an
28  arsenate-rich (~9-10 uM) water column in the high-altitude central Andes, using biogeochemical and
29  omics approaches. Microsensor measurements and hyperspectral imaging revealed two O,-
30  producing cyanobacterial layers. During the afternoon, OP ceased in the lower, Chl f-dominated
31 layer. Ex-situ measurements revealed that the combination of high light and arsenic induced a
32 prominent rise in local H,O, concentration, which then coincided with the interruption of OP. Mat
33 incubations suggested that after OP ceased, cyanobacteria transitioned to As(lll)-driven anoxygenic
34 photosynthesis using far-red light. Additional incubations and metatranscriptomics on in-situ samples
35 reveal simultaneous As(V) reduction during the day, at sufficiently high rates to supply electron
36  donors for anoxygenic photosynthesis. This study proposes that As(lll) can serve as an alternative
37  electron donor for cyanobacterial photosynthesis. It also reveals the crucial role of arsenic in
38 moderating OP, a consequence of the interaction between arsenic and reactive oxygen species under
39  high irradiance. Given the widespread abundance of arsenic in the Precambrian, we further discuss

40  how this regulatory mechanism could have played an important role in the early evolution of OP.
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44 1. Introduction

45  Oxygenic photosynthesis (OP) evolved in cyanobacteria during the Archean, a period referring to 3.7
46  to 2.5 billion years ago, within the Precambrian eon. The general consensus is that the evolution of
47  OP was preceded by anoxygenic photosynthesis (AP) [1], in which reduced substances (e.g. sulfide,
48  ferrous iron, arsenite) were used as electron donors for light-driven carbon fixation. These electron
49  donors were widely available in the mostly reducing environment of the Archean oceans [2].
50 Intriguingly, extreme volcanic activity resulted in high arsenic concentrations, i.e. high reduced
51  inorganic arsenite (As(lll)) [3,4]. Given its prevalence, As(lll) could have been a widespread electron
52 donor for AP during the Archean [5], and may have sustained an active redox cycle, given that

53  bacteria can metabolize both arsenate (As(V))) or As(lIl) for energetic gain [6].

54 It is widely accepted that ancient cyanobacteria, seeking protection from both the intense UV
55 radiation and resulting reactive oxygen species (ROS), avoided surface layers with direct strong
56 irradiation. Cyanobacteria could have instead positioned themselves under mineral crusts or, or
57  deeper inside stratified microbial communities, known as microbial mats [7]. This represents a fragile
58 compromise between harvesting photosynthetic light and preventing exposure to UV radiation.
59  Consequently, early cyanobacteria might have developed diverse strategies to harness low-energy
60 light and exploit a diverse set of spectral niches. One intriguing strategy is known as FaR-Red Light
61  Adaptations [8-10], which involves the utilization of chlorophyll f (Chl f) to harvest light at
62  approximately 710 nm. The use of Chl f could potentially signify an ancient trait developed by

63 cyanobacteria[11].

64 In addition to optimizing light harvesting, modern cyanobacteria exhibit metabolic flexibility,
65  enabling them to navigate complex environments. Certain strains demonstrate the remarkable
66  capability of engaging in both OP and sulfide-driven AP [12-14]. Interestingly, light capture and type
67  of photosynthesis might be linked through small differences in D1, a core protein of PSIl, which is
68  essential for OP. Chl f synthesis requires the exchange of D1 (in photosystem Il), for a similar protein

69  (super-rogue D1) that functions as a Chl f synthase [15]. As a result, OP is blocked, possibly favoring
3
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70  PSl-based AP through the far-red light capture via Chl f [15,16]. To date, only sulfide has been
71  confirmed as an electron donor for cyanobacterial AP, with well-documented and highly species-
72 dependent responses to sulfide exposure [17,18]. Although sulfur and arsenic metabolism seem
73 evolutionarily interconnected [19], our understanding of how cyanobacteria manage arsenic

74  exposure remains limited.

75 Studying modern analogues of Precambrian environments, such as the isolated lakes and wetlands
76  inthe central Andes with their extreme conditions, offers valuable insights into potential interactions
77 between OP and arsenic cycling on ancient Earth [20—24]. Among those ecosystems, Laguna Pozo
78 Bravo, located in the Salar de Antofalla, Argentina, represents an ideal study site as environmental
79  pressures there include high altitude, intense UV radiation, drastic shifts in air temperature, and high
80  arsenic concentrations due to the volcanic origin of the Andean mountain chain [25,26]. Laguna Pozo
81  Bravo harbors thriving microbialites and microbial mats despite the seemingly harsh environmental
82  conditions [25,27]. Similar microbial mats and microbialites were abundant in submerged

83 environments through the Precambrian [28].

84  In microbial mats, functional groups of microorganisms form distinct vertically-stratified layers
85  according to their metabolic niches. Due to the close proximity of different microorganisms,
86  metabolites diffusing across layers of the mat can be efficiently recycled. However, bacteria in mats
87 also encounter challenges from competition for resources, as well as the quick spread of hazardous

88 metabolites, such as sulfide, arsenic and ROS, from neighboring layers.

89 In this study, we combined incubation experiments with microsensor- and omics- based approaches
90  to assess the interactions between arsenic and diel dynamics of OP. We hypothesized that OP is
91 fundamentally influenced by local arsenic speciation, which is shaped by the co-inhabiting
92  microorganisms, and that the regulation is predominantly mediated via ROS and competition with

93 AP


https://doi.org/10.1101/2024.04.27.591451
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.27.591451; this version posted April 27, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

94 2. Results

95 2.1. Description of Laguna Pozo Bravo and their microbial mats

96  Laguna Pozo Bravo is a hypersaline lake at an altitude of 3330 m [25]. During our sampling in
97 February 2019, the water column had a pH of ~8.00 and high salinity (137.25 g L™). Irradiance
98 reached extremely high levels at noon (up to 2950 pmol photons m™ s™). Air temperature fluctuated

99  greatly through the day (4°C at night, 30°C at noon), while water temperature remained around 20°C.

100  The lake sediment was mostly covered by light pink microbial mats, interspersed with patches of dark
101  gray lithifying mat zones and microbialites (Fig 1a; Lencina et al., 2021). The microbial mats displayed
102  a vertical stratification into four distinct visible layers: a pink upper crust rich in calcium carbonate, a
103  green layer, a red layer, and a brown layer (Fig 1b). The mats form cohesive sheets and can be easily
104  separated from the underlying coarse dark brown sediment. Hyperspectral imaging showed that the
105 green layer consisted of a zone dominated by Chl a (absorption max at 690 nm) and phycocyanin
106 (absorption max at 625 nm) indicative of cyanobacteria [29,30], and a zone dominated by BChl a
107  (absorption max at 810 nm [31]) indicative of purple anoxygenic phototrophs [32] (Fig 1d). The red
108 layer showed a clear absorption maximum at 715 nm, characteristic of specific BChl e in green
109  anoxygenic bacteria like Chloroflexi [33] or of Chl f in cyanobacteria [34]. No spectral signs of
110  photosynthetic pigments were found in the pink and brown layers.

111  Fig 1. Overview of microbialites and microbial mat structures in Pozo Bravo. (a) Microbialites and
112 microbial mats (pink and lithifying gray) found in Pozo Bravo, (b) Pink microbial mat cross section,
113  with layers indicated. (c,d) Distribution of selected pigments in the top 7 mm of Pozo Bravo microbial
114  mat, captured by hyperspectral imaging. c) Regular view, see Supp. Fig S1 for a different view of the
115 same sample, with brighter color banding. The microbial mat surface is indicated by a white line. (d)
116 Second derivative of reflectance spectra around 675 nm, 715 nm, and 805 nm as indicated by

117  different colors. Pigments with in-vivo absorption maxima at the respective wavelength are shown in

118  parentheses.
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119  2.1.1. Microbial mat metagenome analysis

120  To investigate the vertical distribution of phyla in the mat, we performed metagenomics on slices of
121  a microbial mat. The slices were obtained by separating a piece of mat with a scalpel into the four
122 visible layers (pink, green, red, brown, Fig 1b), directly after sampling. An assembly was then made
123 using the metagenomic reads from all layers. After assigning the assembled contigs to bins, between
124  62-69% of the reads from each layer were successfully mapped back to the bins, indicating that the
125  bins give a good overview of the microbial community in each layer (Fig 2, Supp. Table S2). Among
126  hins with taxonomic assignments, Pseudomonadota (Alphaproteobacteria and
127  Gammaproteobacteria) was found to be the most abundant phylum across all layers of the microbial
128  mat, followed by Bacteroidota (Bacteroidia and Rhodothermia) and Bacillota (Halanaerobiia, Bacilli,
129  and Clostridia). Chloroflexota (Chloroflexia and Anaerolineae) were also abundant in all layers except
130  for the upper crust, while Deinococcota (Deinococci) were present in a relatively large abundance
131  only in the crust. With the exception of an incomplete Lokiarchaea bin in the red and brown layers,
132 all bins were bacterial. Two cyanobacterial bins, Halothece sp. and ESFC-1 (of family Spirulinaceae),
133  were recovered from a co-assembly made using all samples. A new assembly was conducted only
134 using reads from the green microbial mat layer to specifically target cyanobacteria. The same
135  cyanobacterial bins, plus RECHO1 (of family Elainellaceae), were recovered. From the abundance of
136  reads mapped to each bin (Supp. Table S3), ESFC-1 and RECHO1 were likely located in the pink and

137  green layers, and Halothece in the green and red layers.

138  Although pigment absorbance (Fig 1d) indicated a relatively high abundance of cyanobacteria in the
139  green and red layers of the microbial mat, total cyanobacterial abundance in the mat appears to be
140  underestimated. For possible reasons behind this discrepancy see Supplement to Results 2.2. The
141 relative abundance between the cyanobacterial taxa per mat layer, however, likely reflects the real
142  vertical distribution under the assumption that DNA extraction efficiency is similar for all

143 cyanobacteria through the mat.
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144  Fig 2. Taxonomic profile of phyla from metagenomic bins in a Pozo Bravo microbial mat. The bins
145  were selected from a metagenomic assembly made using reads from all vertically-stratified layers
146 (crust, green, red, brown). Only bins with over 55% completeness and less than 10% redundancy are
147  shown. Relative abundance was obtained by mapping the reads from each individual layer

148  metagenome to the total set of bins. Results were summarised by grouping bins by phylum.

149  2.1.2. Arsenic redox pathways in the metagenome

150 We then used our metagenome data to screen for genes involved in arsenic metabolism. A great
151  variety of genes directly related to arsenic metabolism are present in the Pozo Bravo microbial mat,
152  to the abundance of housekeeping genes(Fig 3). The roles of these genes are discussed in more detail

153  below and shown in Fig 2b, Supp. Results 2.3, and Supp. Table S1.

154  Several distinct routes for microbial arsenic detoxification exist, broadly divided into three steps.
155 Initially, arsenic gets imported into microbial cells via specific transporters, then it is chemically
156  modified by specific detoxification systems, and then finally exported using dedicated efflux systems.
157  First, we focused on arsenic import pathways. As(V) and As(lll) can enter the cell through different
158  mechanisms. As(lll) (in the protonated form As(OH)s) can enter the cell by diffusion across the
159 membrane or through aquaglyceroporin channels (agps), the genes for which were found in the
160 metagenome [35,36]. As(V) can be imported through phosphate channels [37]. Almost all
161  components (pstSCAB) of the high-affinity phosphate import channel were found. The pst system is
162  also highly selective for phosphate because the slightly larger size of As(V) affects crucial bonds in the
163  transporter, thus allowig the discrimination of phosphate over arsenate by 500- to 4500-fold [38].

164  Thus, the use of pst indicates an adaptation to limit As(V) intake (see Supp. Results 2.3) [37-39].

165  Once inside the cell, arsenic can be metabolized for energy generation or detoxified through a series
166  of redox reactions. The genes found in the Pozo Bravo metagenome were summarized into three
167  putative detoxification-related pathways (Fig 3): The first detoxification pathway is based on an
168  As(V)-transferring gap3/gadph, and arsJ, which were both found in the metagenome. The second
169  pathway involves reduction of As(V) to As(lll) via arsC1, arsC2 and mrx1. The genes encoding for

170  arsCl and arsC2 were? not recovered from the metagenome. Yet, their presence is required for

7
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171  functionality of mrx1 (Fig 3, for the full Mrx1 cycle see Ordéiiez et al. 2009 [40]. While this pathway
172 has thus far exclusively been assigned a detoxification function, the third pathway involving As(V)
173  reduction mediated by the product of the genes arsRCDAB and acr3, has been hypothesized to be
174  used in As(V) respiration [41]. In all other studies of genomes and metagenomes in the Puna region,
175 an environment similar to Pozo Bravo, acr3 was the predominant As(V) reduction gene [23,42,43].
176  No other respiratory arrA or arrB As(V) reductases were found. As(lll) oxidation is mediated by the
177  products of aioA and aioB, coupled to the reduction of either cytochrome c or azurin, as part of
178  processes such as AP [44]. Both aioA and aioB were found in reads from all layers of the
179  metagenome. Other arsenite oxidation genes (arxA) were not found in the metagenome. Overall, the
180  metagenomic analysis revealed a significant abundance of arsenic-related genes in all layers of the

181  Pozo Bravo microbial mat, thus enabling bacteria to thrive under these harsh conditions.

182 Fig 3. Pathways of arsenic metabolism present ain Pozo Bravo microbial mats. (a) Presence of genes
183  associated with arsenic cycling and housekeeping genes (DNA gyrase (gyrA, gyrB)) in the
184  metagenome of Pozo Bravo microbial mat. Shades of gray represent the number of gene copies
185  (normalized as Transcripts Per Million, TPM [45]) from each microbial mat layer that were mapped to
186  the metagenomic assembly, which was made using reads from all microbial mat layers. Almost as
187 many gene copies are dedicated to arsenic cycling as for housekeeping tasks, suggesting intense
188  metabolizing of arsenic species. (b) Overview on the pathways of redox arsenic transformation
189 detected in Pozo Bravo mats, based on previously reported functions of arsenic genes [6,40,46,47].
190 Genes were broadly classified in expressing transporters for arsenic uptake (blue) and export (red),
191  enzymes involved in reduction of As(V) (orange), oxidation of As(lll) (green), and production and
192  export of organic arsenicals (pink). ArsC1 and ArsC2 are shown in gray since their presence could not

193  be determined in the metagenome). Details and a list of abbreviations can be found in Table S1.

194

195 2.2. In-situ dynamics of oxygenic photosynthesis and dissolved arsenic speciation
196  To assess the dynamics of photosynthetic O, production under the hostile and dynamic conditions of
197 Pozo Bravo, we performed in-situ microsensor depth profiling. This revealed that OP occurred in two
198  distinct layers within the mat. An upper O, concentration peak was observed at approximately 1 mm

199  depth (Fig 4a & d, Supp. Fig S2) in the green Chl a-dominated layer (Fig 1d). An additional net OP

8
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200  maximum was observed at approximately 2-3 mm depth (Fig 4a & d, Supp. Figs. S3-54), coinciding
201  with the depth of the red microbial mat layer. The production of O, in this layer strongly suggests
202  that the dominant pigment with the absorption maximum of 715 nm is cyanobacterial and hence Chl

203  f, instead of BChl e.

204  The rates of net OP in both layers exhibited unusual dynamics over a diel cycle. In the top
205  cyanobacterial layer, net OP decreased at high light intensities after noon but recovered again in the
206 late afternoon (Fig 4a & d, Supp. Figs $3-54). This pattern was more pronounced in the deeper Chl f-
207 cyanobacterial layer, where OP was completely interrupted at around 13:00 and only resumed

208  around 18:00 in one of the two replicate spots (Fig 4a, Supp. Fig S2).

209  To assess co-occurring changes in the concentration of electron donors for AP, H,S dynamics were
210  measured using microsensors, and the speciation dynamics of iron and arsenic were determined
211 through porewater analysis. The insubstantial dynamics of both iron and H,S suggests that neither
212 drive AP (see Suppl. Results, Supp. Figs. S5). However, arsenic speciation in the porewater underwent
213 strong changes over the diel cycle. Although the depth resolution obtained was low, porewater
214  measurements clearly showed the greatest changes in redox cycling of dissolved arsenic within the
215  top centimeter of the microbial mat, i.e. in the photic zone (Fig 4b & c). Here, up to 98% of dissolved
216  arsenic was oxidized during daylight hours (07:00-18:00), and reduced at 19:00 and in the predawn
217  hours (00:30-06:00) (Supp. Fig S6). Measurements could not be obtained between approximately
218 19:00 — 00:30 due to strong winds, but we assume that dissolved arsenic were reduced during this
219  time period. Thus, the interruption of OP in the deep cyanobacterial layer coincided with a maximum

220  in As(V) and minimum in As(Ill) concentration.
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221  Fig 4. Interruption of cyanobacterial photosynthesis coincides with strong redox dynamics in
222 dissolved arsenic. Depth profiles of dissolved oxygen (a), and speciation of inorganic arsenic over a
223 diel cycle in porewater from Pozo Bravo (b&c, n=1-3 per depth). The microbial mat surface isat 0 cm
224  depth (horizontal white line in (a-c), black dotted line in (d)). Profiles selected from various points in
225  time are shown in (d). The timepoints used for d) are indicated by rectangles in (a-c), following the
226 numbering in (b). Profile 4 represents a single point in time (00:30). Colored background represents
227  the estimated placement of the green and red microbial mat layers (Fig 1b). The chosen profiles
228  exemplify the oxygen production during the morning (d1) and late afternoon (d3), with a period of
229  interruption in between (d2). D4)shows a comparison of the dissolved arsenic speciation at night
230  (00:30). The interruption in oxygen production coincides with a maximum in dissolved As(V). Net
231  volumetric rates calculated based on the concentration depth profiles of oxygen measured in two
232 replicate spots can be found in Supp. Fig S3, and depth integrated rates over a diel cycle in Supp. Fig
233 s4.

234 2.3. A combined effect of light and arsenic on H,O, and oxygenic photosynthesis

235  To test if the interruption of OP at noon was related to arsenic or exclusively to light, depth profiles
236  of O, were measured ex-situ in microbial mats before and after As(V) addition at increasing light
237  intensities, from low to high light (~500 to ~1000 umol photons s m?) (Supp. Fig $7). Arsenic was
238 added the evening prior to the measurements to allow for diffusion into the mat and
239 reestablishment of internal redox cycling. The results revealed a combined effect of both arsenic and
240  light intensity on OP. In the microbial mat without arsenic, local O, concentration increased until
241  reaching a steady state under both high and low light conditions, as expected from normal
242 cyanobacterial OP. However, O, production ceased after approximately 30 min in microbial mats
243  treated with As(V) (to 10 uM final concentration) when exposed to high light. O, production resumed
244  after lowering light intensity, showing that OP was hindered only in the presence of both arsenic and
245  high light. Although most mat pieces did not exhibit the clearly separated double peaks observed in-
246  situ, occasionally two net productivity maxima were observed. The inhibitory effect of light and
247  arsenic occurred more rapidly and extensively in the deeper maximum. OP was also interrupted in
248  As(V)-supplemented mats that were instantly exposed to high light and not to a stepwise increase.
249  Thus, the interruption of OP appeared to be independent of exposure time to light and time of day,

250  and exclusively driven by a combined effect of high light and arsenic.
10
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251  To further elucidate the mechanism behind the inhibition of OP, we simultaneously measured H,0,
252  concentration in depth profiles (Fig 5). In the absence of arsenic, no net production of H,O, was
253 observed across light intensities. In As(V)-treated mats, H,0, concentration within the
254  photosynthetically active zone dramatically increased at 1000 pmol photons m™ s™*. Upon the
255  cessation of OP, H,0, concentrations decreased to values comparable to dark conditions. Notably, a
256 transient increase of H,0, at the oxic interface was observed in live mats treated with both arsenic
257  and DCMU, an inhibitor of OP (Fig 5f). Although the increase in H,0, was much smaller when OP was
258 inhibited, the increase was nevertheless surprising as OP was expected to be the only source of H,0,.
259 Moreover, measurements following the addition of approximately 200 uM H,0, to the water
260 column, demonstrated that OP remained unaffected and H,0, was entirely consumed within the first
261  1-2 mm (Supp. Fig S8), as also observed in other mat systems [48]. In summary, these results suggest
262  three key findings: (1) H,0, production is related to a light-driven mechanism in the presence of
263  dissolved arsenic. Due to the possibility of arsenic cycling within the mat, the arsenic species
264  triggering ROS production and OP interruption remains unclear. (2) The resultant local H,0;
265 production rate must be enormous, overwhelming the substantial sink strength. (3) Given that H,0,
266  production occurs in the presence of DCMU (01:00 in Fig 5f), but not in the phase of OP
267  discontinuation (15:00-17:00 in Fig 5f), the mat community likely transitions to an activity that
268  tempers ROS abundance when no OP occurs.

269 Fig 5. As(V) inhibits OP at high light and induces H,0, evolution. O, and H,0, measurements of
270  microbial mats before (a-c) and after As(V) addition (10 uM final concentration) (d-f)). Bars over each
271  graph represent light conditions over time, as either darkness, low light (500 umol photons m? s™),
272 or high light (1000 pmol photons m™ s™). Contour plots show concentration of O, (a,d) or H,0, (c,e)
273 across the depth of the microbial mat over time. The solid white horizontal line represents the mat
274  surface at depth 0. The vertical dashed line in d-f indicates time of DCMU addition, an inhibitor of

275  oxygenic photosynthesis. (c) and (f) Depth-integrated rates of production (DIR) for O, (n=3 pieces of

276  mat) and H,0; (n=2 pieces of mat).

11


https://doi.org/10.1101/2024.04.27.591451
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.27.591451; this version posted April 27, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

277  2.4. Transition from oxygenic photosynthesis to light-driven As(lll) oxidation in
278 cyanobacteria using far-red light

279  To assess the interaction between dissolved arsenic speciation and photosynthesis, microbial mat
280  pieces were incubated, with and without an OP inhibitor (DCMU), over a diel cycle using various light
281  qualities targeting different phototrophs. This showed that As(V) reduction occurred under most
282  treatments in the dark (Fig 6, Supp. Figs. S9-S12). Second, we found AP under all light conditions,

283  including those specifically targeting cyanobacteria (Fig 6).

284  Incubations were initiated by the addition of As(V) or As(lll) to enable differentiation between
285 oxidation and reduction rates. Total dissolved arsenic remained relatively constant in all incubations,
286  suggesting that sorption/desorption dynamics played a minor role. This also allowed us to calculate
287 rates of both As(lll) oxidation and As(V) reduction based only on As(V) dynamics, which was favorable
288  due to the higher accuracy of the employed colorimetric method for As(V) [49]. The incubations
289  showed a strong dependence of arsenic speciation on light (Fig 6, Supp. Figs. $9-S12). Most notably,
290  As(V) was consistently reduced in the dark, indicating respiration with As(V) as the electron acceptor.
291  Upon exposure to all types of light, rates of reduction consistently dropped (Supp. Figs. $9-512). Full
292 spectrum white light and 715 nm light even triggered net As(V) production, i.e. net As(lll) oxidation,

293  albeit with a delay under 715 nm light (Fig 6a & e, Supp. Figs. S9 & S10).

294  Given that As(V) respiration and photosynthetic As(lll) oxidation likely co-occur, we conducted a
295  detailed analysis of As(V) consumption (i.e., respiration) rates to estimate photosynthetic gross rates
296 from net rates. Rates of As(V) consumption in the dark were linearly dependent on As(V)
297  concentration across the complete measured range (Fig 4b). Assuming that As(V) respiration rates
298  were unaffected by light and solely determined by the As(V) concentration, we were able to calculate

299 light-driven gross As(lll) oxidation as

300 G_AS(III)oxidation = N_AS(V)prod + AS(V)resp([AS(V)]) (1)
301  where G_As(lll)ox is the gross rate of As(lIl) oxidation (i.e. gross As(V) production, Fig 6b), N_As(V)rod

302  is the net rate of As(V) production, (i.e. net As(Ill) oxidation), and As(V).esp([As(V)]) is the rate of light-
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303 independent As(V) consumption as a function of concentration derived from the linear regression in

304 Fig 6d.

305 These considerations revealed light-driven gross As(lll) oxidation under all light treatments. The rates
306  were highest in full-spectrum white light in the absence of DCMU, i.e. under highly oxic conditions
307 favoring aerobic oxidation of As(lll) (Fig 6b). Rates under these white light conditions were
308  substantially lower in the presence of DCMU but not absent, suggesting that As(lll) was also truly
309 photosynthetically oxidized in the absence of O, derived from OP. At 810 nm, purple bacteria
310 oxidized As(lll) by anoxygenic photosynthesis as previously observed in various cultures [5,44] and in
311  mats [24]. Intriguingly, at 690 nm and at 715 nm, which specifically target cyanobacterial Chl a and f,
312  respectively, we also found evidence for As(lll)-driven AP (Fig 6b). Most strikingly, gross As(lll)
313  oxidation occurred in the presence of DCMU, strongly suggesting that As(lll)-driven photosynthesis

314  indeed occurs in the cyanobacteria from Pozo Bravo.

315  The regulation of As(lll)-driven photosynthesis differed between the 690 nm and 715 nm treatments.
316  In the 690 nm treatments without inhibitor, O, production was only triggered after As(lIIl) depletion
317  indicating that the cyanobacteria transitioned from As(lll)-driven anoxygenic photosynthesis to OP
318  upon depletion of the alternative electron donor (Supp. Fig S9, Fig 6c). For incubations under 715 nm,
319 the diel patterns in photosynthesis dynamics were similar to those observed in porewater extracted
320 from mats (Fig 6a,c,e, Supp. Fig S10): Net OP occurred within the first hours of light exposure (phase
321 1) and then ceased (phase 2) (Fig 6e). For treatments with and without DCMU, As(V) release was
322  absentin phase 1 (first hours of light exposure), but increased drastically in the afternoon (phase 2)
323  (Fig 6€). Due to the lack of oxygen in treatments with DCMU, the phases for this treatment were
324  estimated by the change in As(V) release partway through the experiment, rather than by net OP.
325  Only the 715 nm treatment exhibited these two clear phases. The similarity in gross As(V) production
326  with and without DCMU at 715 nm strongly suggests that As(lll) is oxidized by cyanobacteria using

327  Chl fvia anoxygenic photosynthesis after the interruption of OP.
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328  Fig 6. Rates of arsenic cycling dependent on light quality and photosynthesis. (a) Net rates of As(V)
329  production (Net_As(V)urd) in incubations of mat slurries with and without DCMU, under white light,
330  light at Amax = 690 nm to target Chl @, Amax = 715 nm to target Chl £, and light at Amax =810 nm to
331 target BChl a. The gray bars overlaid in 715 nm represent phase 1 and phase 2 of As(V) production, as
332  shown in (e). (b) Rate of As(V) consumption, i.e. As(V) respiration, in the dark dependent on the
333  concentration of As(V). (c) Gross rates of As(lll) oxidation (G_As(Ill)oxigation) Calculated from (a) by
334  adding the expected rate of As(V) removal (As(V)resp([As(V)]) from (b) according to Eq (1). (d) Net
335 rates of oxygenic photosynthesis in the same incubations as in (a) and (c). In (e) an example for a
336  time series of dissolved As(V) and O, in batch incubations is shown, based on which the net rates of
337  arsenic production in (a) and net OP in (d) were calculated. The slurry was initially exposed to ~20 uM
338  As(V) and, after a dark phase, exposed to light of Amax = 715 nm. Errors represent the standard
339 deviation of concentration in separate vials (n=3). In phase 1, which represents the initial hours of
340  exposure to light, net O, production occurred and arsenite was not photosynthetically oxidized. In
341 phase 2, after sustained exposure to light, O, production ceased and As(lll) was photosynthetically
342  oxidized to As(V). A similar pattern was observed in the treatment with DCMU, which blocks OP.
343  Namely, As(V) was reduced for an initial five hours (phase 1), after which As(lll) was
344  photosynthetically oxidized to As(V) (phase 2). Additional time series at different light qualities and

345  with different initial arsenic conditions are in Supp. Figs. $9-S12.

346 2.5. Metatranscriptomic evidence for observed activity transitions

347  2.5.1. Concurrent arsenic oxidation and reduction

348  We used metatranscriptomes from Pozo Bravo to determine diel dynamics in transcription of genes
349 related to arsenic metabolism. Specifically, we investigated photosynthetic gene transcription in the
350 afternoon, and whether transcription of genes related to arsenite oxidation increased during the
351  same period. For this purpose, we mapped transcriptomic reads from in-situ mat samples obtained
352  over a diel cycle to the metagenomic bins (Fig 3a,7). This analysis generally supported our process
353  rate observations of concomitant oxidation and reduction reactions and revealed mechanistic
354  insights. Unfortunately arsenic cycling by cyanobacteria could not be assessed, except for arsR, and
355 As(IN) efflux encoders arsA, arsB, and acr3; and importers pstSCAB in the Halothece and ESFC-1 bins.
356  The genes linked to arsenite oxidation in cyanobacteria may be currently undescribed, or highly
357 divergent from sequences in databases. Also, few metatranscriptomic reads mapped to the

358  cyanobacterial bins in general.
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359 The highest read numbers mapped to arsenic genes were present in Alpha- and Gamma-
360  proteobacterial bins (Fig 7a), which stimulated in-depth analysis of diel transcription by these groups.
361 We found that As(lll) oxidation was likely mainly driven by aioAB transcribed by taxa among the
362 Rhodobacterales and Chromatiales, prominent representatives of purple photosynthetic bacteria.
363  Specifically, aioA encoding for the large subunit of arsenite oxidase, was transcribed at all timepoints
364  in Rhodobacterales (Alphaproteobacteria) (Fig 7). The highest aioA transcription, and thus potentially
365  As(lll) oxidation, happened during the day (9 am - 6 pm) although most of the arsenic present in
366  porewater was As(V) (Fig 7a). Transcription of aioB, which encodes for the small subunit of the same
367  As(lll) oxidase, was also found during 9 am to 3 pm, in line with high aioAB activity during this portion
368  of the day. During daylight hours, Rhodobacterales expressing aioAB also transcribed pufL and pufM
369  (Supp. Fig S14), which encode for components of a type Il photosynthetic reaction center, thus
370  supporting arsenite-driven anoxygenic photosynthesis. Similar patterns of aioAB and pufLM
371  transcription were observed in Rhizobiales, mainly during the morning and late afternoon (Supp. Fig

372 S14, Fig 7b).

373  Gammaproteobacteria were separated into three main orders: Chromatiales, Pseudomonadales and
374  Xanthomonadales (Fig 7b). Transcription of pufLM was found in both Pseudomonadales and
375  Xanthomonadales during the day as well as the night. However, unlike in Alphaproteobacteria,
376  transcription of aioA primarily took place during the night, except for Chromatiales that showed
377  transcription at 3 pm. Transcription of aioB was not found. This could suggest non-photosynthetic
378  As(lll) oxidation at night, i.e.- coupled to nitrate reduction [50,51], in analogy to
379  chemolithoautotrophic sulfide oxidation by purple sulfur bacteria commonly observed in other mat

380  ecosystems [52].

381 The potential As(lll}-oxidizing purple anoxygenic phototrophs among the Alphaproteobacteria
382  appeared to transition to As(V) reduction at low light and in the night. Namely, in Rhodobacterales,
383  the transcription of 1l-arseno-3-phosphoglycerate via As(V)-transferring GAPDH and arsJ peaked at

384  night, and As(V) reduction and As(lll) excretion via arsC and arsB, occurred in the morning. Most
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385  Gammaproteobacteria did not show such pattern. Instead, arsC, acr3 and arsB were continuously
386  expressed. Chromatiales, however, co-expressed aioA and genes involved in excretion of intracellular
387  As(lll) (arsA, arsB) during the day. This general pattern of alternating key players in As(V) reduction
388  held true across the complete metatranscriptome. Most prominently, the relative contribution of
389  bacterial classes driving arsenate reduction via arsC changed per timepoint (Fig 7a). Transcription of
390 arsC by Gammaproteobacteria was high and relatively constant, while arsC transcription at 9 am was
391  highest by Alphaproteobacteria, and at noon by Bacteroidota and Chloroflexota. Spirochaetia was
392  the only known bacterial class to express arsC at night (1 am), but some transcription was also found
393  in unidentified bins. Transcription in unbinned reads was negligible. While the key players may
394  alternate over a diel cycle, intriguingly, the general arsC transcription was highest during daylight
395  hours (Fig 7a), consistent with pronounced cryptic redox cycling of arsenic.

396  Fig 7. Transcription of arsenic metabolism genes over a diel cycle in Pozo Bravo microbial mats. (a)
397  Sum of agioA, arsC, and grxC transcription, in TPM, over the metatranscriptome of all layers of Pozo
398 Bravo microbial mat. agioA is involved in arsenite oxidation, arsC is involved in arsenate reduction,
399 and grxC may be part of arsenate reduction or reactive oxygen species response pathways. (b)
400 Transcription of genes related to arsenic cycling in selected taxa, shown as the sum of TPM per gene,
401  normalized across all timepoints (i.e., per column). Normalization was performed due to the varying
402 number of gene copies found per gene. Higher gene transcription is represented in red, lower
403  transcription in blue. Transcription of puflL and pufM, which encode for photosynthetic reaction

404  center Il, can be found in Supp. Fig S14. An overview of transcription of genes in cyanobacterial bins

405  can be found in Supp. Fig S15.

406 2.5.2. Elevated general stress and ROS response prior to the interruption of OP

407 To confirm the involvement of ROS in the interruption of OP, we focused on the transcription of
408 genes related to ROS response and stress. The transcription of genes involved in ROS repair peaked
409  at 9:00 and 12:30 (Fig 7b), with few exceptions in the early morning and late afternoon (see Supp.
410  Results 2.4). The transcription of ROS genes through the entire day may indicate that microbial mat

411  inhabitants plausibly have to deal with continuous ROS stress, despite no net production.
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412  Only a few reads from the metatranscriptome sample at 12:30 mapped to cyanobacterial genes,
413 among which the stress proteins PspA and Hsp70 in RECHO1 were of interest (Supp. Fig S15). pspA is
414  a component of a phage shock protein involved in lipid membrane repair, while Hsp70 is a highly
415  conserved heat shock protein found under both normal and stressful conditions in cyanobacteria. As
416  suggested in previous reports [53,54], it is likely that in this case, pspA transcription is a response to
417  membrane disturbance rather than an attack from phages. This is due to ROS production, from the
418 intense light, potentially disrupting the membrane and highlighting the stress that cyanobacteria face

419  atnoon when OP is also interrupted.

420 2.5.3. Changes in cyanobacterial photosystems

421  Cyanobacterial bins showed clear differences in the gene transcription of the two photosystems over
422 a diel cycle. Most prominently, the majority of PSI components were expressed in the morning, while
423  those of PSII were expressed in the evening. The former could be consistent with the re-instatement
424  of photosystems after a period of darkness. The latter suggests fundamental changes, like the repair
425  or replacement of central photosystem components, when the cyanobacteria transition back to OP.
426  Interestingly, the transcription of psbA, a central component of PSIl, was highest shortly before the
427  reinstatement of OP was observed (Supp. Fig S16). Diverse isoforms of D1, the protein encoded by
428  psbA, are used by cyanobacteria based on changing environmental conditions, such as irradiance and
429 0O, concentration [55]. While it is known that D1 requires constant replacement due to ROS damage
430 by the neighboring oxygen-evolving complex during OP, it is possible that AP also leads to radical
431  formation in PSIl when excitation energy cannot yield charge separation [56]. Thus, D1 replacement
432  via psbA would enable cyanobacteria performing AP to replace D1 due to the accumulating ROS

433  damage from AP, and/or express a different isoform of D1 better adapted to OP.

434 3. Discussion

435  As(lll)-driven anoxygenic photosynthesis by bacteria has only been characterized in a small number
436 of organisms, mostly in Mono Lake, an arsenic-containing environment [5,44,57]. In the

437  cyanobacteria-dominated and arsenic-rich environment of Laguna Pozo Bravo, it appears to be the
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438 dominant form of AP despite the low local concentration of As(lll) in the mat. Omics and process
439  rates consistently suggest that AP was driven by a constant supply of As(lll) from As(V) reduction in a
440  highly active, cryptic redox cycle of arsenic. The photosynthetic As(lll) oxidation was performed by
441  various bacterial groups throughout the day. As expected, obligate anoxygenic phototrophs (purple
442  bacteria) utilized arsenic for photosynthesis (Fig 3&7). Surprisingly, As(lll) appears to also be used by
443  cyanobacteria for AP. The regulation of the transition between OP and AP in the cyanobacteria is

444  complex, with ROS likely playing a key role.

445 In situ, the cyanobacteria of Pozo Bravo likely produce ROS during OP, as evidenced by the
446  transcription of oxidative stress proteins like thioredoxins and peroxiredoxin-5 (AHP1) (Supp. Fig
447  S13). Even though we observed no net H,0, production, gross rates are likely very high, supported by
448  the large sink capacity of the mat revealed by the addition of H,0, (Supp. Fig S8). Further ROS
449  formation from increasing light radiation through the day could be aggravated by 1) abiotic reactions
450  with iron and UV light [58], 2) singlet oxygen production during photosystem repair [59,60], and 3)
451  ROS produced due to arsenic oxidation, as proposed under physiological conditions by del Razo

452 (2001) [61]:

453 HsAsOs+ 2H,0 + O, -> HsAsO, + H,0, (AG°=-40.82 kcal/mol) 2)

454 At noon, during maximum illumination, the sum of H,0, production from OP and plausibly from
455  abiotic As(lll) oxidation (Eq. 2) exceeds sink strength and net production of H,O, becomes

456 measurable.

457 It is well documented that ROS can lead to the inhibition or complete interruption of OP to avoid
458  further ROS formation [62]. In Laguna Pozo Bravo, OP by cyanobacteria in the bottom layer, which
459  contains Chl-f (red in Fig 1), ceases after H,0, is produced. OP is then replaced by oxidation of As(lll)
460  under light targeting these Chl f cyanobacteria — an intriguing strategy to circumvent two problems
461  simultaneously: intracellular ROS production linked to OP and extracellular ROS production linked to

462  the presence of As(lll) (Eq. 2). Cyanobacterial As(lll)-driven AP is supported by a line of indirect
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463  evidence. Most prominently, As(lll) was oxidized under exposure to wavelengths exclusively targeting
464  oxygenic phototrophs. Also, DCMU did not inhibit this light-driven As(lll) oxidation. Thus, oxidation
465  with photosynthetically produced O, can be excluded. The lack of inhibition by DCMU provides
466  additional information about the mechanisms behind As(lll) oxidation. Specifically, it suggests that
467 electrons derived from As(lll) oxidation enter the photosynthetic electron transport chain
468  downstream of PSII (Supp. Fig S17). This is because DCMU inhibits electron transfer at the acceptor
469  side of PSIl. The specific enzymes involved in As(lll)-driven AP in cyanobacteria, however, remain

470  unclear from the metagenomic and -transcriptomic data.

471  Neither As(lll) concentration nor the light available to PSI regulate the transitions between
472  photosynthetic modes in the Chl f cyanobacteria. Instead, the shift in cyanobacterial photosynthetic
473  mode occurs exclusively under conditions of high light and in the presence of arsenic, resulting in an
474  accumulation of local ROS concentrations, resembling a stress response. Notably, As(ll1}-driven AP in
475  the Chl a cyanobacteria is regulated fundamentally different, i.e., it is not linked to the abundance of
476  H,0,. OP in incubations targeting Chl a only began after As(lll) was depleted, indicating a regulation
477 by electron donor availability in Chl a cyanobacteria, analogous to observations in cyanobacteria
478  performing sulfide-driven photosynthesis [14]. To confidently test this hypothesis, however, it would
479  also be necessary to show photosynthetic As(lll) oxidation in cyanobacterial isolates, rather than in

480 microbial mats.

481  The transitions from OP to AP could only be measured by supplementation with surplus arsenic. In
482  situ, however, almost no As(lll) was measurable at noon. Yet, the interruption of OP and in situ gene
483  transcription of As(V) reductases (arsC) and As(lll) oxidases (aioA, aioB) indicate that As(lll) oxidation
484  was likely still occurring —in an active, yet cryptic, redox cycle. The source of As(lll) for AP can only be
485  the reduction of the highly abundant As(V). Accordingly, arsC transcription was high during daylight
486  hours in the metatranscriptome (Fig 7a), and process rate measurements clearly showed that rates
487  were in the range of AP rates. Further, As(V) reduction rates were linearly dependent on

488  concentration within the measured range (up to ~19 puM) and did not yet saturate according to
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489 Michaelis-Menten kinetics (Fig 4d). Such first order process suggests low-affinity enzymes, which are

490  most efficient during the day at high As(V) levels.

491 To summarize, we propose that during the morning (dawn-10 am), both layers of cyanobacteria
492  perform OP, while some Alphaproteobacteria (e.g. Rhodobacterales) begin with As(llI)-AP (Fig 8).
493  Through the mat, other Alphaproteobacteria, as well as Gammaproteobacteria, begin the reduction
494  of intracellular As(V), resulting in As(V) reduction throughout the entire mat. ROS damage response
495 appears to take place starting in the morning. During the late morning (10 am-12 pm), both layers of
496  cyanobacteria continue doing OP even though As(lll) is still present in the porewater. Then ROS
497  accumulation is aggravated by increasing sunlight intensity combined with the presence of As(lll).
498  This could be due to spontaneous oxidation (eq. 2) , and/or ROS production during As(lll}-affected
499  OP. In the early afternoon (12 pm -3 pm), the increased ROS damage triggers cyanobacteria in the
500 deeper layer to stop OP and to transition to As(lll)-driven AP. In the late afternoon (3pm to sunset),
501 less ROS is produced in the top layer due to lower OP, and the lower Chl f cyanobacteria switch back
502  to OP. It remains unclear why the upper cyanobacteria do not follow the same photosynthetic switch
503  as the lower zone, but instead keep performing OP during the afternoon, albeit at diminished rates
504  (green mat layer in Fig 1a). A plausible explanation could be the lower As(lll) supply from the deeper
505 layers.

506 Fig 8. Proposed metabolic activities driving arsenic cycling through a diel cycle within Pozo Bravo
507  microbial mats. These are based on pooling insights from hyperspectral imaging, process rate

508 measurements and metatranscriptomic analyses. Reactive oxygen species (ROS) production during

509  the morning, afternoon and late afternoon is indicated with grey clouds.

510 These dynamics have implications for the regulation of OP throughout the Precambrian. Due to the
511 generally reducing environment in the Precambrian, and frequent input of arsenic from volcanic
512  activity, As(lll) was abundant in ancient oceans and was likely to be an electron donor for ancient AP
513 [3,63,64]. Although some evidence pointing toward AP in Oscillatoria sp. arose in studies of microbial
514 mats from Mono Lake, California [5], As(lll)-driven AP has not been conclusively reported in

515  cyanobacteria. This study yields valuable experimental data as another step in a long line of evidence
20
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516 for the hidden metabolic capabilities of cyanobacteria [19,65,66]. While the exact metabolic
517 mechanisms behind the interruption of OP and transition to As(lll)-driven AP are yet to be
518  understood, here we clearly show that arsenic has a fundamental effect on the diel O, budget of
519  cyanobacterial mats by tempering O, export. Additionally, the cryptic cycling of arsenic in Laguna

520  Pozo Bravo may showcase the hidden, yet quick and important, nature of arsenic metabolisms.

521 4. Methods

522 4.1. Field measurements and sampling

523  Field measurements and sampling were conducted in Laguna Pozo Bravo (25° 30’ 58” S, 67° 34’ 42”
524 W), in the Salar de Antofalla, Argentina in late February 2019 and January 2023 at an elevation of
525 3330 m. To assess diel dynamics of oxygen and H,S within the mat, we continuously measured depth
526  profiles of concentration on two consecutive days, in two spots of the mat. The microsensors (H,S
527  and Clark-type O, with <50 uM tip width) were constructed, calibrated and used as previously
528 described [67—-70]. Vertical profiles were measured simultaneously by attaching the microsensors to
529 a multi-sensor holder, yielding a distance between tips of ~0.5 cm. Electricity was provided by a
530 portable generator. Using O, microsensor measurements, we calculated the net rates of OP as the

531  difference in the fluxes into and out of the two photosynthetically active zones.

532 In parallel with the microsensor measurements, subsamples of the mat were regularly taken for
533 porewater extraction and meta-omics. Cores for porewater extraction (2.5 cm inner diameter) were
534  sampled in triplicate every three hours from 1 am until 6 pm. Porewater was immediately extracted
535  from the cores (2.5 cm ID, up to 6 cm depth) at 1 cm intervals using rhizones (Rhizosphere Research
536 Products, NL). An aliquot of 500 pL porewater was instantly frozen with liquid nitrogen and stored
537 and transported in a dry shipper until arsenic speciation analysis using an ICP-MS as previously

538  described [49] (Supp. Methods 1.1).

539  Additional sediment cores for meta-omics (2.5 cm inner diameter, up to 4 cm depth) were sampled

540 in triplicates every three hours. The microbial mat was rapidly and carefully cut into four pieces per
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541  core that were instantly frozen in liquid nitrogen for metagenomic and metatranscriptomic analyses.
542 A few additional cores were frozen intact for hyperspectral imaging (Supp. Methods 1.2). Further, 10
543 x 5 cm pieces of mat with ~0.5 cm underlying sediment were stored in plastic containers for
544  transport and maintained in mesocosms at ~700 pmol photons m™ s underneath a water column
545  with a salinity of ~137 g L™ (TropicMarine artificial saltwater), constantly circulated to maintain a

546 temperature of 21°C, until ex-situ measurements.

547  Temperature of air and water above the mat were recorded using HOBO loggers (Onset Computer
548 Corp., MA). Measurements of light intensity failed due to rapid oversaturation of the sensor signal in
549  the morning. Occasionally, pH measurements in the water column were taken using a Mettler Toledo

550  pH meter. Salinity was measured with an Atago refractometer.

551 4.2. Assessment of diel H,O, dynamics

552  To assess the effect of light and arsenic on net O, production and H,0, dynamics in the mat, we
553  subsampled microbial mat pieces (~ 2.5x2.5 cm) from the laboratory mesocosms and continuously
554  measured O, and H,0, depth profiles during simulated diel light cycles, in the absence and presence
555  of dissolved arsenic. Mat pieces were cut and fixed with low-melting agarose (1%) to the bottom of
556  glass dishes. Circular flow was established with the same hypersaline water (TropicMarine artificial
557  saltwater approximately 137 g L) used for regular maintenance of the mats, and adjusted using a
558 peristaltic pump (Minipuls 3 Abimed, Gilson). Diel cycles were simulated using halogen light sources
559 (KL 2500 and KL 1500, Schott). Microsensors (H,0,, and O, with 80-120 puM tip diameter) were
560  constructed, calibrated and used as previously described [67—70]. Concentration-depth profiles were
561  performed under three light conditions: dark, 500 and 1000 umol photons m™ s™. First, profiles were
562  measured without supplementing As(V), assuming that most arsenic had been washed out after four
563 months of lab maintenance. Then As(V) was added to the overlying water column to a final
564  concentration approximately 10 pM, mimicking the environmental As(V) maximum. After As(V)

565 addition, mats were left undisturbed overnight to enable the diffusion of arsenic into the mat, and

22


https://doi.org/10.1101/2024.04.27.591451
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.27.591451; this version posted April 27, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

566  diel profiling began in the morning. Diel profiling was also performed in As(V)-supplemented mats

567  after addition of DCMU, an inhibitor of OP, and after autoclaving the mat as an abiotic control.

568 Depth-integrated rates of net O, and H,0, production were calculated from the concentration depth
569  profiles by considering Fick’s second law of diffusion. First, local volumetric net rates were calculated
570 as the second derivative of concentration multiplied by the diffusion coefficient corrected for
571  temperature and salinity. Volumetric depth rates were then integrated over the uppermost 5 mm of

572 the mat.

573 4.3. Assessment of arsenic cycling rates in batch incubations

574  To assess the dependency of light quality on arsenic cycling, small subsamples of microbial mats were
575  incubated under As(V), As(lll), and LED lights targeting distinct groups of phototrophs. Hypersaline
576  water (TropicMarine artificial saltwater ~137 g L) was deoxygenated by bubbling with helium,
577  vigorously shaking, then removing gas bubbles, repeated five times. Subsamples cut from microbial
578  mats (~200 mg) using 8 mm width cores (surface area 0.5 cm?) were inserted into 3 mL gastight glass
579  vials with a septum cap (exetainers, Labco) which were later filled completely with deoxygenated
580  hypersaline saltwater. Then they were placed into containers on shakers, with constant flow of
581 temperature-regulated water. The incubations were subjected to 8-hour cycles of light with various
582 different spectral quality, followed by 8 hours of darkness. Controls were placed under constant
583 darkness. All light treatments were repeated with the addition of 5 uL DCMU solution (5 mM) to

584  inhibit oxygenic photosynthesis.

585  The light treatments were chosen at specific wavelengths to target different groups of phototrophs.
586  LEDs with an emission maximum (Amsx) at 690 nm (hexagonal high-power LEDs from Roithner
587 Lasertechnik, Vienna; Supp. Fig S18) were used to specifically target Chl g, i.e., the light harvesting
588  pigment of most cyanobacteria for photosystem | and the central pigment in the reaction center of
589 both photosystems. Since an unexpected absorption maximum was found at 715 nm in the lower

590 cyanobacterial layer, we also used LEDs in the far-red range of the spectrum with Ama = 715 nm to
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591 target cyanobacterial Chl f, which can likely act as antenna in both photosystems [11,71].
592  Additionally, we used Ayax = 810 to target BChl a of purple anoxygenic bacteria, and full-spectrum

593  white light to target all phototrophs.

594 Every three hours, three incubation vials per treatment were removed for measurements. First,
595  oxygen in each exetainer was measured with a microsensor, then 2 mL of the overlying water were
596 filtered. From the filtered water, 1 mL was fixed with 4 mL 2% zinc acetate for total dissolved sulfide
597  measurements, and 1 mL was fixed with 15.53 pL fixing solution and flash frozen for arsenic
598 measurements. Fixing solution for arsenic measurements was made by mixing 27 mL of concentrated
599 HNO; diluted 1:2 with ultrapure water and 100 mL fresh DTPA solution. The DTPA solution was made
600 by mixing 6.75 mL ultrapure water, 6.75 mL concentrated HNOs; and 50 mL of 40% premade
601  DTPA*Nas solution (Sigma Aldrich, CAS 140-01-2). Sulfide was later measured as previously described
602 [72], and arsenic was measured colorimetrically based on Castillejos Sepulveda et al. (2022), with

603  modifications to calculations due to the high salinity and absence of phosphate (Supp. Methods 1.2).

604 4.4, Metagenomics

605 A piece of microbial mat collected in situ at 12:30 pm, following the procedure described above, was
606  sliced into the four distinct layers (crust, green, red, brown) and sent to the Max Planck Genome
607 Center (MPGC, Cologne, Germany) for processing. DNA extraction was performed using the DNeasy
608 PowerSoil Pro Kit (Qiagen). An Illumina-compatible library was prepared with NEB Ultra Il DNA kit
609 (NEB) and each library was shotgun sequenced with lllumina HiSeq3000 (2 x 150 bp, paired-end read
610 mode). The crust and brown layers were sequenced at a depth of 6.8 million reads, while the green
611 and red layers were sequenced at a depth of 34 million reads to target cyanobacteria, which are

612  notoriously difficult to sequence.

613 Raw sequences were quality-trimmed with Trimmomatic v.0.38[73], and assembled with MEGAHIT
614  v.1.2.9[74]. Initially, a co-assembly of all samples was used, but due to low cyanobacterial read

615 depth, a second assembly was prepared using only reads from the green layer of the microbial mat.
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616  Both assemblies were later processed using the same workflow, but the second assembly was only

617  used for analysis of cyanobacteria.

618  Samples were mapped onto the assembly with Bowtie2 v.2.4.5 [75]. Gene calling was performed
619  with Prodigal v.2.6.3 [76], and the resulting gene calls were annotated in anvio v.7.1 [77] using the
620 KEGG KOfam v.95.0 [78] and COG v.2020 [79] databases with DIAMOND v.0.9.14 [80] search.
621  Interproscan v.78 [81,82] was used for further annotations with the following databases: CATH-
622  Gene3Dv.4.2.0 [83], CDD v.3.17 [84], HAMAP v.2020_01 [85], PANTHER v.14.1 [86], Pfam v.32.0 [87],
623 PIRSF v.3.02 [88], PRINTS v.42.0 [89], PROSITE Patterns and PROSITE Profiles v.2019_11 [90], SMART
624 v.7.1 [91], SFLD v.4 [92], SUPERFAMILY v.1.75 [93] and TIGRFAMs v.15.0 [94]. Genes related to
625  arsenic, photosynthesis, glutaredoxins, and thioredoxins were manually selected and annotated
626  based on consensus from the automatically-generated annotations, using BLASTx v.2.2.31 [95] to

627  resolve discrepancies.

628 Metagenomic analyses were initially focused on genes that could result in redox changes, before

629  binning was performed to assign genes to distinct bacterial taxa.

630  Automatic binning was done with MetaBAT2 v.2.15 [96] on the large co-assembly and MaxBin2 2.2.7
631 [97] on the second assembly. In both cases, bins were manually refined in anvio. Taxonomy was
632 assigned to bins using GTDB-TK v.95.0 [98,99] within anvio. The relative abundance of each bin was

633  calculated using coverM v. 0.4.0 [100] and plotted using ggplot2 [101] in Rv. 4.0.3 [102].

634 4.5. Metatranscriptomics

635 Microbial mat samples collected following the procedure described above in situ at 1:00 am, 9:40
636 am, 12:30 pm, 3:15 pm, and 6:30 pm were sent to Max Planck Genome Center (MPGC, Cologne,
637  Germany) for processing. RNA was isolated using Quick-DNA/RNA Miniprep Plus Kit (Zymo Research).
638 Next, an Illumina-compatible library was prepared with the kit Universal Prokaryotic RNA-Seq
639  incl. Prokaryotic AnyDeplete for rRNA depletion (Tecan Genomics). Each sample was shotgun-

640  sequenced with lllumina HiSeq3000 (2x150 bp, paired-end read mode) at depths ranging from 35.5
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641  million to 51 million reads. Raw sequences were quality trimmed with Trimmomatic, then mapped
642 onto the metagenomic assemblies with BBmap v38.73 [103], and used featureCounts from Rsubread
643 v. 1.22.2 to obtain counts of each gene per metatranscriptomic sample. To compare gene
644  transcription across samples, counts of each gene call were normalized by calculating Transcripts Per
645 Million (TPM) as previously described [45]. The TPM of all gene calls annotated with the same
646  function (i.e.- the same gene name) were summed, and used to make heatmaps with Pheatmap

647  v.1.0.12 [104]in R.

648 Data availability

649 Data has been submitted to the EMBL Nucleotide Sequence Database (ENA). Metagenomic and
650  metatranscriptomic raw reads, as well as cyanobacterial metagenome-assembled genomes described
651 in Supp. Figure S15 and Supp. Table S4, can be found under project number PRIJEB41764.
652  Metagenome-assembled genomes from the co-assembly (Figs 2,3,7, Supp. Fig S13-14 and Supp.

653  Table S3) can be found under project number PRJEB73824.
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