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Abstract

Cyanobacteria with far-red light photoacclimation (FaRLiP) can modify their
photopigmentation by synthesizing red-shifted phycobiliproteins and chlorophylls, i.e.,
chlorophyll (Chl) d and f. This enables use of near-infrared radiation (NIR) for oxygenic
photosynthesis in habitats depleted of visible light (VIS). Cyanobacteria with FaRLiP are
widespread but their quantitative importance for primary production in natural habitats
remains unknown. Previously we showed that intertidal beachrock formations can harbor
endolithic populations of Chl f~containing cyanobacteria capable of using NIR for oxygenic
photosynthesis (Kihl et al., 2020). Here we use a combination of gas exchange measurements
and luminescence lifetime-based 0, imaging to quantify how endolithic cyanobacteria with
far-red chlorophylls contribute to the primary production of an intertidal beachrock habitat
when exposed to a natural gradient of visible and near-infrared radiation. While VIS-driven
photosynthesis predominantly took place in the dense cyanobacterial surface biofilm of
beachrock, NIR-driven photosynthesis was mainly confined to a subsurface layer in the
beachrock containing endolithic cyanobacteria with Chl fand d. Yet such subsurface, NIR-
driven photosynthesis provided a substantial O, production reaching >20% of the gross
photosynthesis rates under comparable photon irradiance of visible light. This points to a
hitherto overlooked role of far-red light acclimated cyanobacteria for primary production in
natural habitats characterized by steep attenuation of visible light and relative enrichment in
near-infrared radiation.

eLife assessment

This valuable study investigates the contribution of far-red light photo-acclimated
cyanobacteria to primary production in intertidal beachrock habitats. Though the
study presents solid evidence, the text would benefit from an improved discussion
section and some additional methodological details.
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Introduction

Many cyanobacteria can remodel their photosynthetic apparatus via synthesis of far red-shifted
phycobiliproteins and chlorophylls (Chl), i.e., Chl d and f, when grown under near-infrared

regulated at the transcriptional level via a 21-gene cluster (Gan et al. 2015b (%) that also contains
genes for a red phytochrome-triggered control cascade of FaRLiP (Zhao et al. 2015 (). In contrast
to cyanobacteria in the genus Acaryochloris that exhibit a constitutive expression of Chl d as their
major photopigment (Myashita et al. 1995), cyanobacteria with FaRLiP respond dynamically to
light quality (Gan @) and can synthesize red-shifted phycobiliproteins, minor amounts
of Chl d, as well as Chl f. FaRLiP involves the modification and inclusion of Chl fin both PSI and
PSII reactions centers (Itos et al. 2015, Niirnberg et al. 2018; Gisriel, 2024 ).

Chl fwas first discovered in the filamentous cyanobacterium Halomicronema hongdechloris (H.
hongdechloris) isolated from a stromatolite (Chen et al., 20102, 2012 @). Studies of H.
hongdechloris and several other cyanobacterial strains have provided detailed insight in to the
genetic regulation, biochemical pathways, and photophysiological implications of FaRLiP and the
associated structural modifications of the photosynthetic apparatus (e.g. Niirnberg et al. 2018;
Gisriel et al., 2020; Solier et al., 2020; Mascoli et al. 2022 @) that facilitate use of near-infrared
radiation (>700 nm) for oxygenic photosynthesis. In contrast, the ecological role of cyanobacteria
with FaRLiP in natural habitats remains much less explored. Cyanobacteria with Chl fhave been
found in a variety of terrestrial (Behrendt et al., 2015, 2010; Zhang et al., 2019; Murray et al.,

2017) habitats. By use of a genetic marker, Antonaru et al. (2020) % identified the presence of
cyanobacteria capable of FaRLiP based on analyses of metagenomic datasets from environmental
samples representative of many different terrestrial and aquatic habitats across different
continents and climatic zones. This further supports the notion that cyanobacteria with FaRLiP are
widespread and may play a hitherto unknown role in primary production, based on their
capability to extend the spectral window for oxygenic photosynthesis into the near infrared region
(700-780 nm) (Chen and Blankenship, 2011 ; Chen 2014 2). However, quantification of NIR-
driven primary production in habitats harboring cyanobacteria with FaRLiP, and comparison to
visible light-driven oxygenic photosynthesis is lacking.

Intertidal beachrock habitats are widespread sedimentary features of (sub)tropical coastlines
(Vausdaukas et al., 2007) that can harbor endolithic cyanobacteria with Chl f growing under a

of beachrock (Kuhl et al. 2020@), indicating a potential for cyanobacteria with FaRLiP to
contribute substantially to primary production.

However, these first estimates were hampered by a lack of data on beachrock primary production,
and the NIR-driven rates of photosynthesis were estimated from imaging O, dynamics in small
hot-spots of activity, while illuminating beachrock cross sections homogeneously with a single low
irradiance, which may not be representative of the in-situ light levels and differs from the natural,
vertical light gradients in beachrock.

In this research advance, we close this knowledge gap and provide a quantification of visible and
near-infrared radiation driven photosynthesis in 3 different beachrock biofilm communities. Our
study shows that NIR-driven gross photosynthesis by cyanobacteria with FaRLiP reaches high
rates (up to >20% of areal photosynthesis rates driven by visible light at comparable photon
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irradiance) and thus can contribute significantly to the primary production of beachrock biofilms.
The ecophysiological plasticity of cyanobacteria expressing FaRLiP can thus have important
implications for the primary production of their natural habitats.

Results and discussion

Beachrock samples and pigmentation. Previous studies across the beachrock platform on Heron
Island revealed three characteristic biofilm communities predominated by cyanobacteria, as
characterized by their surface coloration (black, brown and pink) and microbial community
composition (Diez et al. 2007 & ; Trampe and Kihl 2016 3 ; Kuhl et al. 2020%). The biofilms are
characterized by a <1-2 mm thin, optically dense surface layer on top of a more loosely defined,
greenish endolithic layer 1-4 mm below the surface of the beachrock (Fig. 1 - figure supplement
13). The green endolithic zone was predominated by blue-green cell aggregates of unicellular,
Chroococcidiopsis-like cyanobacteria containing Chl f; confirming earlier findings (Trampe et al.
2016; Kuhl et al. 2020 2).

Hyperspectral imaging of beachrock cross-sections showed spectral signatures of Chl a absorption
(670-680 nm) in the surface layers, while the endolithic layers carried spectral signatures
indicative of both Chl a and far-red absorbing Chl d and f(700-750 nm) in black, brown and pink
beachrock samples (Fig. 1 - figure supplement 22). Spectral signatures of bacteriochlorophyll
(BChl) a absorption (~800 nm and ~860 nm) indicative of the presence of anoxygenic
phototrophic bacteria were found more scattered over the beachrock biofilm zonation. These
findings are in line with previous, more detailed hyperspectral imaging studies of beachrock at
Heron Island (Trampe and Kuhl 2016 &, Kihl et al. 2020 2).

Pigment extraction and subsequent quantification of beachrock samples confirmed the presence
of the above mentioned photopigments along with carotenoids and the cyanobacterial UV
sunscreen pigment scytonemin (Garcia-Pichel et al. 1992 2) in the beachrock (Fig. 12). The
scytonemin content per beachrock surface area was in the range of 20-130 mg scytonemin m2,
with highest amounts in black beachrock followed by brown and pink beachrock (Fig. 1A, BX®).
This correlates with the air and UV exposure of the different beachrock zonations, where the black
beachrock is found in the uppermost intertidal zone facing longer and more frequent periods of
desiccation with strong solar radiation and thus UV exposure, while the brown and pink
beachrock zones are found on lower parts of the beachrock platform subject to less desiccation
and UV exposure (Cribb 1966; Trampe and Kihl, 2016 @). The scytonemin content of beachrock is
similar to values found in densely pigmented hot spring microbial mat exposed to high UV
exposure (Brenowitz and Castenholz, 1997 & ; Dillon and Castenholz, 2003 2).

The Chl a content per beachrock surface area was in the range of 35-280 mg Chl a m™ and the
carotenoid content was in the range of ~15-90 mg carotenoid m, with the highest content of both
pigment types in pink beachrock followed by brown and black beachrock samples. The carotenoid
to Chl a ratio was, however, similar (ca. 0.4 w/w) across all beachrock biofilm types (Fig. 1AX®),
indicative of a pronounced photoprotective role of carotenoids for the beachrock microbial
community.

Chl fwas the second-most abundant Chl species in the beachrock after Chl a, and the Chl f~to-Chl a
ratio was strikingly similar in all beachrock types (ca. 0.04-0.05 w/w relative to Chl a). Chl d and
BChl a were found in variable amounts (0.01-0.05 w/w relative to Chl a), whereas the contents of
Chl b and Chl c were very low or undetectable (<0.01 w/w relative to Chl a; data not shown). The
coastal surface water contained Chl a, Chl b, and Chl ¢ but no detectable amounts of other
chlorophylls (data not shown).
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Quantification of chlorophyll, bacteriochlorophyll, carotenoids and the UV-protective pigment scytonemin in samples from
three different beachrock zones (Bars * error bars indicate means * standard deviation; n = 3). Additional data are available in
the Suppl. Materials showing color micrographs (Figure 1@ - figure supplement 1) and hyperspectral images (Figure 1 -
figure supplement 2) of beachrock cross-sections.
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Mapping of O, production in beachrock

samples under visible and near infrared light

Imaging of beachrock cross-sections pressed against a planar optode in an experimental chamber
(Fig. 2A(@) showed different O, distributions in beachrock samples when illuminated vertically
from above with predominantly visible (400-700 nm) or near-infrared (700-780 nm) light (Fig.

2B (3; Fig. 2 - figure supplement 1@ and 2(®). Visible wavelengths and possibly a tail of NIR in
the halogen lamp spectrum (Fig. 2 - figure supplement 3(®) stimulated O, production in the
upper biofilm at the beachrock surface, while no O, production was observed in the endolithic
zone. In contrast, illumination with NIR primarily stimulated O, production in the endolithic, Chl
Jfcontaining layers. However, a small tail of VIS light in the spectrum of the 740 nm LED’s used for
NIR illumination (amounting to a few % of the NIR photon irradiance; Table S1) lead to a weak
stimulation of oxygenic photosynthesis in the surface biofilm. By introducing NIR long-pass filters
in the light path (Fig. 2 - figure supplement 3 2) this small contribution of visible light was
removed, albeit also at the cost of a lower NIR photon irradiance, and only O, production in the
endolithic layer remained (Fig. 2B (3; Fig. 2 - figure supplement 13 and 2(%). Such localized
NIR-driven O, production in the endolithic zone with Chl f-containing cyanobacteria was also
observed when illuminating beachrock cross-sections homogeneously (Kuhl et al., 2020®), but in
the present study we mapped the distribution of O, production under more natural light
conditions by illuminating the beachrock samples from above and thus generating a light gradient
with depth in the sample, both with respect to photon irradiance and spectral composition. We
conclude that NIR-driven photosynthesis in the beachrock is primarily taking place in the
endolithic layer, where incident sunlight is strongly depleted in visible wavelength due to the
dense overlaying biofilm at the beachrock surface. Such light microenvironment is conducive to
induce FaRLiP in cyanobacteria (Gan et al., 2014 Z; Trampe and Kihl, 2016(®), as the
photoacclimation is regulated by phytochromes gauging the relative amount of visible and NIR
(Zhao et al., 2015 32).

Quantification of beachrock photosynthesis

under visible and near infrared light

We used gas exchange measurements of net O, fluxes under dark and varying light conditions to
quantify the primary productivity of samples from the black, brown and pink zonation found on
the beachrock platform on Heron Island (Fig. 32; Fig. 3 - figure supplement 132).
Measurements of net O, consumption and production overall showed that beachrock biofilms
exhibit a high respiration activity both in dark and light conditions. Consequently, the
compensation irradiance for visible light (400-700 nm), where beachrock switches from net
consumption to net production of O,, was high reaching ~100 umol photons m2 s in brown
beachrock, ~200 umol photons m?2stin pink beachrock, and ~400 pmol photons m?2 s in black
beachrock (Fig. 32). The high respiration generally led to absence of net O, production from
beachrock incubated under NIR, with the exception of the brown biofilm, which showed a NIR
compensation irradiance of ~1000 pmol photons m s™\. These measurements are in line with the
0, imaging results showing that NIR-induced O, production in the endolithic part of the beachrock
harboring cyanobacteria with FaRLiP was more or less completely consumed within the
beachrock biofilm (Fig. 2(%). Nevertheless, when we calculated gross photosynthesis rates from
the measured net gas fluxes, we found a substantial NIR-driven photosynthesis in the beachrock
reaching >20% of the gross photosynthesis rates under comparable photon irradiances of visible
light (Fig. 42). Comparing the initial quasi-linear slopes of the gross photosynthesis vs. photon
irradiance curves, we found that the initial slopes of NIR-driven photosynthesis were 6, 8, and 10
% of the corresponding slopes for VIS-driven photosynthesis in pink, brown and black beachrock,
respectively.
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Figure 2.

Luminescence lifetime imaging of dissolved oxygen on a black beachrock sample. (A) Experimental setup used for
luminescence lifetime imaging of O, in beachrock. Schematic drawing of the setup showing a side view of the chamber and
the imaging system (left) and a frontal view of the experimental chamber (right). The beachrock sample is tightly pressed
against the planar optode, using glass slides behind the sample, ensuring close contact. A computer controls the
luminescence lifetime camera (PCO SensiCam SensiMod) used for read-out, as well as the trigger unit, triggering the blue
LED (460 nm) exciting the luminescent dyes in the optode. All edges of the chamber are covered with black tape, to avoid
scattering within the chamber walls. A calibrated NIR LED array or a halogen lamp was used to illuminate the beachrock
surface from above with defined spectral photon irradiance levels. (B) Left: digital microscope image of the used sample.
Middle: Outlined sample on a 2D image of O, distribution (false color) acquired after equilibration in darkness. Right: Overlay
of the sample outline with the digital microscope image. (C) Middle and Right: Color coded O, distribution imaged after
irradiation with white light [417 pmol photons m™ 5™ (338400-700nm * 79700-780nm HMol photons m2 s™') and 86 umol photons
m2 s (70400.700nm * 16700-780nm HMol photons m s71)] for 65 minutes and 60 minutes, respectively. (D) Color coded O,
distribution imaged after illumination for 60, 65 and 60 minutes, respectively, with (left) a 740 nm LED unfiltered (1033 pmol
photons m2 s™7; 66,400.700nm + 967700-780nm HMol photons m2 s7), (middle) a 740 nm LED + NIR-70N long pass filter (484
umol photons m2s7; 6400-700nm * 478700-780nm MMol photons m2s"), and (right) a 740 nm LED + NIR-75N long pass filter
(15 umol photons m2s™; 0.1400-700nm * 15-0790-780nm MmMol photons m™2s™1). Additional data for brown and pink beachrock
sections are available in the Suppl. Materials (Figure 2 - figure supplements 1 and 2) along with spectra of the white and
NIR light sources (Figure 22 - figure supplement 3) and a calibration curve of the planar optode (Figure 1 - figure
supplement 4)
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Figure 3.

Gas exchange measurements of net photosynthesis (Py) and respiration (R) in samples from three different beachrock zones
illuminated with visible light (VIS; 400-700 nm) and NIR (740 nm). Symbols + error bars indicate means + standard deviation;
n=3). A schematic drawing of the experimental setup is available in the Suppl. Materials (Figure 3 - figure supplement 1).
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Figure 4.

Areal gross photosynthesis rates in samples from three different beachrock zones illuminated with visible light (VIS; 400-700
nm) and NIR (740 nm). Symbols + error bars indicate means * standard deviation; n=3)
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The VIS-driven gross photosynthesis in beachrock showed a typical saturation with increasing
photon irradiance. Photosynthesis showed saturation at a high VIS photon irradiance of ~500
umol photons m™ s and exhibited no photoinhibition even at photon irradiances approaching
the highest levels experienced in their natural habitat, i.e., ~2000 umol photons m ™2 s™1. Such high
light tolerance is probably linked to the large amounts of carotenoids and scytonemin in the
beachrock biofilms (Fig. 12) acting as photoprotective pigments, as well as dynamic physiological
adaptations such as non-photochemical quenching and redox balancing mechanisms (Schreiber et
al., 2002; Kirilovsky and Kerfeld, 2016 @ ; Niyog and Truong, 2013; Muramatsu and Hihara, 2012 ().

The NIR-driven photosynthesis in the beachrock did not approach saturation and exhibited a
continuously increasing rate with increasing photon irradiance (Fig. 4 @). This can be explained
by the light attenuation due to scattering and absorption in the compacted beachrock biofilm,
which prevented saturation of NIR-driven photosynthesis in the endolithic layer even at levels of
incident light similar to solar irradiation on mid-day exposed beachrock. We were not able to
precisely quantify the light reaching the endolithic layer in the different beachrock types when
illuminated vertically from above, but a previous study (Kihl et al. 2020 @) showed that significant
NIR-driven O, production could be induced in the endolithic zone when illuminating a beachrock
cross-section homogenously with low levels of NIR, i.e., 28 umol photons m 2 s™1 (740 nm). NIR-
driven photosynthesis in beachrock by cyanobacteria with FaRLiP thus appears relatively
efficient. Recent studies of the photosynthetic apparatus of a cyanobacterium with FaRLip
(Chroococcidiopsis thermalis) have shown that the inclusion of Chl fslows down energy trapping
in the photosystems and can lead to a decreased efficiency of PSII (Mascoli et al., 2020(®).
However, the combination of red-shifted phycobiliprotein antenna pigments with the modified
photosystem configuration (by inclusion of Chl d and f) enlarges both the absorption and transfer
of light to the photosystems and can speed up charge separation and enhance the quantum
efficiency of PSII (Mascoli et al., 2022 ). Such capability of cyanobacteria with FaRLiP to
dynamically fine tune their photosynthetic apparatus by switching between i) “normal” VIS-driven
photosynthesis using phycobiliproteins and Chl a, and ii) NIR-driven photosynthesis using red-
shifted phycobiliproteins and reaction centers modified with Chl d and f; thus seems a highly
successful strategy in habitats like beachrock that experience strong fluctuations in irradiance and
spectral composition of light due to tidal changes in water coverage.

Our measurements provide a first quantitative estimate of gross primary production in different
types of beachrock, and also represent the very first estimate of the quantitative role of NIR-driven
photosynthesis in a natural habitat harboring cyanobacteria with FaRLiP. While beachrock is a
widespread sedimentary feature of intertidal (sub)tropical coasts (Vousdaukas et al., 2007), we are
only aware of one published quantification of beachrock gross primary production amounting to
~10 mmol O, m~2 beachrock h™! (Krumbein et al., 1979), as determined for water covered
beachrock in an Egyptian sabkha habitat. In our study (see Figure 4 @), the maximal VIS-driven
gross primary production ranged from ~1 to 9 pmol O, m?2s1 equivalent to 3.6 - 32.4 mmol O,

m ™2 beachrock h™1, while maximal NIR-driven gross primary production ranged from ~0.75 to 2.5
umol 0, m2 571, equivalent to 2.7 - 9 mmol O, m ™2 beachrock h™L. This span of gross
photosynthesis rates falls well within the range of gross photosynthesis rates reported from other
microbenthic biofilm habitats harboring microalgae and cyanobacteria (Krause-Jensen and Sand
Jensen, 1994), further corroborating a potentially important role of cyanobacteria with FaRLip in
natural habitats.

Summary

Beachrock surfaces are covered with compact photosynthetic biofilms, where extreme attenuation
of visible light in the uppermost layer is partially compensated via NIR-driven photosynthesis in
deeper layers harboring endolithic cyanobacteria expressing complementary photopigmentation
via FaRLiP. Our data provide a more precise estimate of beachrock primary production under
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visible and near-infrared light, and we show that NIR-driven photosynthesis by cyanobacteria
with FaRLiP can contribute significantly to benthic primary production, reaching up to ~20% of
visible light driven gross photosynthesis under similar photon irradiance. Such additional
production points to an important but hitherto overlooked ecological role of cyanobacteria with
FaRLiP in habitats (e.g. biofilms in shallow waters, terrestrial endolithic habitats and underneath
dense terrestrial plant canopies), where visible light is more strongly attenuated than NIR. Given
that cyanobacteria with FaRLiP capability have been found globally in many different
environments, we argue that investigations of NIR-driven oxygenic photosynthesis are highly
relevant in future studies of benthic primary production. Our study might also inspire the design
of more efficient photobioreactors taking advantage of complementary spectral absorption based
on cyanobacteria with FaRLiP, either alone or in combination with other oxygenic phototrophs
that are primarily driven by visible light.

Materials and methods

Field site and beachrock sampling

We investigated samples from the upper black-brown zone and the pink zone of the intertidal
beachrock platform on Heron Island (Great Barrier Reef, Queensland, Australia; 23°26.55408S,
151°54.7420E); the field site is described in detail elsewhere (Cribb, 1966; Diez et al., 2007; Trampe

with defined dimensions using a seawater-flushed band saw with diamond blade (DB-100; Inland
Craft, USA) under dim light. These samples were subsequently stored dry and dark prior to
experimental analyses at Heron Island Research Station, University of Queensland. Additional
samples from the same beachrock zonations were cut in small pieces (~1 x 1 x 1 cm?) and were
frozen in liquid N, on site and shipped on dry ice to Denmark for subsequent pigment extraction
and HPLC analysis.

Pigment analysis

Photopigments (chlorophylls and carotenoids) and the cyanobacterial UV screen scytonemin in the
beachrock samples were quantified using a modified version of a previously described HPLC
protocol (Trampe and Kihl, 2016 & ; Kuhl et al., 2020). Beachrock fragments with a defined
surface area (ca. 3 cm?) and weight (ca. 4-7 g) were pulverized. A defined amount of pulverized
beachrock (ca. 0.2 g) was extracted twice with acetone:methanol (7:2 by volume; each time 0.4 mL;
pooled to give a total of 0.8 mL) using a sonicator as previously described (Kuhl et al. 2020 ). The
extract (0.8 mL) was cleared by centrifugation and the supernatant was filtered through a 0.2 um
pore-size syringe filter (Sartorius Minisart SRP 4 filter; Sartorius Ltd., Stonehouse, UK). The filtered
extracts were loaded onto a cooled HPLC autosampler (Agilent Technologies, Santa Clara, CA) and
analyzed within 8 hours. The injected volume was 100 pyL. The HPLC setup was similar to
previously described setup (Kuhl et al. 2020 (@), except that the solvent system was modified as
follows: The gradient of solvent A (methanol:acetonitrile:water, 42:33:25 by volume, supplemented
with 10 mM ammonium acetate), and solvent B (methanol:acetonitrile:ethylacetate, 50:20:30 by
volume) was changed linearly from 0% solvent B at the time of injection to 50% at 15 min, to 100%
at 52 min, staying at 100% for 15 min before returning to 0% in 1 min. The chromatograph peaks
were identified by comparison of their retention time and absorption spectrum with published
data (Garcia-Pichel et al. 1992 ; Frigaard et al. 1996 @ ; Kuhl et al. 2020®). Pigments were
quantified from the integrated peak area and using published absorption coefficients for

methanol with a known concentration of pure Chl a (Agg5 = 0.54; cat. no. 96145; Supelco, US) into
the HPLC.
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The calculated amount of Chl a obtained by HPLC analysis using peak integration was 93% of the
Chl a amount calculated from the spectrum in methanol. Some of the deviation from 100%
recovery could be due to a difference in absorption coefficient of Chl a in methanol and in the
HPLC solvent at the time of elution. For sake of simplicity and a lack of pigment standards other
than Chl a, the absorption coefficients used for quantification of all pigments by HPLC were
assumed to be identical to that in methanol. The amount of pigments per surface area of
beachrock was calculated from the amount of pigments determined by HPLC and the beachrock
surface area represented by the amount of beachrock extracted (see above). All pigment contents
are reported as the average and standard deviation of three separate extractions and HPLC
analyses on pulverized sub-samples from the same beachrock zonation samples used for gas
exchange measurements.

Hyperspectral imaging and microscopy

The distribution of photopigments over beachrock cross-sections was mapped with a
hyperspectral imaging system (Snapscan VNIR; imec-int.com 2) equipped with a color-corrected
objective (Apo-Xenoplan, 2.0/20-0003; Schneider-Kreuznach GmbH, Germany). The camera system
records hyperspectral image cubes by moving a filter plate in front of the camera chip (Geelen et

bands/channels covering a wavelength range from ~470 to 900 nm at high spatial resolution
(7Mpx per spectral band). A more detailed description of the imaging system can be found in
Zieger et al. (2020) 3. Hyperspectral imaging was done on beachrock cross sections that were
placed in a glass petri dish and covered with a thin (~3-5 mm) layer of seawater. The Petri dish
was placed directly below the camera system, which was mounted vertically above. For
hyperspectral reflectance imaging, the beachrock samples were illuminated homogeneously with
4 halogen lamps (OSRAM DECOSTAR®; 20W, 205 Im; Osram, Germany) mounted at a 45° angle
relative to the petri dish. Prior to measurements of reflected light from the beachrock sample, we
acquired a hyperspectral image stack of reflected light from a white 95% reflectance target (T95;
imec-int.com @) placed at the same distance and position in the light field as the beachrock
samples. Acquired hyperspectral image stacks of reflected light from beachrock samples were
normalized with the hyperspectral image stack of reflected light from the reflectance standard
yielding hyperspectral image stack of %reflectance. Due to a built-in shutter, all acquired images
were automatically corrected for dark noise in the camera system. Image acquisition and
subsequent image correction and analysis was done using the camera system software (HIS
Studio; imec-int.com 2).

Color RGB images of the scanned beachrock cross-sections were generated by the system software,
selecting spectral bands in the red (602.8 nm), green (536.4 nm) and blue (472.9 nm) part of the
spectrum, to provide close to true color rendering. Subsequently, the software was used to find
and highlight areas with similar spectral patterns. Using the Imec Spectral Angle Classifier in the
system software, we could highlight areas with identical spectral properties over the coral cross
sections. For this, we trained the classifier by defining small areas of the cross section with
particular spectral features (reflectance spectra with and without signatures of Chl f), where each
selection was treated as a separate class by the classifier. The classifier analysis yielded false color-
coded maps of the coral cross-sections highlighting regions with similar spectral properties.

Color images of beachrock sections were also obtained with a digital microscope mounted on a
stand with a focus drive (DinoLite Edge 3.0; Dinolite.com @) using the built-in LED light of the
microscope head. Camera control and image acquisition was done with the manufacturer’s
software (DinoCapture 2.0 Version 1.5.37).
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Oxygen imaging

The depth distribution and dynamics of O, in beachrock samples under VIS and NIR irradiance,
was quantified by luminescence lifetime imaging using an O,-sensitive planar optode that was
pressed tightly against a smooth beachrock cross-section (Fig. 2 - figure supplement 1@). The
fabrication of planar optodes and experimental set-ups for such measurements have been
described in detail elsewhere (e.g. Kiihl et al. 2008; Koren and Kuhl 20187 ; Santner et al. 2015%;
Mosshammer et al. 2019 @). Planar optodes for imaging dissolved O, distributions were made out
of the O,-sensitive indicator dye platinum(II)meso-tetra(4-fluorophenyltetrabenzoporphyrin (Pt-
TPTBPF4, 0.3% w/v) generously provided by Dr. Sergey Borisov (Institute for Analytical Chemistry
and Food Chemistry, Graz University of Technology) and the antenna dye Fluoreszenzrot (FR, 0.3%
w/v) purchased from Kremer Pigments (www.kremerpigments.com @), both dissolved in a cocktail
of polystyrene (PS) in toluene (10% w/v). The sensor cocktail was coated in a thin layer onto a
transparent carrier foil (PET, GoodFellow) using a knife coater (www.byk-instruments.com 3). After
solvent evaporation the sensor-layer was ~ 12 ym thick. Further details on the fabrication are
given elsewhere (Mosshammer et al. 2019)

A modular, time-domain-based luminescence lifetime imaging system was used for the O, imaging
as described in detail elsewhere (Holst et al., 1998; Kiihl et al. 2008). A modulated CCD camera
(SensiMod, PCO, Germany) with a camera lens (Xenoplan 1.4/17 CCTV-Lens, Schneider-Kreuznach,
Germany) mounted with a 695 nm long pass filter (092 Dunkelrot, Schneider-Kreuznach,
Germany) was used to image the O,-dependent luminescence lifetime of the indicator (max
emission at ~780 nm), while filtering out background luminescence e.g. from fast-decaying
chlorophyll fluorescence. We used a 460 nm LED (Photonic Research Systems Ltd, UK) for
excitation of the luminescent dyes for a defined time interval (40 us), while two intensity images
(A1 and A,) of the resulting luminescence were recorded over 2 time windows (10 us each) after
the LED pulse (W, at t; =41 ps, and W, at t, = 52 ps). From such pairs of dark-corrected
luminescence intensity, the luminescence lifetime (t) was calculated as (Equation 1; Holst et al.
1998):

Image acquisition was controlled by the system software (look@molli; Holst and Grunwald,

7) and lifetime calculation was done in the freely available image analysis software Image]
in Fiji (Schindelin et al. 2012 ). All luminescence lifetime imaging was done in filtered seawater
(salinity 35) in a temperature controlled dark room kept at 26°C.

For imaging, a planar optode (7 X 10 cm) was mounted on the inside of a plastic chamber, i.e., a cut
200 mL culture flask, with transparent walls (Fig.2(@ - figure supplement 1). The bottom of the
planar optode was glued first, then a droplet of water was added between the container wall and
the optode. The planar optode was placed on the water droplet, carefully smoothing it out and
removing any trapped air bubbles. Then the other three sides were sealed using black tape (see
more details in Mosshammer et al 2019). Black tape was also used to cover all edges, and sides
(excluding the side with the planar optode) of the chamber to minimize light scattering through
the container walls.

The chamber was illuminated from above using either a fiber-optic halogen lamp equipped with a
collimating lens (KL2500LCD, Schott, Germany) or an array of NIR LEDs (740 nm; LZ4-40R300, LED
Engin, Inc, San Jose, CA; HBW 25 nm) in combination with different longpass filters (Clarex NIR-
70N and NIR-75N purchased from Weatherall). Black tape was used to define the window of
illumination, and avoid light reaching the cut sides of the beachrock sample. Incident photon
irradiance levels for different lamp or LED settings were quantified with a calibrated
spectroradiometer (BTS256, Gigahertz Optics GmbH; 1 nm spectral resolution, spectral range 360-
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830 nm; Fig. 2 - figure supplement 2%, Table S1).The mounted O, planar optode was calibrated
in the chamber using N, gas and a calibrated reference sensor (OXR430-O1, Pyroscience GmbH)
connected to a fiber-optic Oy meter (FireSting GO,, PyroScience GmbH). The air-saturated
seawater in the chamber was flushed for some time with N, and the chamber was then closed
with a lid. After the N, flow was stopped and once the reference sensor reached a stable value,
indicating a steady state regarding dissolved O, in the chamber, a calibration image was acquired.
This was done repeatedly at declining O, concentrations to obtain a calibration curve (Fig. 2 -
figure supplement 3). The zero O, value was reached chemically, by adding Na,SO5 to the
chamber. After calibration, the chamber was cleaned to remove any Na,SO3 residue prior to the
experiments.

Calibration values of the luminescence lifetime (averaged over the planar optode area) at defined
0, concentrations were fitted with an exponential decay function (R%=0.997), and could also be
described well by a Stern-Volmer plot using the two-site model (R=0.999; Klimant et al. 1997%)
(Equation 2):

T

ol ey i om Al

where 1 is the sensor luminescence lifetime at zero O,, T is the luminescence at a given O,
concentration, Kgy is the quenching constant of the sensor material, and a is the quenchable
fraction of the immobilized sensor dye in the planar optode. This enabled conversion of acquired
luminescence lifetime images during experiments to concentration images describing the 2D O,
distribution over the beachrock cross-sections.

For the sample measurements, smooth beachrock cross-sections were pressed tightly against the
planar optode ensuring good contact and no water circulation between the beachrock cross
section and the planar optode. Microscope slides were put behind the beachrock sample to push it
again the planar optode. The seawater in the chamber was exchanged for every measurement
series and the sample was given time to equilibrate in darkness for ca. 30 min prior to
measurements under defined irradiance levels of VIS or NIR. All measurements were done in
stagnant water to further minimize any potential effect of water circulation between sample and
optode.

Gas exchange measurements

Areal rates of net photosynthesis and respiration were measured at 26°C as net fluxes of O, on ~1-
1.5 cm thick cylindrical beachrock samples with a defined surface area (3 technical replicate
measurements on a samples from each beachrock zone). The beachrock samples were trimmed
and carefully covered with black tape on the sides to fit tightly inside a small gas-exchange
chamber made of transparent perspex (Fig. 3 - figure supplement 1 ). The chamber contained a
small magnetic stir bar and an optical O, sensor spot with a black optical isolation (OXSP5,
Pyroscience GmbH), which was mounted on the inside and read out via a fiber-optic cable (SPFIB-
BARE, Pyroscience GmbH) fixed to the chamber wall at one end and connected to a fiber-optic O,
meter (FireStingO,, Pyroscience GmbH) at the other end.

The gas exchange chamber was positioned next to a magnetic stirrer and was illuminated either
with a white LED lamp (KL2500 LED, Schott GmbH) or an array of near infrared LEDs (740 nm;
LZ4-40R300, LED Engin, Inc, San Jose, CA; HBW 25 nm) controlled via a custom-built driver.
Defined levels of white light were adjusted by settings on the LED lamp, while different levels of
NIR were adjusted by varying the number of NIR LEDs and their distance to the gas-exchange
chamber. The downwelling irradiance was quantified for different light settings of NIR or white
light illumination with a calibrated spectroradiometer (BTS256, Gigahertz Optics GmbH; 1 nm
spectral resolution, spectral range 360-830 nm) positioned at the level of the beachrock sample
surface in the experimental chamber.
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Spectra of downwelling irradiance (acquired in units of yW m2 nm™), were converted to spectra
of downwelling photon irradiance (in units of umol photons m s> nm™) using Planck’s equation:
Ej=h-c/A, where E, is the energy of a photon with wavelength, A, h is Planck’s constant (6.626 x
10734 W s?), and c is the speed of light in vacuum (in m s™1). Subsequently, the integral photon
irradiance over defined spectral regions (UV = 360-400 nm, VIS = 400-700 nm and NIR = 700-830

nm) was found by simple integration.

After mounting of a beachrock sample, the gas-exchange chamber was filled with aerated
seawater (S=35, T=26°C) and closed tightly, while taking care no gas bubbles were trapped in the
chamber. The chamber was positioned under the light source, and the change in O, concentration
was logged over time in darkness and for defined irradiance levels. Due to a relative small water
volume (35-38 mL) relative to the beachrock sample surface area (~6.2 cm?), a constant O,
depletion or production rate for a given light setting could be detected as a linear change in O,
concentration over 5-10 min, as determined by linear regression on parts of the O, concentration
vs. time measurements. After measurements, all samples were frozen in liquid N, on site and
shipped on dry ice to Denmark for subsequent pigment extraction and HPLC analysis (see above).

The net flux of O, was calculated from the measured O, concentration depletion or production
rate (dC/dt) as J = (V/A)-dC/dt, where V is the volume of water in the chamber above the beachrock,
and A is the surface area of the beachrock sample. Dark respiration, Ry, was measured as the net
O, flux in dark incubated samples, while net photosynthesis Py (= P — Ry ) was measured as the
net O, flux in light incubated samples, where Pg is the gross photosynthesis and Ry, is the
respiration in light. We estimated R}, from measurement of post-illumination respiration, i.e., by
measurements of the net O, consumption rate in the dark immediately after a period with
illumination at each photon irradiance level (Cooper et al., 2011 ). The gross photosynthesis at
each photon irradiance level was estimated as Pg = Py + R,
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Figure 1 - figure supplement 1.

Beachrock samples used for O, imaging. Digital microscope images of black (A), brown (B) and pink (C) beachrock samples at
various magnifications (see scale bar in each panel). The microscope images were taken after completion of the O, imaging.
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Figure 1 - figure supplement 2.

Hyperspectral reflectance imaging of beachrock samples. Left: Black (A), brown (B) and pink (C) beachrock samples with and
without selected regions of interest (color coded) of similar spectral composition. Right: Spectral information retrieved from
the selected regions. Hyperspectral reflectance measurements were conducted subsequently to the O, mapping
experiments.
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Figure 2 - figure supplement 1.

Luminescence lifetime imaging of dissolved oxygen on a brown beachrock sample. (A) Left: digital microscope image of the
used sample. Middle: Outlined sample on a 2D image of O, distribution (false color) acquired after equilibration in darkness.
Right: Overlay of the sample outline with the digital microscope image. (B) Middle and Right: Color coded O, distribution
imaged after irradiation with white light (417 umol photons m? s (338,400.700nm * 79700-780nm HMol photons m2 s™") and 86
pmol photons m2 s™ (70400.700nm * 16700-780nm KMol photons m™2 s71)) for 65 minutes and 50 minutes, respectively. (C) 2D
images of dissolved O, acquired after 60 minutes irradiation with (left) a 740 nm LED unfiltered (131 pmol photons mZst;
9400-700nm * 122700-780nm HMol photons m™2 51, (middle) a 740 nm LED + NIR-70N long pass filter (484 pmol photons m2 s”
6400-700nm + 478700-780nm HMol photons m2 s™"), and (right) a 740 nm LED + NIR-75N long pass filter (22 pmol photons m"

2
1. 2 1
7 0.1400-700nm * 22700-780nm HMol photons m™= s™).

1.
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Figure 2 - figure supplement 2.

Luminescence lifetime imaging of dissolved oxygen on a pink beachrock sample. (A) Right: digital microscope image of the
used sample. Middle: Outlined sample on a 2D image of O, distribution (false color) acquired after incubation in darkness.
Left: Overlay of the sample outline with the digital microscope image. (B) Middle and Right: Imaged O, distribution, after
irradiation with white light [417 pmol photons m™ 5™ (338400-700nm * 79700-780nm HMol photons m2 s™') and 86 umol photons
m2 5™ (70400. 700nm * 16700-780nm HMol photons m2 s71)] for 55 minutes and 40 minutes, respectively. (C) Imaged O,
distribution after 60, 60 and 55 minutes illumination, respectively, with (left) a 740 nm LED unfiltered (1033 pmol photons m"
571:66400-700nm * 967700-780nm MMol photons m2 s7), (middle) a 740 nm LED + NIR-70N long pass filter (484 umol photons m"
257 6400-700nm * 478700-780nm HMol photons m2 1), and (right) a 740 nm LED + NIR-75N long pass filter, 15 ymol photons
m2 s (0.1400-700nm * 15700-780nm KMol photons m2s71).

2
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Figure 2 - figure supplement 3.

Spectra of the light sources used in the O, imaging experiments. A) Single 740 nm LED with and without NIR-70N and NIR-
75N longpass filter; B) three 740 nm LEDs LED with and without NIR-70N and NIR-75N longpass filter; C) used white halogen
lamp (Schott KL2500 LCD), D) all combined.
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Figure 2 - figure supplement 4.

Calibration curve of the O, planar optode and the correlating Stern-Volmer Plot. The calibration curve was fitted with an

Stern-Volmer (10/1)

exponential decay function (R?=0.997) and the Stern-Volmer Plot with the simplified Two-Site Model (Eq. 2) (R?=0.999).
Symbols and error bars represent means + standard deviation of pixel values across the imaged part of planar optode.
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Figure 3 - figure supplement 1.

Experimental chamber used for gas-exchange measurements on beachrock. (A) Schematic drawing of experimental setup.
(B) Photo of beachrock sample mounted in gas-exchange chamber. Note that the sides of the sample are shielded from light
exposure by black tape. The O, concentration in the chamber is monitored with an optical O, sensor patch mounted on the
inside and read-out by an optical fiber, which is mounted on the outside of the transparent Perspex chamber wall and
connected to a fiber-optic O, meter. The sensor patch was covered by a black O, permeable optical isolation to avoid
interference from background light on the sensor signal. Stirring in the chamber is induced by a small magnet mounted on
the chamber wall and driven by a magnetic stirrer positioned next to the chamber. The chamber was illuminated from above
with LED light of known intensity and spectral composition.
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during 2D mapping of dissolved O, concentrations in beachrock.
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Mosshammer et al. studied the oxygenic photosynthetic productivity of beachrock samples
containing cyanobacteria with different pigment compositions. The use of longer wavelength
absorbing chlorophylls in some cyanobacteria (chlorophylls d and f) allows their
photosystems to use light further in the red than canonical chlorophyll a photosystems. As
such, their distribution in visible light-shaded environments, such as the beachrock studied
by Mosshammer et al., allows them to perform oxygenic photosynthesis using wavelengths
not capable of driving photosynthesis in most cyanobacteria, algae, or plants.

By adapting measuring systems they have previously used to study these types of beachrock
samples, the authors attempt to mimic a more natural light penetration through the
beachrock in order to measure oxygen production. By doing so with different wavelengths
and intensities, the authors are able to show that far-red light-driven oxygen production is
potentially capable of driving high levels of gross primary production.

Strengths:

The manuscript builds on previous measurement techniques used by the authors while
focussing on illumination from the top of a sample rather than the specific microbial layers
themselves. This provides a more environmentally realistic understanding of the beachrock
community, as well as far-red light-driven photosynthesis.

The manuscript benefits from using previously defined methods to further characterize
complex environmental samples.

Weaknesses:

The manuscript suffers from a lack of discussion and interpretation of the findings, and as
such is more of a report.

Using the envionmental beachrock samples has inherent complications, from the variation in
rock morphology, to the microbial community composition of different samples as well as
within a single sample. It would benefit the authors to discuss these technical difficulties in
more detail, as the light penetration through the beachrock is likely greatly limiting
measurements of chlorophyll f and/or chlorophyll d-driven photosynthesis in the beachrock.

This can be seen in the different luminescence measurements (Figure 2 and supplements),
that the different samples have clear differences in far-red light-driven oxygen production.
While the BLACK sample produces oxygen with 740nm LED filtered with a NIR-75N filter,
neither of the other two samples produce measureable oxygen under this condition.
Conversely, this sample results in the lowest level of gross photosynthesis when measuring
dissolved oxygen. A more detailed discussion of the variation between and within samples
and measurements would benefit the overall results of the manuscript.

The PINK beachrock sample has the highest level of chlorophyll d per chlorophyll a. As
FaRLiP cyanobacteria only incorporate 1 chlorophyll d per photosystem II, and none in
photosytem I, is there a (relatively) high composition of Acaryochloris species in the PINK
sample? If normalized to the reflectance minima can more distinct populations be identified?

For Figure 1, multiple points should be clarified. The first is that the HPLC methods are
estimates of concentrations, as the extinction coefficients are not correct for the solvent
solution for which the pigments elute, and are likely to be differently incorrect for each
pigment. This results in quantitatively incorrect data, but qualitative comparisons between
samples likely remain valid. Secondly, the pigment concentrations can also be misleading.
Within the cyanobacterial cells, photosystem I harbors approximately 3 times as many
chlorophylls as photosystem II. While the community numbers and photosystem
stoichiometry are not necessarily relevant to the current study, the red shift in absorbance
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between photosystem II and photosystem I is of importance for the measurements
performed. How cyanobacterial cells with differing concentrations of photosystems will
absorb the red tail of the far-red LEDs, as well as impact the light penetration would be a
useful discussion point.

The different samples used are from varying beachrock zonations but have the same
chlorophyll f per chlorophyll a concentrations. A discussion of why this might be would be
useful.

For the luminescence measurements (Figure 2 and supplements), no oxygen production is
seen in the BROWN or PINK beachrock samples when the 740nm LED is filtered with a NIR-
75N filter. This is likely due to multiple factors (low initial intensity compounded by
penetration depth, community composition, etc.) but should be discussed. While the authors
say that Chrooccidiopsis species dominate the samples, variation of absorbance between
different chlorophyll f containing cyanobacteria has also been measured (see Tros et al. 2021,
Chem), and the extent to which even chlorophyll f species extend into the far-red varies.
Discussions about these implications would help with their characterization of the
luminescence data. While the authors discuss that based on their respiration measurements
the oxygen may be being consumed, resulting in an inability to measure it (lines 147-150),
other explanations are clearly viable.

For the luminescence measurements, no oxygen production is discernable in the endolithic
region when excited with visible light, which is at a much stronger intensity than the near-
infrared light used. However, both Acaryochloris and chlorophyll f cyanobacteria are capable
of driving photosynthesis with visible light. As the intensities used are much brighter than for
the NIR measurements, presumably generated oxygen would be higher than what could be
immediately consumed by respiration. It is important that the authors address this.

A highlighted point by the authors is the >20% of photosynthesis driven by NIR in the
beachrock at comparable irradiation. However, this statement is deceiving for multiple
reasons.

(1) The irradiation is likely not comparable for what is reaching the cells. This is not a
problem per se as illumination from above is the point, but does skew the interpretation.

(2) The >20% value comes from the maximum amount of gross photosynthesis driven by NIR
at ~1400 umol photons m-2s-1, whereas at other comparable illuminations the value is much,
much lower (<1%). A likely interpretation of such data is that while the chlorophyll f
endolithic layer is capable of producing a relatively large amount of oxygen, it is likely far
less productive under most illuminations, though not zero.

The authors have the difficult task of weaving in results from laboratory, uniculture or
isolated photosystem measurements with their environmental-based results. This is
especially clear in lines 172-183. While the authors are correct that measurements of trapping
times in chlorophyll f containing photosystems have been measured and are slower in
chlorophyll f photosystem II and photosystem I relative to all chlorophyll a photosystems, the
quantum yield for trapping remains high in chlorophyll f photosystem I (Tros et al. 2021,
Chem). The quantum yield of trapping for chlorophyll f photosystem II is much lower for
chlorophyll f than chlorophyll a complex, though improved by the attachment of
phycobilisomes. However, these are intrinsic physical properties of the complexes that are
not modulated in response to the environments. This could be interpreted that at low photon
flux densities as measured in these experiments, the endolithic near infrared-driven oxygen
production could be limited by an overall lower quantum efficiency of trapping the captured
light and thus minimizing photosynthetic productivity relative to a theoretical level based on
the efficiency of the chlorophyll a photosystem II. How the variations in intensity and
spectral composition impact the cyanobacterial community likely involves many other
factors and has not been addressed (though see Nurnberg et al. 2018, Science and Viola et al.
2022 eLife for further discussions).
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Reviewer #2 (Public Review):

The authors investigate the role of near-infrared photosynthesis in primary production
across three beachrock communities. This work is particularly pertinent as more
cyanobacteria with far-red light acclimation capacities are discovered, underscoring the need
to assess their contributions to primary production. However, the manuscript is currently
very difficult to follow due to unclear correlations between the text and figures and the
samples analyzed in the different experiments.. Additional explanations would also enhance
clarity. For example, it would be beneficial for the authors to better define the three
communities, as distinctions are not apparent. Another example is the pigment analysis,
where the extinction coefficients for pigments vary in different solvents. Quantification by
chromatography should use calibration curves for all pigments, not just Chl a, as is currently
done. Pigments can be easily purified from cyanobacteria for this purpose.

https://doi.org/10.7554/eLife.98146.1.sa1

Reviewer #3 (Public Review):
Summary:

On islands in the pacific, beachrock occurs near high tide level, composed of calcareous
material. The surface of the beach rock is colonised by cyanobacteria and some eukaryotic
algae. On Heron Island on the Southern Great Barrier Reef, beach rock occurs on the north
and south side of the island in continuous slabs, which slope gently upwards toward the
island. Thus the upper beach rock is only inundated at extreme high tides. On the south side,
the major photosynthetic organism is a cyanobacterium Chroococcidiopsis, which forms
tough smooth mats over all the beach rock. This cyanobacterium belongs to a newly
discovered class called FaRLiP photosynthesisers, which carry out conventional
photosynthesis under visible radiation using chlorophyll a (Chl a) but which deactivate most
of the Chl a under near infra -red radiation (NIR) and produce chlorophyll f and chlorophyll d
which can absorb NIR (700 - 760 nm). These NIR Chl molecules are repositioned in the
reaction centres. In addition, an NIR-activated allophycocyanin (a phycobiliprotein) is
synthesised and placed in the reaction centres. These FaRLiP cyanobacteria can carry out
photosynthesis and primary production when placed under NIR. Here it is shown that in the
mats of Chroococcidiopsis on the beach rock the upper layers carry out conventional
photosynthesis while the lower layers carry out FaRLiP photosynthesis. It is shown that the
FaRLiP-activated lower layers can produce up to 20% of the total photosynthetic primary
production.

Strengths:

The authors have researched sections of beachrock obtained from the beach rock on Heron
Island. The Beach Rock on Heron Island occurs on both sides of the Island lying in a semi-
horizontal position slightly sloping upwards toward the Island. At normal high tide, only the
upper parts are not submerged. Black crusts occur in the uppermost parts of the beachrock.
Brown crusts occur in the intermediate sites and pink crusts occur at the lowest part of the
beachrock.

The crusts are made up largely of cyanobacteria and the major component is a
cyanobacterium of one species, tentatively identified by shape, pigmentation, and partial
DNA analysis as Chroococcidiopsis.
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In this investigation sections of the beach rock from different levels have been analysed using
three techniques:

(1) Hyperspectral analysis to determine the layout of pigmented cells and their spectra.
(2) Bioluminescence to determine the spectra of the cells in the sections.

(3) Oxygen analysis, using luminescence lifetime imaging on special films closely applied to
vertical sections of the beachrock.

(4) Oxygen production from the surface of three-dimensional blocks of beach rock,
illuminated with white light or Near Infra Red (NIR) radiation, from above.

In addition, pigmentation has been analysed by High Performance Liquid Chromatography
(HPLO).

These techniques allow the following conclusions:
(1) Scytonemin is a main screening compound for UV irradiation.
(2) Carotenoids also play a part in screening from UV and probably visible radiation.

(3) The cyanobacteria occur near the rock surface and contain Chl a plus some Chlfand a
small amount of Chl d.

(4) HPLC pigment analysis confirms the presence of Chl a plus Chl f and a small amount of Chl
d.

(5) The deeper layer with FaRLiP cyanobacteria produces oxygen under both visible light and
NIR irradiation, with different P vs I curves.

(6) Using the oxygen chamber to measure oxygen exchange above the beach rock surface, it
was shown that high respiration meant that only with the brown samples was significant
oxygen released to the water column at lower light levels, i.e. respiration accounted for most
of the primary production of oxygen except at the highest visible light intensities. And with
NIR much lower levels of oxygen production only breaking compensation significantly in the
brown samples.

(7) FaRLiP primary production was significant in the deeper layer.

The major new conclusion from these studies is that FaRLiP photosynthesis is a significant
factor in this biofilm, and possibly other biofilms. Visible light is mostly absorbed in the
upper layers and NIR reaching the lower layers induces FaRLiP photosynthesis and primary
production, which can be up to 20% of the total primary production of the film.

Weaknesses:

The techniques are sufficient to justify the conclusions, especially the new result that the
FaRLiP photosynthesis deeper in the films is surprisingly active with relatively high primary
productivity. This is an important conclusion but it must be realised that there is some way to
go to polish up the results and gain more quantitative results.

Firstly the beachrock is a heterogeneous material. So cutting a section leaves a non-
homogeneous surface where various sand grains are removed, cut, or not removed. This
means that when applying a luminescence film, the results are dependent on the uniformity
of the surface or rather the lack of conformity. This needs to be taken into consideration in
future studies.
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Furthermore, previous papers have revealed that pits in the beach rock are important sites
for FaRLiP cyanobacteria and the paper needs to make clear that these pits were avoided
here.

Secondly, while Chroococcidiopsis is the major alga/cyanobacterium present, other
algae/cyanobacteria are present and their presence needs to be factored into the results. In
this regard we need more microscopic images of the surface and cross-sections of the
beachrock, to reveal the nature of the bacterial and algal organisms.

Thirdly, it is not clear from this paper how far the identification of Chroococcidiopsis is firm.
Presumably preliminary DNA analyses have been carried out on tell-tale genes (rRNA?). At
some stage, a complete genome will be needed. Mention should be made about what has been
done and what is contemplated.

Fourthly, the acclimation to FaRLiP is time-dependent. How long does it take in these beach
rock sections? And has sufficient notice been taken of this time-dependent process?

Fifthly, FaRLiP is a sophisticated system as shown by Mascoli et al, 2022. It is activated in NIR
by red-shifted allophycocyanin. It is also dependent on the allocation of Chl f and Chl d to
special positions in the reaction centre. All this may take some time and be light-dependent.
This may explain the curious increase in the slopes of light vs productivity of Fig 4 (Pink and
Black) for NIR light.

The fifth point needs to be taken into account in any rewrite of the paper. The authors
assume that the upwardly sloping P vs I curve is explained as follows:

"This can be explained by the light attenuation due to scattering and absorption in the
compacted beachrock biofilm, which prevented saturation of NIR-driven photosynthesis in
the endolithic layer even at levels of incident light similar to solar irradiation on mid-day
exposed beachrock.”

Activation of the FaRLiP system also needs to be considered.

https://doi.org/10.7554/eLife.98146.1.sa0
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