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Chlorophyll (Chl) f is the most recently discovered chlorophyll and has only been found in
cyanobacteria from wet environments. Although its structure and biophysical properties are
resolved, the importance of Chl f as an accessory pigment in photosynthesis remains unresolved.
We found Chl fin a cyanobacterium enriched from a cavernous environment and report the first
example of Chl f-supported oxygenic photosynthesis in cyanobacteria from such habitats. Pigment
extraction, hyperspectral microscopy and transmission electron microscopy demonstrated the
presence of Chl a and f in unicellular cyanobacteria found in enrichment cultures. Amplicon
sequencing indicated that all oxygenic phototrophs were related to KC1, a Chl f-containing
cyanobacterium previously isolated from an aquatic environment. Microsensor measurements on
aggregates demonstrated oxygenic photosynthesis at 742nm and less efficient photosynthesis
under 768- and 777-nm light probably because of diminished overlap with the absorption spectrum
of Chl f and other far-red absorbing pigments. Our findings suggest the importance of Chl
f-containing cyanobacteria in terrestrial habitats.
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The textbook concept that oxygenic phototrophs
primarily use radiation in the visible range (400—
700nm) has been challenged by several findings of
unique cyanobacteria and chlorophylls (Chl) over
the past two decades (Miyashita et al., 1996; Chen
et al.,, 2010; Croce and van Amerongen, 2014)
Unicellular cyanobacteria in the genus Acaryo-
chloris primarily employ Chl d for oxygenic
photosynthesis at 700-720nm (Miyashita et al.,
1996) and thrive in shaded habitats with low levels
of visible light but replete of near-infrared radiation
(NIR, >700nm, Kiihl et al., 2005; Behrendt et al.,
2011, 2012). Furthermore, Chl f was recently
discovered in filamentous (Chen et al.,, 2010;
Airs et al., 2014; Gan et al., 2014) and unicellular
cyanobacteria (Miyashita et al., 2014), enabling
light harvesting even further into the NIR region up
to ~740nm, often aided by employing additional
far-red light-absorbing pigments such as Chl d and
phycobiliproteins (Gan et al., 2014). Whereas the
biochemical structure (Willows et al.,, 2013) and
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biophysical properties (Li et al., 2013; Tomo et al.,
2014) of Chl f have been studied in detail, the
actual importance of this new chlorophyll for
photosynthesis is hardly explored (Li et al., 2014).

Chlorophyll f has been found in cyanobacteria
originating from aquatic/wet environments: the
filamentous Halomicronema hongdechloris from
stromatolites in Australia (Chen et al., 2012), a
unicellar morphotype (Strain KC1) from Lake Biwa
in Japan (Akutsu et al., 2011; Miyashita et al., 2014)
and a filamentous Leptolyngbya sp. strain (JSC-1,
Gan et al., 2014) from a hot-spring and in a
unicellular Chlorogloeopsis fritschii strain from rice
paddies (Airs et al., 2014). In this study, we report
on a unicellular Chl f-containing cyanobacterium
originating from a wet cavernous habitat and
demonstrate its capability of NIR-driven oxygenic
photosynthesis. Enrichments of the new cyano-
bacterium were obtained from a dense dark
green-blackish biofilm dominated by globular
morphotypes of Nostocaceae growing on moist
limestone outside Jenolan Caves, NSW, Australia.
The sampling site was heavily shaded even during
mid-day with low irradiance levels of 400- to
700-nm light varying from 0.5 to 5pmol photons
m *s~'. Biofilms were carefully scraped off the
substratum and kept in shaded zip-lock bags
in a moist atmosphere until further processing.
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Samples were then incubated at 28°C in a f/2
medium under NIR at 720nm (~ 10 pumol photons
m~*s ') yielding conspicuous green cell aggregates
after several months of incubation. Repeated trans-
fer of the aggregates into fresh medium resulted in a
culture predominated by green cell clusters
(Figure 1a), exhibiting orange-red fluorescence upon
excitation with blue light (Figure 1b). Transmission
electron microscopy revealed that the green
clusters consisted of slightly elongated unicellular
cyanobacteria (~1- to 2-um wide and ~2- to 3-pm
long), with stacked thylakoids and embedded in a
joint polymer matrix (Figure 1c). Hyperspectral
microscopy (Kiithl and Polerecky, 2008) of the
clusters revealed distinct troughs in the transmis-
sion spectra at absorption maxima indicative of Chl
a (675—680nm) and Chl f (~720nm; Figure 1d, red
line). In situ spectral irradiance measurements at the
sampling site showed strong depletion of visible
wavelengths in the 480- to 710-nm range (Figure 1d,
gray line), whereas highest light levels were found
in the near-infrared region of the solar spectrum
at 710-900nm. The presence of Chl a and f was
further confirmed in enrichment cultures using
high-performance liquid chromatography-based
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pigment analysis (Figure 1e, Supplementary Figure
S1), while no Chl d was detected. In addition, weak
spectral signatures of carotenoids and phycobilins,
with absorption occurring at ~495 and 665nm,
were evident in the hyperspectral data. Cyanobac-
teria, including those producing Chl d/f, are known
to actively remodel their pigment content in
response to the available light spectrum (Stomp
et al., 2007; Chen and Scheer, 2013; Gan et al., 2014)
and Chl d/f has almost exclusively been found in
cyanobacteria grown under far-red light and not
under visible light (Kiihl et al., 2005; Chen et al.,
2010; Airs et al., 2014; Gan et al., 2014; Li et al.,
2014; Miyashita et al., 2014). Recent work describes
this acclimation response as ‘Far-Red Light
photoacclimation’ (FaRLiP), which, in strain JSC-1,
comprises a global change in gene expression and
structural remodeling of the PSII/PSI core proteins
and phycobilisome constituents (Gan et al., 2014).
The extent to which this arrangement results in
optimized photosynthetic performance is only known
for the NIR (= 710 nm)-acclimated strain JSC-1, where
exposure to wavelengths >695nm resulted in 40%
higher O, evolution rates as compared with cells
that were previously adapted to red light (645nm;
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Figure 1 Imaging and pigment analysis of Chl f-containing cyanobacteria isolated from a cavernous low-light environment.
(a) Representative bright field microscope image of cultured cells grown under 720 nm NIR. (b) Fluorescence image of the same cells as in
a, excited at 450-490nm, with emission being detected at >510nm. (c) Transmission electron microscopy of a Chl f-containing
cyanobacterium with densely stacked thylakoid membranes. (d) Transmittance spectrum of cell aggregate determined by hyperspectral
imaging (red line). Ambient light conditions at the site of isolation (gray line), as measured by a spectroradiometer. Note the Chl f-specific
in vivo absorption at ~720nm in the transmittance spectrum (dotted line). Small insert picture denotes the cells and area of interest
(black arrow) from which the spectrum was taken. (e) In vitro absorption spectrum of Chl f extracted from enrichment cultures and
analyzed via high-performance liquid chromatography. The two Chl f-specific absorption peaks (404 and 704nm in acetone:MeOH

solvent) are indicated.
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Figure 2 Taxonomic affiliation and O, evolution of Chl f-containing cells as determined by O, microelectrode measurements and 16 S
rDNA amplicon sequencing. (a) Emission spectra of narrow-band light-emitting diodes (LEDs) used in this study, with peak emissions at
742, 768 and 777 nm indicated by a—c, respectively. (b) Gross photosynthesis measured via an O, microsensor placed in a clump of
agarose-embedded Chl f-containing cells. Different NIR irradiance was administered by the LEDs in a and by altering the distance of the
LEDs to the embedded cells. (c) Phylogenetic affiliation of known Chl fand/or Chl d-containing cyanobacteria (highlighted in gray) and
their respective habitat/place of isolation. Taxonomy was determined by clustering all known oxygenic phototrophs found in enrichment
cultures from this study (at order level) into a single OTU (=292bp length, see Supplementary Materials for details). Phylogeny was
inferred using Maximum-likelihood in conjunction with the GTR +1 + G nucleotide substitution model, tree stability was tested using
bootstrapping with 100 replicates. The analysis involved 39 nucleotide sequences each truncated to a length of 292 bp. Here, the green-
sulphur bacterium Chlorobium tepidum TLS was chosen as the outgroup.

Gan et al., 2014). Yet the discrimination of actinic
wavelengths and their relative effect on gross photo-
synthesis in Chl f-containing cells needs further
investigation. Using an O, microsensor and the
light—dark shift method (Revsbech et al, 1983) on
embedded Chl f-containing aggregates, we found
maximal gross photosynthesis rates (~1.06 umol O,
cm~3s™') to occur at irradiances of ~250pumol
photons m~?s~ ' of 742nm (half-bandwidth, HBW,
25nm, Figures 2a and b) with light saturation to occur
very early at ~35 umol photons m~*s~"'. Further red-
shifted actinic light, that is, 768 nm (HBW 28 nm) and
777nm (HBW 30nm), yielded lower O, evolution
rates, which, in all likelihood, are an effect of the
diminished overlap with far-red light-absorbing pig-
ments, including Chl f (Figures 2a and b). As O,
evolution rates were measured on non-axenic cell
aggregates, 16S rDNA amplicon sequencing was
employed to determine the microbial diversity found
within the enrichment culture. This revealed the
presence of a variety of bacterial types, including
anoxygenic phototrophs, yet all sequences for known
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oxygenic phototrophs in the data set (~9.3% of all
reads on the order level, Supplementary Figure S2)
formed a single operational taxonomic unit (OTU)
closely affiliated with the Chl f-containing strain KC1
(Miyashita et al., 2014, Figure 2c).

This advocates that cells from our enrichment
culture are related to KC1 cells and supports, in
conjunction with further morphological-, physiolo-
gical- and ultrastructural evidence, that Chl f is
extending the usable light spectrum for oxygenic
photosynthesis in a cavernous low-light environment.
Given the lifestyle and known habitats of recognized
Chl d/f-producing cyanobacteria (Figure 2c), we
propose that many, if not all, surface-associated
cyanobacteria are intrinsically capable of producing
far-red light-absorbing pigments and to actively
employ them in oxygenic photosynthesis as a result
of FaRLiP or similar, yet unknown, mechanisms.
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Note added in proof

Since the acceptance of this article, a survey of
several cyanobacterial cultures from aquatic and
terrestrial habitats has shown widespread occur-
rence of the ability to synthesize Chl d, Chl f,
and modified phycobilins when incubated under
far-red light, further corroborating our findings
(Gan F, Shen G, Bryant DA. (2015). Occurrence of
far-red light photoacclimation (FaRLiP) in diverse
Cyanobacteria. Life 5: 4—24).
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