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Transcriptomic and
photosynthetic analyses of
Synechocystis sp. PCC6803 and
Chlorogloeopsis fritschii sp.
PCC6912 exposed to an
M-dwarf spectrum under an
anoxic atmosphere
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Riccardo Claudi*®, Luca Poletto® and Nicoletta La Rocca®?
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Activities (CISAS), University of Padua, Padua, Italy, *National Institute for Astrophysics, Astronomical
Observatory of Padua (INAF-OAPD), Padua, Italy, *Department of Mathematics and Physics, University
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Introduction: Cyanobacteria appeared in the anoxic Archean Earth, evolving for
the first time oxygenic photosynthesis and deeply changing the atmosphere by
introducing oxygen. Starting possibly from UV-protected environments,
characterized by low visible and far-red enriched light spectra, cyanobacteria
spread everywhere on Earth thanks to their adaptation capabilities in light
harvesting. In the last decade, few cyanobacteria species which can acclimate
to far-red light through Far-Red Light Photoacclimation (FaRLiP) have been
isolated. FaRLiP cyanobacteria were thus proposed as model organisms to
study the origin of oxygenic photosynthesis as well as its possible functionality
around stars with high far-red emission, the M-dwarfs. These stars are
astrobiological targets, as their longevity could sustain life evolution and they
demonstrated to host rocky terrestrial-like exoplanets within their
Habitable Zone.

Methods: We studied the acclimation responses of the FaRLiP strain
Chlorogloeopsis fritschii sp. PCC6912 and the non-FaRLiP strain Synechocystis
sp. PCC6803 to the combination of three simulated light spectra (M-dwarf, solar
and far-red) and two atmospheric compositions (oxic, anoxic). We first checked
their growth, O, production and pigment composition, then we studied their
transcriptional responses by RNA sequencing under each combination of light
spectrum and atmosphere conditions.

Results and discussion: PCC6803 did not show relevant differences in gene
expression when comparing the responses to M-dwarf and solar-simulated
lights, while far-red caused a variation in the transcriptional level of many
genes. PCC6912 showed, on the contrary, different transcriptional responses
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to each light condition and activated the FaRLiP response under the M-dwarf
simulated light. Surprisingly, the anoxic atmosphere did not impact the
transcriptional profile of the 2 strains significantly. Results show that both
cyanobacteria seem inherently prepared for anoxia and to harvest the photons
emitted by a simulated M-dwarf star, whether they are only visible (PCC6803) or
also far-red photons (PCC6912). They also show that visible photons in the
simulated M-dwarf are sufficient to keep a similar metabolism with respect to
solar-simulated light.

Conclusion: Results prove the adaptability of the cyanobacterial metabolism and
enhance the plausibility of finding oxygenic biospheres on exoplanets orbiting M-
dwarf stars.

KEYWORDS

cyanobacteria, laboratory simulation experiments, M-dwarf spectrum, anoxia,
transcriptomic analysis, RNA-Seq, FaRLiP

Introduction

Cyanobacteria, a phylum of photoautotrophic prokaryotes,
appeared during the Archean (~3.8 - 2.5 Ga) and were the first to
evolve oxygenic photosynthesis (Van Kranendonk et al., 2012;
Fournier et al., 2021; Robbins et al., 2023), greatly innovating life
on Earth. At first cyanobacterial distribution was possibly local and
confined to the subsurface (Havig and Hamilton, 2019), due to the
intense radiation environment of the Archean (Ratner and Walker,
1972). In these habitats cyanobacteria experienced a light spectrum
depleted of visible (400 - 700 nm) and enriched in far-red light (701
- 750 nm) (Gan and Bryant, 2015), and possibly among them some
could have had the capability to utilize far-red light as suggested by
Gisriel and coworkers (Gisriel et al., 2022).

Later, as O, and Oj; levels started to rise (Ligrone, 2019)
protecting the Earth’s surface from UV radiations, they eventually
spread on the whole planet, optimizing in the process their
photosynthetic apparatus to harvest the more energetic visible
wavelengths of the Sun’s spectrum (Oliver et al., 2023). In the
early Proterozoic (~2.4 - 2.0 Ga), the accumulation of O, produced
by cyanobacteria led to the Great Oxidation Event (GOE), changing
Earth’s atmosphere forever, causing the first mass extinction on our
planet but also the subsequent evolution of modern living
organisms. Since GOE, oxygenic photosynthetic organisms have
become the primary producers on Earth (Raven, 2009), feeding on
the light harvested by the Sun, and O, has become a permanent
component of the atmosphere (Lyons et al, 2014), even if its
concentration has risen and fallen multiple times throughout eons
until ~0.2 Ga when it stabilized to the current 21% (Catling and
Zahnle, 2020). Up to recent years, oxygenic photosynthetic
organisms were believed to utilize only the visible light abundant
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on the surface of the planet. However, many habitats on Earth,
characterized by low visible light availability, still host oxygenic
photosynthetic microorganisms. In stromatolites, endolithic
environments, sediments or in caves, as well as in microbial mats
or in coastal water columns, most visible light is physically scattered
or absorbed by the top layers of phototrophs through chlorophyll a,
while far-red-enriched light gets to the lower layers (Kasperbauer,
1987; Gilbert et al., 2001; Chen et al., 2012; Ramirez-Reinat and
Garcia-Pichel, 2012; Behrendt et al., 2015; Gan and Bryant, 2015).
In these environments, spectrally similar to those that probably
allowed oxygenic photosynthesis evolution, some species of
cyanobacteria were found to harvest far-red photons by
acclimating through the so-called Far-Red Light Photoacclimation
(FaRLiP) (Gan et al., 2014b). FaRLiP cyanobacteria under far-red
light synthesize chlorophylls d and f (Chl d, Chl f) and far-red forms
of allophycocyanin (AP). They substitute core protein subunits of
the photosystem I (PSI), photosystem II (PSII) and the
phycobilisome (PBS) with far-red paralogs, and modify the
morphology of the PBS antennae to absorb the far-red light (Gan
et al., 2014b; Gan et al., 2014b; Zhao et al., 2015; Li et al., 2016; Ho
et al, 2017a; Ho et al., 2017b). The FaRLiP response was first
described in the strain Leptolyngbya sp. JSC-1 (Gan et al., 2014b)
but was in a short time experimentally identified in several species
(Gan et al,, 2014b) and is believed to be widespread globally (Zhang
et al.,, 2019; Antonaru et al.,, 2020; Kiihl et al., 2020). The FaRLiP
response is controlled by the homonymous conserved gene cluster,
induced through a set of regulatory genes (rfpABC) encoded within
it (Zhao et al,, 2015). The FaRLiP cluster encodes generally 19-20
genes, even if at least one functional cluster containing only 15
genes was discovered (Billi et al, 2022). A typical FaRLiP gene
cluster encodes the Chl f synthase (ChlF) and the FR-paralogs of
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PSI, PSII, and PBS (Gan et al., 2014b; Gan et al., 2014b; Zhao et al.,
2015; Ho et al., 2016; Ho et al., 2017a; Ho et al., 2017b). The cluster
probably encodes Chl d synthase, but to date, the responsible gene
remains unidentified (Yoneda et al., 2016; Ho and Bryant, 2019).
The discovery of FaRLiP cyanobacteria matches the interests of the
astrobiology community. Given the fundamental role of oxygenic
photosynthesis on Earth, astrobiologists have wondered if this
process could function and drive primary productivity around
other stellar types. Prime targets for this research have become
M-dwarfs, long-lived stars (Adams et al.,, 2004), abundant in our
galaxy (70 to 75% of the stars in the Milky Way) (Henry et al,
1994), and which demonstrated to host terrestrial-like exoplanets
(Bonfils et al., 2013; Kopparapu et al., 2013; Hsu et al., 2020) within
their Habitable Zone (Kasting et al., 1993). These stars are cooler
and fainter than the Sun (Pecaut and Mamajek, 2013),
consequently, they present spectra with high emission in the far-
red but very low emission in the visible, providing a spectral
environment surprisingly similar to those where FaRLiP species
live. Recently, we verified experimentally the ability of
cyanobacteria capable or incapable of FaRLiP to survive, grow
and have a photosynthetic activity under M-dwarfs simulated
light conditions (Claudi et al,, 2021); moreover, we discovered
that the FaRLiP cyanobacterium Chlorogloeopsis fritschii sp.
PCC6912 (hereafter, PCC6912) was able to acclimate through
FaRLiP while growing under those light conditions (Battistuzzi
et al,, 2023). After testing the physiological responses of the strains
to a simulated M-dwarf light condition under a terrestrial
atmosphere, we combined the irradiation treatment with oxic
(75% N5, 20% O,, 5% CO,) and anoxic (95% N, and 5% CO,)
atmospheres. The composition of the anoxic atmosphere was
chosen as a plausible condition of an Archean Earth where life
had already developed, cyanobacteria had just evolved and CO,
levels were in the order of 5% by volume, while no O, was yet
present in the atmosphere (Catling and Zahnle, 2020; Kaltenegger
et al,, 2020). In these conditions, we studied through a biochemical
and transcriptomic approach the responses of the strains.

Materials and methods
Experimental design

In this study two different cyanobacterial strains were utilized,
respectively able (PCC6912) and unable (Synechocystis sp.
PCC6803, hereafter, PCC6803) of FaRLiP response. Acclimation
experiments to the M-dwarf irradiation combined with oxic and
anoxic atmospheres were performed and lasted 48 hours. The
timing of 48 hours was selected based on the work by Ho and
Bryant (2019), in which they reported the maximum activation of
the FaRLiP response at the transcriptional level after 48 hours of
exposure to far-red light. For each combination of organisms (2),
light regimes (3) and atmosphere compositions (2)
(Supplementary Table 1), 3 independent biological replicates
were obtained (N = 3).
performed inside the experimental setup which is extensively

Acclimation experiments were
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described in Battistuzzi et al. (2020); Battistuzzi et al. (2023).
Briefly, the setup is composed of 3 cabinets, each including a
flatbed kept at constant temperature and illuminated by a different
light source. On each flatbed, a growth chamber is positioned
(Atmosphere Simulator Chamber, or ASC), which is utilized to
combine light irradiation and exposure to oxic and anoxic
atmospheres. The ASC is kept at constant temperature and
pressure and has CO, and O, sensors to monitor in real-time
the gas exchanges of cyanobacteria with the atmosphere remotely.
For the acclimation experiments, the light spectrum of each light
source was set at 30 umol m™ 5™ in the range between 380 and 780
nm and checked through a spectrometer (LI-COR 180, LI-COR).
The light spectra utilized were a simulated M-dwarf light
spectrum (termed “M7”), a simulated solar light spectrum
(termed “SOL”), and a 730 nm far-red light (termed “FR”)
(Battistuzzi et al., 2023). Two initial atmospheric compositions
were utilized in this study: the first is an oxic, terrestrial-like
atmosphere enriched in carbon dioxide termed “ATM TER”
(composed of 75% N,, 20% O,, 5% CO,), the second is an
anoxic atmosphere termed “ATM MOD” (composed of 95% N,
and 5% CO,). Before the start and at the end of each experiment,
optical density, dry weight and pigment content measurements
were made to investigate the organisms’ growth. Moreover, by
utilizing the O, sensors of the ASC, the O, production of the
strains directly exposed under the three light sources was
measured. Finally, to characterize the initial phases of the
FaRLiP process in the FaRLiP strain, in vivo absorption
spectroscopy and chl d and f detection through HPLC analyses
were carried out. The entire experimental campaign was
conducted between June 2020 and June 2021.

Cultivation conditions

The selected strains, PCC6803 and PCC6912, were acquired
from the Pasteur Culture Collection (PCC, France) in April 2019.
They were maintained in liquid cultures in a climatic chamber at
30 £ 0.5°C, exposed to a terrestrial atmosphere and a continuous
cool white, fluorescent light of 30 umols m? s! (L36W-840,
OSRAM). Both strains were maintained in a BG-11 liquid
medium (Rippka et al., 1979). Cryo-storage of the strains was
not employed.

Before each experiment, cells from maintenance cultures were
pre-inoculated in flasks at an optical density at 750 nm (ODjs5) of 0.2
in a final volume of 100 mL and were exposed to the SOL light
spectrum at an intensity of 30 umols m > s™* (380 — 780 nm) until
they reached exponential phase: OD;5, of about 0.5 for PCC6803 and
ODysq of about 0.9 for PCC6912. The cultures of the pre-inoculum
were centrifuged at 3500 g for 5 min and resuspended to adjust
the OD,5o to 0.6 with fresh BG-11 medium. For each
combination of light condition, organism and atmospheric
condition (Supplementary Table 1), 70 mL of these cultures were
directly poured into a previously sterilized glass Petri dish and put
inside the ASC for 48 hours. Each experiment listed in
Supplementary Table 1 was performed in biological triplicate (N = 3).
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Dry weight determination

To measure the dried biomass concentration, 10 mL of culture
were diluted with 20 mL of deionized water and filtered with a
vacuum flask on 0.45 um nitrocellulose filters (Sigma), previously
dried in a heater at 70°C for at least 3 h and weighed. Filters with
cyanobacteria were put again in the heater at 70°C to dry and
weighed at least after 24 h. Dry weight (DW) was calculated as
follows:

Dry Weight [%]

_ (Filter with cyanobacteria [g] — Empty filter[g]) 1000
- Volume of culture filtered [mL)

In vivo absorption analysis

For in vivo absorption measurements, 1.5 mL of culture were
centrifuged twice at 1400 g for 5 min (Sigma Centrifuge 3K15). The
supernatant was discarded, and the pellet was homogenized with a
pestle and then resuspended in 600 pL of fresh BG-11 medium. The
suspension was then analyzed through a spectrophotometer (Agilent
Cary 300 UV-VIS), using optical glass cuvettes and exposing to the
ray their opaque side to correct scattering (Gan et al., 2014b).

Pigment content determination

To evaluate the chlorophyll a and total carotenoid content, 2
mL of culture were centrifuged for 10 min at 17500 g. The
supernatant was discarded, and the pellet was solubilized in 1 mL
of DMF (N,N’-dimethylformamide). Samples were kept at 4°C in
the dark for at least 24 h, to allow the extraction of lipophilic
pigments. Pigment spectra were recorded with a spectrophotometer
(Agilent Cary 300 UV-Vis) by using optical glass cuvettes. The
concentrations of chlorophyll a and total carotenoids were
calculated using the Moran equations for DMF (Moran, 1982).

HPLC analysis

For liquid chromatographic analyses, 4 mL of culture were
centrifuged twice at 17500 g, for 5 min, at 4°C. The supernatant was
discarded and to the pellet were added glass beads (150-212 pm,
Sigma) and 20 pL of acetone 90%. Samples were disrupted through
a Bead-Beater (Biospec Products) with three cycles of rupture for 10
s at 3500 OPM (oscillations per minute) followed by 30 s in ice. 180
uL of acetone 90% were then added to the mixture and another
cycle of Bead-Beater was repeated for 4 s. The samples were
centrifuged twice at 20.000 g, for 5 min, at 4°C, and the
supernatants were kept aside. To ensure complete extraction of
the pigments, a second extraction was performed by adding 800 pL
of acetone 90% to the pellets, by vortexing and by centrifuging the
mixture as before. The obtained extracts were added to the previous
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extraction to obtain about 1 mL of final pigment extract and were
stored at -20°C until analysis. For the analyses, an Agilent 1100
series LC system was utilized. The stationary phase was a column
(length 250 mm, diameter 4 mm) internally filled with 5 pm silica
particles coated by C-18 atom chains (Merck Lichrospher 100 RP).
The mobile phase was composed of two solutions: A) methanol/
acetonitrile/HPLC-grade H,O, in the ratio 42:33:25; B) methanol/
acetonitrile/ethyl acetate, in the ratio 50:20:30. Solutions A and B
were eluted in the column following the protocol reported in Gan
et al. (2014b), optimized for the detection of Chl d and f. During
each run, the detector registered the absorption levels of each
pigment eluted from the column when illuminated by a 705 nm
source light.

Gas exchange measurements

The cyanobacteria photosynthetic rate was measured along the
48 h when the organisms were directly exposed to the respective
growth light conditions inside the ASC. Raw data of O, levels
registered in the chamber were elaborated through Matlab
(MathWorks) to obtain the O, production expressed in
micromoles by applying the ideal gas law (Battistuzzi et al., 2020).

Statistical analysis on growth, O,
production and pigment content

Statistical analyses were performed on Graph Pad Prism v7.0
(GraphPad software). Data were calculated as the mean + standard
deviation of 3 biological replicates. One-way ANOVA technique
(assuming the Gaussian distribution of data) followed by Tukey’s
multiple comparison test (significance was set at p< 0.05) was used
to determine the significance of 1) comparisons between different
light spectra (M7, SOL, FR) when considering the same atmosphere
and strain; 2) comparisons between different atmosphere
compositions (ATM TER, ATM MOD) when considering the
same light spectrum and strain.

DNA extraction

For the DNA extraction of PCC6912, 2 ml of culture from a
maintenance line in the exponential phase of growth were harvested
and pelleted at 21400 g for 5 min. The supernatant was discarded and
to the pellet were added 200 pl of cold buffer TEN (100 mM Tris-HCI
pH 8, 50 mM EDTA, 500 mM NaCl) and an equal volume of glass
beads. Samples were disrupted through a Bead-Beater with four
cycles of rupture for 30 s at 3500 OPM followed by 1 min in ice.
After the addition of 35 pl of SDS 20%, the mixture was incubated in a
thermoblock for 5 min at 65°C. 130 ul of KOAc 5M were then added,
and the samples were put in ice for 5 min. After centrifugation at
21400 g for 10 min, the supernatant was transferred to a new test tube
containing 500 pl of isopropanol 100%, mixed and incubated for 10
min at -20°C. After this, the pellet was washed twice with decreasing
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volumes of EtOH 70%. Afterwards, the pellet was briefly left to dry
under an air flow and then resuspended in 50 pl of water. The
extracted DNA was kept at -20°C before analyses.

RNA extraction, isolation and purification

For the RNA extraction, depending on the cell concentration
and strain, 10 to 15 mL of culture were harvested and centrifuged at
1500 g for 10 min at 4°C. The supernatant was discarded, and cell
pellets were rapidly frozen in nitrogen liquid and kept at -80°C until
further analyses. The whole process was performed in roughly 30
min and under a dim green light. For total RNA isolation, 50 pl of
TRI Reagent (Sigma) and an equal volume of glass beads were
added to the pellets. Cells were broken through the Bead-Beater
with three cycles of rupture for 30 s at 3500 OPM followed by 1 min
in ice. After the addition of 950 pl of TRI Reagent, a last cycle of
rupture through the Bead-Beater was performed. The samples were
then vortexed for 15 s and left 5 min at room temperature. 200 pl of
chloroform were added to the mixture and the samples were mixed
vigorously for 15 s and then kept 10 min at room temperature. The
samples were then centrifuged at 12000 g for 15 min at 4°C. The
aqueous phase containing the total RNA was transferred to a new
test tube containing 500 pl of Isopropanol 100%, mixed and left 10
min at room temperature. The samples were centrifuged at 12000 g
for 10 min at 4°C to precipitate the RNA as a pellet. The pellet was
then washed once with 1 ml of EtOH 75%. After vortexing and
centrifugation at 12000 g for 15 min at 4°C, the samples were left to
dry for 5-10 min, then they were resuspended in 50 pl of water
RNase-free (Sigma). A first quantification of the raw total RNA
extracts was performed spectrophotometrically with a Nanodrop
2000/2000c (ThermoFisher Scientific). For the RNA purification,
the RNA Clean & Concentrator -5 (Zymo Research) was used.
DNase I (ThermoFisher Scientific) treatment of the samples and
RNA purification were performed following the manufacturer’s
protocol. After purification, samples were quantified again
through Nanodrop and their quality was assessed with an RNA
Bioanalyzer (Agilent), obtaining RNA Integrity Numbers (RIN) > 8.

Nucleic acid processing and sequencing

Extracted DNA was processed to prepare libraries using the
Nextera DNA Flex Library Prep Kit (Illumina Inc.). Sequencing was
performed on the Illumina Novaseq 6000 platform (2 x 150, paired-
end, Illumina Inc.) at the NGS facility of the Biology Department
(University of Padova, Italy). On average, the sequencing run
yielded 6.4 million read pairs per sample. To prepare DNA for
Nanopore sequencing, an enrichment in large fragments was
performed with AMPure beads (Beckman Coulter) at the
concentration of 0.7x. The purified DNA was quantified with a
Qubit fluorometer (ThermoFisher Scientific) and used to prepare a
rapid barcoding library (SQK-RBK004, Oxford Nanopore
Technology), according to the manufacturer’s instructions. The
genomes were sequenced using a MinION platform, with an R10
flow cell (FLO-MIN106D, Oxford Nanopore Technology). Raw
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FASTS5 files were base-called and barcode-split with Guppy (v.
5.0.11), yielding reads in FASTQ format.

For RNA sequencing, samples were treated with the QIAseq
FastSelect kit (Qiagen) to mask ribosomal RNAs. Subsequently,
libraries were prepared with the Illumina Stranded mRNA Prep
(Ilumina Inc.) and sequencing was carried out on the Illumina
Novaseq 6000, similarly to what was described for DNA

Mumina sequencing.

Bioinformatic analyses

Genomic Nanopore sequences of PCC6912 were assembled
using Canu (v. 2.2) (Koren et al, 2017). The estimated genome
size was set to 7.7 Mbp. The assembly was polished using Illumina
reads, which were preprocessed with Trimmomatic (Bolger et al.,
2014) v0.39 using options “-phred33 LEADING:20 TRAILING:20
SLIDINGWINDOW:4:20 MINLEN:70” and clipped with BBDuk
v38.86 to remove adapters. Subsequently, Illumina reads were
aligned to the assembly using Bowtie2 (v. 2.4.4) (Langmead and
Salzberg, 2012) and, subsequently, performing correction with
Pilon (v. 1.24) (Walker et al, 2014). Assembly quality metrics
were calculated with Quast (v. 5.0.2) (Gurevich et al., 2013). The
assembled and polished genome was compared to the reference
genome available in NCBI (GenBank ID: GCA_003990575.1, Will
et al., 2019) using Mauve (Darling et al., 2004). The de novo
assembly was aligned to its reference with progressiveMauve and
assembly contigs were re-ordered to match the reference.
Furthermore, average nucleotide identity (ANI) was calculated
with dRep (v. 3.2.2) (Olm et al., 2017) in order to ascertain strain
correspondence. Genome quality in terms of completeness and
contamination was assessed with CheckM2 v0.1.2 (Chklovski et al.,
2023) using default parameters (Supplementary Table 3). The
genome sequence for PCC6912 used in this work has been
deposited at DDBJ/ENA/GenBank under the accession
JAWJEG000000000. The version described in this paper is
version JAWJEG010000000. The GFF annotation file of the
reference genome of PCC6803 was downloaded from NCBI and
used for subsequent analyses (GenBank ID: GCA_000009725.1,
Kaneko et al., 2003). Annotations from the reference PCC6912
genome were downloaded from NCBI in GFF format and
transferred to the de novo assembly using Liftoff (v. 1.6.1)
(Shumate and Salzberg, 2021). Unique regions not present in the
reference genome were identified with AGEnt (v. 0.3.1), setting the
minimum percent identity to 99 and the minimum length of unique
regions to 500. A de novo gene prediction was carried out on these
regions with Prodigal (v. 2.6.3) (Hyatt et al, 2010), and the
predicted genes were functionally annotated with eggNOG (v.
2.0.1) (Cantalapiedra et al., 2021). Newly predicted genes were
checked and discarded if redundant with other transferred features.
The presence of genes of interest, such as the FaRLiP and LoLiP
clusters, was checked with BLAST (v. 2.12.0+) (Altschul et al., 1990)
and the coordinates of BLAST hits were ensured to match existing
annotations in the GFF file. RNA-seq Illumina paired-end reads
were aligned to the genomes with Bowtie2. Read counts for each
gene were obtained from the alignment files and GFF annotations

frontiersin.org


https://doi.org/10.3389/fpls.2023.1322052
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Battistuzzi et al.

by using BEDTools. Read counts were imported in R (v. 4.1.2) and
analyzed with DESeq2 (v. 3.14) (Love et al., 2014), setting the log
fold change (LFC) threshold at 1 and q-value threshold at 0.05 after
Benjamini-Hochberg correction. The following comparisons were
made: (i) same light, different atmosphere; (ii) same atmosphere,
different light. R library ggplot2 was used to generate PCA plots

from normalized gene expression values.

Results and discussion

Effect of different light and atmosphere
conditions on cyanobacterial growth and
O, accumulation

Growth of the cyanobacterial strains under the combined light
and atmosphere conditions was first monitored through the rise of
O, gas levels inside the chamber (Figure 1; Table 1). In both strains,
regardless of the atmosphere, SOL O, production was the highest
after 48 hours, followed by M7. FR never led to a relevant O,
production and instead, a consumption of O, was observed in the
ATM TER condition. PCC6912, within each light condition,
evolved similar amounts of O, in ATM TER and ATM MOD
conditions. Instead, PCC6803 under SOL condition evolved

10.3389/fpls.2023.1322052

significantly more O, in ATM MOD than in ATM TER
conditions (Table 1). Dry biomass and pigment content
measurements were mostly concordant with the trends of O,
accumulation (Supplementary Figure 1; Supplementary Table 2).
As expected from previous reports (Battistuzzi et al., 2023),
PCC6803 showed an overall faster growth than PCC6912. Indeed,
physiological data show that PCC6912 grew similarly in M7 and
SOL, despite the differences in O, evolution. PCC6803 showed a
similar growth regardless of the atmospheric compositions tested,
with SOL resulting in the highest growth, followed by M7. Both
strains showed no detectable growth in FR. These results are clear
also by visual inspection of the cultures before and after acclimation
(Supplementary Figure 2).

Biochemical and spectroscopical
assessment of FaRLiP response in C.
fritschii PCC6912

The synthesis of chlorophylls d, f, necessary to the activation of
FaRLiP in PCC6912, and their detectability in vivo, were
investigated both spectroscopically, through the in vivo
absorption of the far-red absorbing pigments, and biochemically,
by evaluating the synthesis of the pigments through HPLC analyses.
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FIGURE 1
O, evolution of PCC6912 (A) and PCC6803 (B) in ATM TER and ATM MOD

over 48 h of experiment. T was set at 3.600 s to exclude the initial gas

equilibration period inside the chamber. Bold lines represent the average of different biological replicates, with standard deviations reported as
transparent areas. SOL, Solar light; M7, M-dwarf light; FR, Far-red light; ATM TER, oxic atmosphere; ATM MOD, anoxic atmosphere.
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TABLE 1 O, production of PCC6912 and PCC6803 strains at 48 h in all conditions tested.

O, production at 48 h [umol of O]

ATM TER ATM MOD
M7 M7
PCC6912 645.7 + 195.9°¢ 370.9 + 121.4%° ‘ -68.7 + 37.5" 826.8 + 158.4¢ 4493 + 62.8° ‘ 29.9 + 4.3
PCC6803 808.0 + 154.3 3789 + 41.6° 267 + 4.8° 1071.7 + 72.1 5223 + 8.2° ‘ 442 +37°

The same letters highlight no significant differences between light conditions and atmospheric conditions within the same strain. (one-way ANOVA, p-value< 0,05). SOL, Solar light; M7, M-

dwarf light; FR, Far-red light; ATM TER, oxic atmosphere; ATM MOD, anoxic atmosphere.

Comparable results were obtained for both atmospheres (Figure 2;
Supplementary Figure 3): after 48 hours, in vivo spectroscopic
analyses did not reveal any absorption above 700 nm in M7 or
FR due to Chl d or f synthesis. An increased absorption in the
waveband 560-650 nm (phycobiliproteins) was however observed
in M7 and SOL. HPLC analyses gave similar results: as expected,
Chl d and f synthesis was not detected in SOL, but no synthesis of
these pigments was detected after 48 hours in M7 either, even if this
light has a far-red component. In FR, only a small amount of Chl f
was detected after 48 hours and Chl d was below detection limits,
while the same culture acclimated to FR for 4 days at the same light
intensity tested in these experiments, used as reference of a normal
FaRLiP response activation, showed higher synthesis of far-red
harvesting pigments. The lack of growth in FR for both strains
and their consequent lack of O, production was expected. PCC6803
is incapable of utilizing FR, therefore no growth was observed in this
light condition. PCC6912 instead, albeit able to harvest this light
through FaRLiP, takes at least 3 days to exhibit a detectable response
(Battistuzzi et al., 2023), therefore after only 48 hours the strain
cannot support the harvesting of far-red photons since it has not
reorganized the photosynthetic apparatus yet and has barely
detectable levels of chlorophyll f (Figure 2).

Transcriptional response to different light
and atmospheric conditions

In order to confirm the FaRLiP activation in FR and possibly in
M7 conditions for PCC6912, as well as the response of PCC6803
which is not endowed with FaRLiP, a transcriptomic analysis was
carried out on both strains under all the combined atmospheric and
light conditions. The analysis involved a total of 6163 genes for
PCC6912 and 3738 genes for PCC6803 (Supplementary files S1, S2,
S3). Before the transcriptomic analysis, both strains were re-
sequenced. The quality of the new assembly obtained for
PCC6912 was a remarkable improvement compared to assemblies
currently available in NCBI for this strain (Supplementary Figure 4;
Supplementary Tables 3, 4), thus it was used for the subsequent
analyses. On the contrary, for PCC6803 the NCBI reference
genome was used. As described previously, biochemical and
spectrophotometric analyses did not evidence relevant changes in
the in vivo absorption properties of PCC6912 or in the synthesis of
far-red-absorbing chlorophyll pigments after 48 hours of exposure
to different lights and atmospheres. However, transcriptional
analysis demonstrated that within this time frame, there were
significant changes in the expression of several genes. PCC6912

25

- - N
o 2 o
L L L

Normalized in vivo absorption

o
v
L

. A =l
600 700 780

Wavelenght [nm]
[ O -

400 500

FIGURE 2

wnuoads UOISSIWS PazI[ewlIoN

B
705 nm Chld Chlf Chla
v
35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50
e I B
20 E
Jiy S e
é 0 N A
L A
2
@ 20+ . e |
§ 40—FR] ]
< 20} i
P S NN PR
20 g

35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50

Retention Time [min]
o

(A) on the right y-axis are plotted the normalized emission spectra of the light simulators utilized in the study. A dashed line with yellow fill pattern, a
dotted line with orange fill pattern, and a dash-dot-dot line with dark red fill pattern are used respectively for the solar, M-dwarf, and far-red light
spectra; on the left y-axis is plotted an example of in vivo absorption spectra of PCC6912 grown in the three light conditions under ATM TER; in vivo
absorption spectra are normalized at 680 nm, while emission spectra of the light simulators are normalized to their respective peak emission in the
range 380-780 nm; (B) example HPLC chromatograms at 705 nm of PCC6912 after 48 h of exposure to the different light conditions under ATM
TER. Retention times for chlorophylls a, d, and f are highlighted with a red band. In gray is reported a control sample acclimated to FR light for 4
days at the same light intensity tested in these experiments. SOL, Solar light; M7, M-dwarf light; FR, Far-red light; ATM TER, oxic atmosphere.
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shows diverse transcriptional profiles under the three light
conditions. Exposure to FR triggers the strongest transcriptional
responses, as expected, but significant differences in gene expression
were detected also when comparing SOL and M7 (Table 2). A
different scenario is observed in PCC6803, where M7 is not
associated with significant changes in the transcriptome with
respect to SOL, while FR samples present larger variations. This
can be explained due to the presence of visible light within the M7
spectrum, which is enough for PCC6803 to photosynthesize and
grow, as already demonstrated (Claudi et al., 2021; Battistuzzi et al.,
2023). FR triggers more drastic responses since PCC6803 cannot
utilize this light for photosynthesis. Finally, the effect of different
atmospheres was not linked to major changes overall in the
transcriptome, although some genes were differentially regulated
(Q< 0.05) in PCC6912 under anoxic atmosphere in combination
with FR light (Table 2). The principal component analysis (PCA)
performed on the samples confirms these observations: PCC6912
samples are clustered according to light conditions, and the three
clusters are spread along the first principal component; on the other
hand, in PCC6803, SOL and M7 samples form a single cluster, while
FR samples are neatly separated. Furthermore, in all strains and
conditions, no clustering of the samples is observed according to
atmospheric conditions (Figure 3). A detailed analysis of the genes
and pathways which were affected by light and atmosphere
conditions allowed to better characterize the responses of the two
strains (Figure 4). Consistently with the PCA results, no major
differences were observed in association with different atmospheric
conditions for most genes. It seems that anoxia does not play a
major role in the acclimation of both strains. The major differences
were instead found when comparing different light spectra.

Most differentially regulated genes
in PCC6912

In PCC6912, most genes with significant changes (Q< 0.05) were
those related to the FaRLiP cluster in M7, indicating that the FaRLiP

10.3389/fpls.2023.1322052

response is actually triggered early on in this condition, while
significant changes in genes from other several pathways were
found in FR, showing FaRLiP in this condition is concerted with
broader changes in the metabolism. In FR samples compared to SOL,
significant upregulation (LECs ~7-10) was detected in genes from the
FR-specific photosystems and phycobilisome (Figures 4A, 5;
Supplementary file S1). Importantly, the expression of psbA4,
encoding the chlorophyll f synthase ChlF, and the regulatory genes
of the FaRLiP cluster rfpABC, significantly increased as well. Instead,
M7 samples compared to SOL showed a less pronounced
upregulation of the FaRLiP cluster (LFCs ~5-7), while the rfpABC
cluster was not significantly upregulated, although a LFC of 2 was
obtained for rfpB (Supplementary file S1). Overall, these observations
are highly consistent with a previous molecular analysis of the closely
related cyanobacterial strain Chlorogloeopsis fritschii sp. PCC9212
under far-red (Zhao et al., 2015; Ho and Bryant, 2019). In addition,
the results presented here show the activation of the FaRLiP response
at a molecular level in M7. Importantly, this activation was not
detectable from biochemical analyses (Figure 2; Supplementary
Figure 3). In line with these results, previous biochemical and
spectroscopic analyses evidenced a slower activation of the FaRLIP
response in M7 and the coexistence of far-red and visible-absorbing
photosystems (Battistuzzi et al., 2023). The lower activation of the
FaRLiP response in M7 may result from the presence of visible light
in addition to far-red, or from the different amounts of far-red
photons in M7 with respect to FR (20 and 30 umol of photons m™
s respectively). The induction of FaRLiP is indeed based on the
ratio between visible and far-red light (Airs et al., 2014; Gan et al,
2014a; Zhao et al,, 2015; Ho and Bryant, 2019; Silkina et al., 2019);
moreover, the presence of visible light (in particular red light) in
addition to far-red light can interfere with the sensitivity of the
RfpABC photosensory system (Liu et al., 2023). In the same study,
also a dependence of the FaRLiP response to low far-red light
intensity has been identified. Finally, under only far-red light, far-
red and visible-absorbing photosystems coexist during FaRLiP
(Ho et al., 2020). Given this information, in M7 it’s plausible that

TABLE 2 Number of significantly up- and downregulated genes in comparisons between different light conditions under the same atmosphere.

Strain PCC6912 PCC6803
Regulation Upregulated Downregulated Upregulated Downregulated

M7 vs SOL ATM TER 19 0 0 0

FR vs SOL ATM TER 44 37 70 28

FR vs M7 ATM TER 6 14 62 30

M7 vs SOL ATM MOD 24 1 0 0
FR vs SOL ATM MOD 59 51 35 34
FR vs M7 ATM MOD 15 37 26 31
ATM TER vs ATM MOD SOL 0 0 0 0
ATM TER vs ATM MOD FR 0 6 0 0
ATM TER vs ATM MOD M7 0 0 0 0

SOL, Solar light; M7, M-dwarf light; FR, Far-red light; ATM TER, oxic atmosphere; ATM MOD, anoxic atmosphere.

Frontiers in Plant Science

frontiersin.org


https://doi.org/10.3389/fpls.2023.1322052
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Battistuzzi et al.

10.3389/fpls.2023.1322052

A B
PCC6912 PCC6803
© 20
20
5
3 o @
E 10 L] 2 Condition
= o ° 8 ° 48h SOL atm ter
g ° g 0 o O 48h SOL atm mod
= o R Ce P L] ® 48h M7 atm ter
® :n o O 48h M7 atm mod
. 0 < o o ° @ 48h FR atm ter
S ° 8 -5 O 48h FR atm mod
o Y o
°
10 ° -10
[¢] [ ]
-20
-20 0 20 -20 -10 0 10 20 30

PC1: 55 % variance

FIGURE 3
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PCA plot generated from the expression profiles of PCC6912 (A) and PCC6803 (B). Orange, red and yellow dots represent respectively M7, FR, SOL
samples. Full and empty dots distinguish respectively ATM TER and ATM MOD samples. SOL, Solar light; M7, M-dwarf light; FR, Far-red light; ATM

TER, oxic atmosphere; ATM MOD, anoxic atmosphere.

the lower ratio of red to far-red light causes a lower accumulation of
RfpA proteins in the active state, resulting in lower expression of the
FaRLiP gene cluster and slower response. Whether the FaRLiP
response in M7 is slower or simply less intense remains to be
clarified. Interestingly, a cas6 gene (PCC6912_RS10755) upstream
of the FaRLiP cluster was found to have the same expression patterns
as FaRLiP genes (Figure 4A; Supplementary Figure 5, Supplementary
file S1). However, no upregulation was detected in the rest of the
CRISPR-Cas cluster. The strain C. fritschii sp. PCC9212, closely
related to PCC6912, has an identical CRISPR-Cas cluster close to
the FaRLiP cluster, but in the work of Ho and Bryant (Ho and Bryant,
2019), the cas6 gene was not found to be upregulated. Therefore, the
possible role of cas6 upregulation within FaRLiP response remains
unclear and is to be further investigated.

The response of PCC6912 to FR involved other genes related to
photosynthesis (Figure 4A; Supplementary file S1). In particular,
psbA, encoding the photosystem II subunit D1 was significantly
upregulated (LFC ~3, Q< 0.05) in FR compared to SOL. Conversely,
ferredoxin petF and light-independent protochlorophyllide
reductase subunit chIN were downregulated in FR (LFCs ~-4 and
~-2, respectively). The petF downregulation under FR has been
reported before in plants (Yang et al., 2018) and cyanobacteria (Ho
and Bryant, 2019) and points towards the decrease of the linear
electron transport, since cells cannot efficiently utilize far-red
photons yet. Together with chiN, also two neighboring genes, part
of the same operon, chiL (another protochlorophyllide reductase
subunit) and PCC6912_RS14015, showed similar changes in their
relative transcription levels. The co-regulation of the three genes
leads to the hypothesis that PCC6912_RS14015 may also be
involved in porphyrin metabolism. Interestingly, chiB, encoding
the last subunit of the enzyme, was not differentially expressed as
chIN and chiL. The NB-protein (ChIN-ChIB) is reported to be the
catalytic component of the complex, while ChIL serves as the
electron donor to the NB-protein complex (Muraki et al., 2010).
A downregulation of chIN was reported by Ho and colleagues (Ho
and Bryant, 2019), and could reflect the re-routing of the
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metabolism towards the synthesis of a small amount of
chlorophyll f instead of chlorophyll a.

Aside from genes related to photosynthesis, an overall
upregulation of genes involved in the degradation of fatty acids
was observed (Figure 4A; Supplementary file S1). A similar response
was reported in the work of Ho and Bryant (2019), and was
proposed to be related to the acquisition of energy and reducing
power in FR, when cells are not able to harvest far-red light yet.
Interestingly, a canonical -oxidation pathway seems to be absent in
cyanobacteria (Figueiredo et al, 2021). Moreover, genes for the
biosynthesis de novo of fatty acids (fab genes) were not differentially
expressed in any condition; finally, the gene fadD appeared to be
significantly upregulated in FR compared to SOL (LFC ~2). KEGG
data annotate this gene as encoding a long-chain acyl-CoA
synthetase. The ortholog of this gene in PCC6803 is aa$ (slr1609),
which was demonstrated to have an important role in the recycling
of fatty acids (Kaczmarzyk and Fulda, 2010). Therefore, PCC6912
cells in FR could be recycling fatty acids rather than degrading them
to restructure the thylakoid membranes and prepare to host far-red
acclimated photosystems. Some genes related to molecule transport
were also downregulated, namely exbB (PCC6912_RS09125), exbD
(PCC6912_RS09130), and tonB (PCC6912_RS09120)
(Supplementary file SI). Interestingly, these genes are part of a
single complex related to the transport of a wide range of nutrients
(Krewulak and Vogel, 2011). This kind of regulation is expected
since, in FR, cells cannot harvest energy and cannot assimilate
nutrients. Finally, a cluster of genes with roles in the biosynthesis of
lipopolysaccharides (LPS) and the cell wall were downregulated in
FR (LFC ~-3 to ~-5; Supplementary file S1). The LPS have been
observed to have an important role in the membrane integrity of
many Gram-negative bacteria, and in some cases, genes for LPS
synthesis are essential for cell viability (Saha et al., 2022). In general,
bacterial membranes undergo modifications when metabolic or
environmental conditions change. This is also coherent with the
lack of growth under FR, which implies that no division of the cells
is necessary.
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When considering atmospheric conditions, significant
upregulation was observed in a group of six genes (LFC ~3-6;
Figure 4A; Supplementary file SI). It is worth noting that these
genes were upregulated only in FR and ATM MOD. These genes
can therefore be considered specific to these two conditions
combined. The gene desC3 is reported to encode a fatty acid
desaturase, inhA a cyclohexyl-isocyanide hydratase and hpsU, an
hormogonium polysaccharide biosynthesis acetyltransferase.
Hormogonia are reported to be developed by PCC6912 (Hindak,
2008), and are specialized cells which do not divide and grow but
retain photosynthetic activity to provide energy for motility
(Castenholz et al, 2001). Hormogonia are produced by certain
filamentous, heterocyst-forming cyanobacteria to optimize their
light environment through phototaxis (Castenholz et al., 2001).
The gene hpsU, with two other genes (hpsS and hpsT), is part of a
gene cluster which is expressed in developing hormogonia of the
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cyanobacterium Nostoc punctiforme ATCC29133 (Zuniga et al.,
2020a). PCC6912_RS21285 and another gene, PCC6912_RS21295,
are adjacent to hpsU. PCC6912_RS21295 was upregulated (LCF ~4)
when comparing ATM TER and ATM MOD in FR,
PCC6912_RS21285 was upregulated as well (LCF ~3), even if not
significantly. When aligning these sequences with hpsT and hpsS
genes from N. punctiforme ATCC29133 (Zuniga et al.,, 2020a) an
identity of 85% was found between PCC6912_RS21285 and hpsT,
but no similarities were found between PCC6912_RS21295 and
hpsS. A similarity of 82% was instead found between hpsS and
PCC6912_RS21280, another adjacent gene not differentially
regulated in any condition (Supplementary file SI).
PCC6912_RS21280 and PCC6912_RS21285 could therefore be
respectively hpsS and hpsT. The upregulation of the cluster could
be linked to the necessity of the strain, in combined FR and ATM
MOD conditions, to differentiate hormogonia and move away from
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Changes in expression of genes related to photosynthesis. The LFC values of photosystem and phycobilisome genes in M7 and FR compared to SOL
are shown. Genes belonging to the FaRLiP group are highlighted. The statistical significance of individual LFCs is highlighted as follows: *, q<0.05; **,
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light; M7, M-dwarf light; FR, Far-red light. Created with BioRender.com.

the unfavorable environment in search of visible light, required for
growth, at least until the complete activation of the FaRLiP
response. However, a more complex response should be expected
for hormogonium differentiation (Campbell et al., 2008; Christman
et al,, 2011; Gonzalez et al., 2019; Zuniga et al., 2020a; Zuniga et al.,
2020b). In previous studies on the cyanobacterium N. punctiforme
(Gonzalez et al.,, 2019; Zuniga et al., 2020a; Zuniga et al., 2020b)
authors observed an upregulation of the main controllers of
hormogonium differentiation, which are the master regulator
HrmK, encoded by the hrmK gene, and the sigma factors
involved in the subsequent hierarchical cascade, encoded by the
genes sigf, sigC, sigF. It was not possible to find a hrmK gene
ortholog annotated in the PCC6912 genome of this study and a
protein blast between N. punctiforme sequence and the PCC6912
genome gave inconclusive results; instead, the ortholog genes for
sig], sigF and sigC in the PCC6912 genome were found. The sig/
gene was overexpressed under FR in ATM TER but not
significantly, sigF and sigC genes were instead not overexpressed
in any condition tested. The hormogonium differentiation therefore
seems not induced, but without information on the hrmK gene a
definitive proof is lacking. Also, in the N. punctiforme study the
overexpression of hrmK, sig], sigF and sigC genes were observed at
18 hours and in different experimental conditions (Zuniga et al.,
2020b), so it is possible that after 48 hours, in our conditions, the
expression of these genes could be different.
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Most differentially regulated genes
in PCC6803

In PCC6803, no significant variations for any analyzed gene
appeared when comparing M7 to SOL (Figure 4B). PCC6803
surprisingly shows the same transcriptional profile for both light
spectra. However, significant variations in expression were detected
for several clusters of genes when comparing FR to SOL (Q< 0.05)
(Supplementary file S2). About half of the differentially regulated
genes are unknown or uncharacterized. The most differentially
regulated genes appeared not to be related to photosynthesis,
except for cpcL, a paralog of a green-light-induced phycobilisome
linker protein encoded by cpcG. The proteins encoded by these
genes connect the phycobilisome to PSI under green light,
redistributing the harvested energy between photosystems
(Sanfilippo et al., 2019). The gene cpcL was downregulated in FR
(LEC ~-4), but not in M7. This result is consistent with previous
77K fluorescence spectroscopy data obtained from FR and M7 long-
term acclimated cultures of PCC6803 (Battistuzzi et al., 2023).
Under FR, PSI is over-excited due to photons above 700 nm.
PCC6803 responds in the long term by changing the relative
amounts of PST and PSII to rebalance the excitation energy of the
harvested light. The short-term response highlighted by molecular
data, however, is reduction of the relative amounts of CpcL. A lower
amount of linker would reduce the redistribution of energy between
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the two photosystems, conveying the harvested energy mostly to
photosystem II, which is less excited under FR. Under M7 however,
the presence of visible light in addition to far-red is sufficient to
rebalance the excitation energy between the photosystems without
the need for CpcL underexpression.

Many of the top differentially regulated genes in FR compared
to other lights were involved in nitrogen metabolism (Figure 4B;
Supplementary file S2). The genes nrtABCD, nirA, and narB were all
significantly downregulated in FR compared to M7, instead, norB
was upregulated in that condition. When comparing FR to SOL,
among the same genes, the relative transcript levels of norB and
nirA were low (LFC< 2) while those of narB and nrtC, although
higher (LFC ~2), were not significant. Finally, the genes gifA and
gifB were all significantly upregulated in FR when compared to both
M7 and SOL (LFC ranging from ~3 to ~4). The operon nrtABCD
encodes the subunits of a nitrate (NO5’) transport system protein,
which allows the entrance of extracellular NO3 inside the cell. The
gene nirA encodes a ferredoxin-nitrite reductase, while narB a
ferredoxin-nitrate reductase, and together these proteins form the
assimilatory NO; ™ reduction pathway, which allows the conversion
of the extracellular NO;™ to ammonia (NH,"), which can be used by
the cell (Ohashi et al., 2011). Interestingly, the key enzyme of N
assimilation, glutamine synthetase (GS, encoded by glnA gene),
which catalyzes the reaction that converts glutamate to glutamine
(Klahn et al,, 2018), was not differentially regulated at significant
levels in any condition tested. The inhibition of GS indeed takes
place at the post-translational level, through the inhibitory factors
IF7 and IF17, encoded respectively by the genes gifA and gifB
(Kldhn et al., 2018; Perin et al., 2021). The upregulation of norB
instead is not clear. This gene encodes for a nitric oxide (NO)
reductase, even if PCC6803 lacks a functional denitrification
pathway able to fix atmospheric N, (Biisch et al., 2002). Yet, norB
provides a scavenging mechanism for NO, a signal and stress
molecule detrimental to the photosynthetic apparatus (Solymosi
et al, 2022). An upregulation of norB in FR could derive from the
necessity to protect photosynthetic proteins from stress. A nitrite
reductase (NO-forming) in PCC6803 does not exist (Biisch et al.,
2002), so there would be no way to convert NO, to NO and
subsequently to nitrous oxide (N,O) through nitric oxide reductase.
However, it has been demonstrated that PCC6803’s cyanobacterial
hemoglobin (gIbN gene) can serve as an anaerobic nitrite reductase
in hypoxic conditions (Sturms et al., 2011), by-passing the lack of a
canonical nitrite reductase (NO-forming) and producing toxic NO.
Upregulation of norB in FR versus M7 was significant in ATM TER
while in ATM MOD an LEC of ~-2 was observed, but lacked
statistical significance. PCC6803 in FR is always exposed to low O,
concentrations: in ATM TER O, consumption exceeds O,
production (Figure 1), leading to local hypoxia in the cell; in
addition, in ATM MOD the atmosphere itself is anoxic. Taken
together, these data suggest that, upon exposure to FR, PCC6803
stops the assimilation of NOj3  (or nitrite, NO,) from the
environment, since it cannot obtain energy from photosynthesis
and utilize it to fix nitrogen into carbon compounds. Nevertheless,
the inhibition of the nitrogen assimilatory pathway leads to the
accumulation of NO,’, toxic for the cell and the photosynthetic
apparatus, at high concentrations (Zhang et al., 2017; Kocour
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Kroupova et al., 2018). Therefore PCC6803, through the
upregulation of norB under FR, could be able to detoxify both
NO, and NO.

Other genes differentially regulated included the hofG genes,
part of a general secretion pathway protein, wcal, enhA, sll1946,
involved in the synthesis of the cell wall and of lipopolysaccharides
(LPS) (Figure 4B; Supplementary file S2) Two copies of hofG were
significantly downregulated in FR compared to M7 and SOL (LFC
ranging from ~2 to ~3), the third instead showed significant
downregulation only when comparing FR to SOL in ATM TER
(LEC ~2). The gene wcal was significantly downregulated in FR
with respect to M7 and SOL (LFC from ~2 to ~3), enhA and sll1946
instead were significantly upregulated in the same conditions (LFC
~3, ~2 in ATM MOD). These are once again plausible responses
related to the stop of growth under FR, due to the insufficient light
for photosynthesis.

Finally, when comparing atmospheric compositions, albeit
differentially regulated genes were found, their LFC rarely exceeded
the threshold values (LFC > 2 or< -2) and were never significant
(Figure 4B; Supplementary file 52). These results differ from previous
reports, where several gene clusters were found to be upregulated
under low oxygen conditions (Summerfield et al., 2008; Summerfield
et al, 2011). The discrepancy could be explained by the different
conditions employed for the experiments. In our experiments, in all
light conditions, the initial anoxic atmosphere evolved, after 48 h, to
an atmosphere containing some amounts of O,, due to oxygenic
photosynthesis (Figure 1). The added O,, even in FR, could be
sufficient to avoid the upregulation of low-oxygen-related genes.
Conversely, in their work (Summerfield et al, 2008), the culture
was continuously bubbled with 99.9% N, and 0.1% CO,, flushing
away the O, evolved by cyanobacteria and maintaining very low-O,
conditions. Also, the authors investigated the response of the strain to
oxygen depletion after 1, 2 and 6 hours, a very short time if compared
to our study. This could explain why most of the low-O,-induced
genes were not found differentially regulated in this study.

Conclusions

This study presents novel molecular insights into the acclimation
strategies of two cyanobacteria, C. fritschii PCC6912 and
Synechocystis sp. PCC6803, under the combined conditions of
simulated light spectra and atmospheres. Surprisingly, an initial
anoxic condition does not play a great role in the acclimation of
both strains, as a very low number of differentially regulated genes
was found when comparing atmospheres. Light instead plays a major
role in determining the transcriptional responses of the strains. On
one hand, when comparing solar and M-dwarf simulated lights, only
genes involved in the FaRLiP response show a different
transcriptional profile in PCC6912. The additional far-red photons
in the spectrum are sensed and an acclimation response is pursued,
enhancing the harvesting capabilities of PCC6912. Under only far-
red, apart from the FaRLiP cluster, other pathways gain importance,
in addition to what was observed previously in C. fritschii PCC 9212
(Ho and Bryant, 2019). These pathways are involved together in the
reduction of the cell metabolism and division under far-red as long as
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the FaRLiP acclimation is not complete and it is not possible to
harvest photons for photosynthesis. When combining far-red light
and an anoxic atmosphere though, in PCC6912 an escape strategy
from adverse environmental conditions is observed. On the other
hand, the transcriptional profile of PCC6803 under both simulated
stellar lights is identical, the strain does not perform relevant
acclimation responses. Under far-red light, however, due to the
scarcity of visible light, a great transcriptional response is observed,
once again concerning a general reduction in the cell metabolism to
reduce energy consumption. Finally, in both strains under far-red
light, many differentially regulated genes are not yet characterized,
limiting our capability to comprehensively describe the metabolic
response to this light spectrum. These molecular data confirm
previous physiological results (Claudi et al., 2021; Battistuzzi et al,
2023): it was shown that specific acclimations to far-red are not
necessary to harvest a simulated M-dwarf light spectrum. However, if
far-red photons are available and the cyanobacterium is capable of
utilizing them, an acclimation response towards that goal is initiated.
Furthermore, the absence of oxygen minimally impacts in the short-
term the transcriptional response of the strains, showing that
cyanobacteria are ancestrally equipped to cope with anoxia. Taken
together these results prove the adaptability and versatility of
cyanobacteria and are a positive signal for the search for oxygenic
photosynthesis on exoplanets orbiting M-dwarf stars.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found below:BioProject: PRINA1028124.

Author contributions

MB: Writing - original draft, Data curation, Formal analysis,
Investigation, Methodology, Resources, Validation, Visualization,
Writing - review & editing. MM: Data curation, Formal analysis,
Methodology, Resources, Software, Validation, Visualization, Writing —
original draft, Writing — review & editing. LC: Data curation, Formal
analysis, Methodology, Resources, Software, Validation, Visualization,
Writing - review & editing. LiT: Conceptualization, Methodology,
Validation, Writing - review & editing. LaT: Conceptualization,
Methodology, Resources, Software, Supervision, Validation, Writing

References

Adams, F. C,, Laughlin, G., and Graves, G. J. M. (2004). Red dwarfs and the end of
the main sequence. Rev. Mexicana Astronomia Y Astrofisica: Serie Conferencias 22, 46—
49. Available at: https://www.redalyc.org/articulo.oa?id=57102211.

Airs, R. L., Temperton, B., Sambles, C., Farnham, G., Skill, S. C., and Llewellyn, C. A.
(2014). Chlorophyll f and chlorophyll d are produced in the cyanobacterium
Chlorogloeopsis fritschii when cultured under natural light and near-infrared
radiation. FEBS Lett. 588 (20), 3770-3777. doi: 10.1016/j.febslet.2014.08.026.
Federation of European Biochemical Societies.

Frontiers in Plant Science

13

10.3389/fpls.2023.1322052

- review & editing. SC: Conceptualization, Methodology, Resources,
Software, Supervision, Validation, Writing — review & editing. RC:
Methodology, Resources, Software, Validation, Writing — review &
editing. LP: Funding acquisition, Methodology, Resources, Validation,
Writing - review & editing. NL: Conceptualization, Funding
acquisition, Methodology, Project administration, Resources,
Supervision, Validation, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. The research
was co-funded by the Italian Space Agency through the “Life in
Space” project (ASI N. 2019-3-U.0) and the “ASTERIA” project
(ASIN. 2023-5-U.0), with support from the Department of Biology
of the University of Padova and the Institute for Photonics and
Nanotechnologies of CNR through intramural grants.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1322052/
full#supplementary-material

Altschul, S. F., Gish, W., Miller, W., Myers, E. W., and Lipman, D. J. (1990). Basic
local alignment search tool. J. Mol. Biol. 215 (3), 403-410. doi: 10.1016/S0022-2836(05)
80360-2. Elsevier.

Antonaru, L. A, Cardona, T., Larkum, A. W. D., and Niirnberg, D. J. (2020). Global
distribution of a chlorophyll f cyanobacterial marker. ISME J. 14 (9), 2275-2287.
doi: 10.1038/s41396-020-0670-y

Battistuzzi, M., Cocola, L., Salasnich, B., Erculiani, M. S., Alei, E., Morosinotto, T.,
et al. (2020). A new remote sensing-based system for the monitoring and analysis of

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2023.1322052/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2023.1322052/full#supplementary-material
https://www.redalyc.org/articulo.oa?id=57102211
https://doi.org/10.1016/j.febslet.2014.08.026
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1038/s41396-020-0670-y
https://doi.org/10.3389/fpls.2023.1322052
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Battistuzzi et al.

growth and gas exchange rates of photosynthetic microorganisms under simulated
non-terrestrial conditions. Front. Plant Sci. 11, 182. doi: 10.3389/fpls.2020.00182

Battistuzzi, M., Cocola, L., Claudi, R., Pozzer, A. C., Segalla, A., Simionato, D., et al.
(2023). Oxygenic photosynthetic responses of cyanobacteria exposed under an M-
dwarf starlight simulator: implications for exoplanet’s habitability. Front. Plant Sci. 14.
doi: 10.3389/fpls.2023.1070359

Behrendt, L., Brejnrod, A., Schliep, M., Serensen, S. J, Larkum, A. W. D., and
Kiihl, M. (2015). Chlorophyll f-driven photosynthesis in a cavernous cyanobacterium.
ISME J. 9 (9), 2108-2111. doi: 10.1038/ismej.2015.14

Billi, D., Napoli, A., Mosca, C., Fagliarone, C., de Carolis, R., Balbi, A,, et al. (2022).
Identification of far-red light acclimation in an endolithic Chroococcidiopsis strain and
associated genomic features: Implications for oxygenic photosynthesis on exoplanets.
Front. Microbiol. 13. doi: 10.3389/fmicb.2022.933404

Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: A flexible trimmer for
Tllumina sequence data. Bioinformatics 30 (15), 2114-2120. doi: 10.1093/bioinformatics/btul70

Bonfils, X., Delfosse, X., Udry, S., Forveille, T., Mayor, M., Perrier, C,, et al. (2013).
The HARPS search for southern extra-solar planets: XXXI. @ the M-dwarf sample.
Astronomy Astrophysics 549, 1-75. doi: 10.1051/0004-6361/201014704

Biisch, A., Friedrich, B., and Cramm, R. (2002). Characterization of the norB gene,
encoding nitric oxide reductase, in the nondenitrifying cyanobacterium Synechocystis
sp. strain PCC6803. Appl. Environ. Microbiol. 68 (2), 668-672. doi: 10.1128/
AEM.68.2.668-672.2002

Campbell, E. L., Christman, H., and Meeks, J. C. (2008). DNA microarray
comparisons of plant factor- and nitrogen deprivation-induced hormogonia reveal
decision-making transcriptional regulation patterns in Nostoc punctiforme. J. Bacteriol
190 (22), 7382-7391. doi: 10.1128/JB.00990-08

Cantalapiedra, C. P., Hernandez-Plaza, A., Letunic, L, Bork, P., and Huerta-Cepas, J.
(2021). eggNOG-mapper v2: Functional Annotation, Orthology Assignments, and
Domain Prediction at the Metagenomic Scale. Mol. Biol. Evolution Oxford Univ. Press
38 (12), 5825-5829. doi: 10.1093/molbev/msab293

Castenholz, R. W., Wilmotte, A., Herdman, M., Rippka, R., Waterbury, J. B., Iteman,
L, et al. (2001). “Phylum BX. Cyanobacteria BT - bergey’s manual® of systematic
bacteriology: volume one: the archaea and the deeply branching and phototrophic
bacteria,” in Bergey’s Manual of Systematic Bacteriology. Eds. D. R. Boone, R. W.
Castenholz and G. M. Garrity (New York, NY: Springer New York), 473-599.

Catling, D. C,, and Zahnle, K. J. (2020). The archean atmosphere. Sci. Adv. 6 (9), 1-
16. doi: 10.1126/sciadv.aax1420

Chen, M., Li, Y., Birch, D., and Willows, R. D. (2012). A cyanobacterium that
contains chlorophyll f - A red-absorbing photopigment. FEBS Lett. 586 (19), 3249-
3254. doi: 10.1016/j.febslet.2012.06.045. Federation of European Biochemical Societies.

Chklovski, A., Parks, D. H., Woodcroft, B. J., and Tyson, G. W. (2023). CheckM2: a
rapid, scalable and accurate tool for assessing microbial genome quality using machine
learning. Nat. Methods 20 (8), 1203-1212. doi: 10.1038/s41592-023-01940-w

Christman, H. D., Campbell, E. L., and Meeks, J. C. (2011). Global transcription
profiles of the nitrogen stress response resulting in heterocyst or hormogonium
development in Nostoc punctiforme. J. Bacteriol 193 (24), 6874-6886. doi: 10.1128/
JB.05999-11

Claudi, R,, Alei, E., Battistuzzi, M., Cocola, L., Erculiani, M. S., Pozzer, A. C,, et al.
(2021). Super-earths, m dwarfs, and photosynthetic organisms: Habitability in the lab.
Life 11 (1), 1-18. doi: 10.3390/1ife11010010

Darling, A. C. E., Mau, B,, Blattner, F. R,, and Perna, N. T. (2004). Mauve: Multiple
alignment of conserved genomic sequence with rearrangements. Genome Res. 14 (7),
1394-1403. doi: 10.1101/gr.2289704. Cold Spring Harbor Lab.

Figueiredo, S. A. C., Preto, M., Moreira, G., Martins, T. P., Abt, K., Melo, A,, et al.
(2021). Discovery of cyanobacterial natural products containing fatty acid residues.
Angewandte Chem Int. Edition 60 (18), 10064-10072. doi: 10.1002/anie.202015105

Fournier, G. P., Moore, K. R., Rangel, L. T., Payette, J. G., Momper, L., and Bosak, L.
(2021). The Archean origin of oxygenic photosynthesis and extant cyanobacterial
lineages. Proc. R. Soc. B: Biol. Sci. 288 (1959), 1-10. doi: 10.1098/rspb.2021.0675

Gan, F.,, and Bryant, D. A. (2015). Adaptive and acclimative responses of
cyanobacteria to far-red light. Environ. Microbiol. 17 (10), 3450-3465. doi: 10.1111/
1462-2920.12992

Gan, F,, Shang, S., Rockwell, N. C., Martin, S. S., Lagarias, J. C., and Bryant, D. A.
(2014a). Extensive remodeling of a cyanobacterial photosynthetic apparatus in
far-red light. Science 345 (6202), 1312-1317. doi: 10.1126/science.1256963

Gan, F., Shen, G., and Bryant, D. A. (2014b). Occurrence of far-red light
photoacclimation (FaRLiP) in diverse cyanobacteria. Life 5 (1), 4-24. doi: 10.3390/
life5010004

Gilbert, I. R,, Jarvis, P. G., and Smith, H. (2001). Proximity signal and shade
avoidance differences between early and late successional trees. Nature 411 (6839),
792-795. doi: 10.1038/35081062

Gisriel, C. J., Cardona, T., Bryant, D. A, and Brudvig, G. W. (2022). Molecular
evolution of far-red light-acclimated photosystem II. Microorganisms 10 (7), 1-18.
doi: 10.3390/microorganisms10071270

Gonzalez, A., Riley, K. W., Harwood, T. V., Zuniga, E. G, and Risser, D. D.. (2019). A
tripartite, hierarchical sigma factor cascade promotes hormogonium development in
the filamentous cyanobacterium nostoc punctiforme. mSphere 4 (3), 1-15. doi: 10.1128/
msphere.00231-19

Frontiers in Plant Science

14

10.3389/fpls.2023.1322052

Gurevich, A., Saveliev, V., Vyahhi, N., and Tesler, G. (2013). QUAST: Quality
assessment tool for genome assemblies. Bioinf. Oxford Univ. Press 29 (8), 1072-1075.
doi: 10.1093/bioinformatics/btt086

Havig, J. R,, and Hamilton, T. L. (2019). Hypolithic photosynthesis in hydrothermal
areas and implications for cryptic oxygen oases on archean continental surfaces. Front.
Earth Sci. 7. doi: 10.3389/feart.2019.00015

Henry, T. J., Kirkpatrick, J. D., and Simons, D. A. (1994). The solar neighborhood, 1:
Standard spectral types (K5-M8) for northern dwarfs within eight parsecs.
Astronomical J. 108, 1437. doi: 10.1086/117167

Hindak, F. (2008). On Chlorogloeopsis fritschii (Cyanophyta/Cyanobacteria) from
thermal springs in Slovakia and from a saline lake in Tunisia. Algological Stud. 126, 47—
64. doi: 10.1127/1864-1318/2008/0126-0047

Ho, M. Y., and Bryant, D. A. (2019). Global transcriptional profiling of the
cyanobacterium Chlorogloeopsis fritschii PCC 9212 in far-red light: Insights into the
regulation of chlorophyll d synthesis. Front. Microbiol. 10. doi: 10.3389/
fmicb.2019.00465

Ho, M. Y., Shen, G., Cannifee, D. P., Zhao, C., and Bryant, D. (2016). Light-
dependent chlorophyll f synthase is a highly divergent paralog of PsbA of photosystem
1L Science 353 (6302), aaf9178. doi: 10.1126/science.aaf9178. American Association for
the Advancement of Science.

Ho, M. Y., Niedzwiedzki, D. M., MacGregor-Chatwin, C., Gerstenecker, G., Hunter,
C. N,, Blankenship, R. E., et al. (2020). Extensive remodeling of the photosynthetic
apparatus alters energy transfer among photosynthetic complexes when cyanobacteria
acclimate to far-red light. Biochim. Biophys. Acta Bioenergetics 1861 (4), 148064.
doi: 10.1016/j.bbabio.2019.148064

Ho, M. Y., Gan, F,, Shen, G., and Bryant, D. A. (2017a). Far-red light
photoacclimation (FaRLiP) in Synechococcus sp. PCC 7335. IL.Characterization of
phycobiliproteins produced during acclimation to far-red light. Photosynthesis Res. 131
(2), 187-202. doi: 10.1007/s11120-016-0303-5. Springer Netherlands.

Ho, M. Y., Gan, F,, Shen, G., and Zhao, C. (2017b). Far-red light photoacclimation
(FaRLiP) in Synechococcus sp. PCC 7335, 1. Photosynth. Res. doi: 10.1007/s11120-016-
0309-z

Hsu, D. C,, Ford, E. B, and Terrien, R. (2020). Occurrence rates of planets orbiting M
Stars: Applying ABC to Kepler DR25, Gaia DR2, and 2MASS data. Monthly Notices R.
Astronomical Soc. 498 (2), 2249-2262. doi: 10.1093/mnras/staa2391

Hyatt, D., Chen, G. L., LoCascio, P. F,, Land, M. L,, Larimer, F. W., and Hauser, L. J.
(2010). Prodigal: Prokaryotic gene recognition and translation initiation site
identification. BMC Bioinf. Springer 11, 1-11. doi: 10.1186/1471-2105-11-119

Kaczmarzyk, D., and Fulda, M. (2010). Fatty acid activation in cyanobacteria
mediated by acyl-acyl carrier protein synthetase enables fatty acid recycling. Plant
Physiol. 152 (3), 1598-1610. doi: 10.1104/pp.109.148007

Kaltenegger, L., Lin, Z., and Madden, J. (2020). High-resolution transmission spectra
of earth through geological time. Astrophysical J. Lett. 892 (L17), 6. doi: 10.3847/2041-
8213/ab789f

Kaneko, T., Nakamura, Y., Sasamoto, S., Watanabe, A., Kohara, M., Matsumoto, M.,
et al. (2003). Structural analysis of four large plasmids harboring in a unicellular
cyanobacterium, synechocystis sp. PCC 6803. DNA Res. 10 (5), 221-228. doi: 10.1093/
dnares/10.5.221

Kasperbauer, M. J. (1987). Far-red light reflection from green leaves and effects on
phytochrome-mediated assimilate partitioning under field conditions. Plant Physiol. 85
(2), 350-354. doi: 10.1104/pp.85.2.350

Kasting, J. F., Whitmire, D. P., and Reynolds, R. T. (1993). Habitable zones around
main sequence stars. Icarus 101 (1), 108-128. doi: 10.1006/icar.1993.1010

Klihn, S., Bolay, P., Wright, P. R., Atilho, R. M., Brewer, K. I., Hagemann, M., et al.
(2018). A glutamine riboswitch is a key element for the regulation of glutamine
synthetase in cyanobacteria. Nucleic Acids Res. 46 (19), 10082-10094. doi: 10.1093/nar/
gky709

Kocour Kroupové, H., Ramirez, R., Kasting, J. F., Eymet, V., Robinson, T. D.,
Mahadevan, S., et al. (2018). Toxic effects of nitrite on freshwater organisms: a review.
Rev. Aquacult. 10 (3), 525-542. doi: 10.1111/raq.12184

Kopparapu, R. K., Ramirez, R., Kasting, J. F., Eymet, V., T Robinson, T. D., and
Mahadevan, S. (2013). Habitable zones around main-sequence stars: New estimates.
Astrophysical J. 765 (2), 1-16. doi: 10.1088/0004-637X/765/2/131

Koren, S., Walenz, B. P., Berlin, K., Miller, J. R., Bergman, N. H., and Phillippy, A. M.
(2017). Canu: Scalable and accurate long-read assembly via adaptive k-mer weighting
and repeat separation. Genome Res. 27 (5), 722-736. doi: 10.1101/gr.215087.116. Cold
Spring Harbor Lab.

Krewulak, K. D., and Vogel, H. J. (2011). TonB or not TonB: Is that the question?
Biochem. Cell Biol. 89 (2), 87-97. doi: 10.1139/010-141

Kiihl, M., Trampe, E., Mosshammer, M., Johnson, M., Larkum, A. W.D., Frigaard, N.
U., et al. (2020). Substantial near-infrared radiation-driven photosynthesis of
chlorophyll f-containing cyanobacteria in a natural habitat. eLife 9, 1-15.
doi: 10.7554/eLife.50871

Langmead, B., and Salzberg, S. L. (2012). Fast gapped-read alignment with Bowtie 2.
Nat. Methods 9 (4), 357-359. doi: 10.1038/nmeth.1923. Nature Publishing Group US
New York.

Li, Y., Lin, Y., Garvey, C. J., Birch, D., Corkery, R. W., Loughlin, P. C, et al. (2016).
Characterization of red-shifted phycobilisomes isolated from the chlorophyll f-

frontiersin.org


https://doi.org/10.3389/fpls.2020.00182
https://doi.org/10.3389/fpls.2023.1070359
https://doi.org/10.1038/ismej.2015.14
https://doi.org/10.3389/fmicb.2022.933404
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1051/0004-6361/201014704
https://doi.org/10.1128/AEM.68.2.668-672.2002
https://doi.org/10.1128/AEM.68.2.668-672.2002
https://doi.org/10.1128/JB.00990-08
https://doi.org/10.1093/molbev/msab293
https://doi.org/10.1126/sciadv.aax1420
https://doi.org/10.1016/j.febslet.2012.06.045
https://doi.org/10.1038/s41592-023-01940-w
https://doi.org/10.1128/JB.05999-11
https://doi.org/10.1128/JB.05999-11
https://doi.org/10.3390/life11010010
https://doi.org/10.1101/gr.2289704
https://doi.org/10.1002/anie.202015105
https://doi.org/10.1098/rspb.2021.0675
https://doi.org/10.1111/1462-2920.12992
https://doi.org/10.1111/1462-2920.12992
https://doi.org/10.1126/science.1256963
https://doi.org/10.3390/life5010004
https://doi.org/10.3390/life5010004
https://doi.org/10.1038/35081062
https://doi.org/10.3390/microorganisms10071270
https://doi.org/10.1128/msphere.00231-19
https://doi.org/10.1128/msphere.00231-19
https://doi.org/10.1093/bioinformatics/btt086
https://doi.org/10.3389/feart.2019.00015
https://doi.org/10.1086/117167
https://doi.org/10.1127/1864-1318/2008/0126-0047
https://doi.org/10.3389/fmicb.2019.00465
https://doi.org/10.3389/fmicb.2019.00465
https://doi.org/10.1126/science.aaf9178
https://doi.org/10.1016/j.bbabio.2019.148064
https://doi.org/10.1007/s11120-016-0303-5
https://doi.org/10.1007/s11120-016-0309-z
https://doi.org/10.1007/s11120-016-0309-z
https://doi.org/10.1093/mnras/staa2391
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1104/pp.109.148007
https://doi.org/10.3847/2041-8213/ab789f
https://doi.org/10.3847/2041-8213/ab789f
https://doi.org/10.1093/dnares/10.5.221
https://doi.org/10.1093/dnares/10.5.221
https://doi.org/10.1104/pp.85.2.350
https://doi.org/10.1006/icar.1993.1010
https://doi.org/10.1093/nar/gky709
https://doi.org/10.1093/nar/gky709
https://doi.org/10.1111/raq.12184
https://doi.org/10.1088/0004-637X/765/2/131
https://doi.org/10.1101/gr.215087.116
https://doi.org/10.1139/O10-141
https://doi.org/10.7554/eLife.50871
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.3389/fpls.2023.1322052
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Battistuzzi et al.

containing cyanobacterium Halomicronema hongdechloris. Biochim. Biophys. Acta
Bioenergetics 1857 (1), 107-114. doi: 10.1016/j.bbabio.2015.10.009. Elsevier B.V.

Ligrone, R. (2019). Biological Innovations that Built the World (Edinburgh (United
Kingdom): Springer).

Liu, T. S, Wu, K. F,, Jiang, H. W., Chen, K. W., Nien, T. S., Bryant, D. A, et al. (2023).
Identification of a far-red light-inducible promoter that exhibits light intensity
dependency and reversibility in a cyanobacterium. ACS Synthetic Biol. 12 (4), 1320-
1330. doi: 10.1021/acssynbio.3c00066

Love, M. L, Huber, W, and Anders, S. (2014). Moderated estimation of fold change
and dispersion for RNA-seq data with DESeq2. Genome Biol. BioMed. Cent. 15 (12), 1-
21. doi: 10.1186/s13059-014-0550-8

Lyons, T. W, Reinhard, C. T., and Planavsky, N. J. (2014). The rise of oxygen in
Earth’s early ocean and atmosphere. Nature 506 (7488), 307-315. doi: 10.1038/
naturel3068

Moran, R. (1982). Formulae for determination of chlorophyllous pigments extracted
with N,N -dimethylformamide. Plant Physiol. 69 (6), 1376-1381. doi: 10.1104/
pp.69.6.1376

Muraki, N., Nomata, J., Ebata, K., Mizoguchi, T, Shiba, T., Tamiaki, H., et al. (2010).
X-ray crystal structure of the light-independent protochlorophyllide reductase. Nature
Nat. Publishing Group 465 (7294), 110-114. doi: 10.1038/nature08950

Ohashi, Y., Shi, W., Takatani, N., Aichi, M., Maeda, S. I., Watanabe, S., et al. (2011).
Regulation of nitrate assimilation in cyanobacteria. J. Exp. Bot. 62 (4), 1411-1424.
doi: 10.1093/jxb/erq427

Oliver, T., Kim, T. D., Trinugroho, J. P., Cordon-Preciado, V., Wijayatilake, N.,
Bhatia, A., et al. (2023). The evolution and evolvability of photosystem II. Annu. Rev.
Plant Biol. 74, 225-257. doi: 10.1146/annurev-arplant-070522-062509

Olm, M. R, Brown, C., Brooks, B., and Bandfield, J. F. (2017). DRep: A tool for fast
and accurate genomic comparisons that enables improved genome recovery from
metagenomes through de-replication. ISME J. 11 (12), 2864-2868. doi: 10.1038/
isme;j.2017.126. Nature Publishing Group.

Pecaut, M. J,, and Mamajek, E. E. (2013). Intrinsic colors, temperatures, and
bolometric corrections of pre-main-sequence stars. Astrophysical J. Supplement Ser.
208 (1), 9. doi: 10.1088/0067-0049/208/1/9. IOP Publishing.

Perin, G., Fletcher, T., Sagi-Kiss, V., Gaboriau, D. C.A., Carey, M. R,, Bundy, J. G,,
et al. (2021). Calm on the surface, dynamic on the inside. Molecular homeostasis of
Anabaena sp. PCC 7120 nitrogen metabolism. Plant Cell Environ. 44 (6), 1885-1907.
doi: 10.1111/pce.14034

Ramirez-Reinat, E. L., and Garcia-Pichel, F. (2012). Characterization of a marine
cyanobacterium that bores into carbonates and the redescription of the genus
mastigocoleus 1. J. Phycol. 48 (3), 740-749. doi: 10.1111/j.1529-8817.2012.01157.x

Ratner, M. I, and Walker, J. C. G. (1972). Atmospheric ozone and the history of life. J.
Amospheric Sci. 29 (5), 803-808. doi: 10.1175/1520-0469(1972)029<0803:AOATHO>2.0.CO;2

Raven, J. A. (2009). Contributions of anoxygenic and oxygenic phototrophy and
chemolithotrophy to carbon and oxygen fluxes in aquatic environments. Aquat.
Microbial Ecol. 56 (2-3), 177-192. doi: 10.3354/ame01315

Rippka, R., Deruelles, J., and Waterbury, J. B. (1979). Generic assignments, strain

histories and properties of pure cultures of cyanobacteria. J. Gen. Microbiol. 111 (1), 1-
61. doi: 10.1099/00221287-111-1-1

Robbins, L. J., Fakhraee, M., Smith, A. ].B., Bishop, B. A., Swanner, E. D., Peacock, C.
L., et al. (2023). Manganese oxides, Earth surface oxygenation, and the rise of oxygenic
photosynthesis. Earth-Sci. Rev. 239, 104368. doi: 10.1016/j.earscirev.2023.104368.
Elsevier B.V.

Saha, S., Pupo, E., Zariri, A., and van der Ley, P. (2022). Lipid A heterogeneity and its
role in the host interactions with pathogenic and commensal bacteria. MicroLife 3, 1-
13. doi: 10.1093/femsml/uqac011

Sanfilippo, J. E., Garczarek, L., Partensky, F., and Kehoe, D. M. (2019). Chromatic
acclimation in cyanobacteria: A diverse and widespread process for optimizing

Frontiers in Plant Science

15

10.3389/fpls.2023.1322052

photosynthesis. Annu. Rev. Microbiol. 73 (1), 407-433. doi: 10.1146/annurev-micro-
020518-115738

Shumate, A., and Salzberg, S. L. (2021). Liftoff: Accurate mapping of gene
annotations. Bioinformatics 37 (12), 1639-1643. doi: 10.1093/bioinformatics/
btaal016. Oxford University Press.

Silkina, A., Kultschar, B., and Llewellyn, C. A. (2019). Far-Red light acclimation for
improved mass cultivation of cyanobacteria. Metabolites 9 (8), 1-13. doi: 10.3390/
metabo9080170

Solymosi, D,, Shevela, D., and Allahverdiyeva, Y. (2022). Nitric oxide represses photosystem I
and NDH-1 in the cyanobacterium Synechocystis sp. PCC 6803. Biochim. Biophys. Acta
Bioenergetics 1863 (1), 148507. doi: 10.1016/j.bbabio.2021.148507. Elsevier B.V.

Sturms, R,, Dispirito, A. A., and Hargrove, M. S. (2011). Plant and cyanobacterial
hemoglobins reduce nitrite to nitric oxide under anoxic conditions. Biochemistry 50
(19), 3873-3878. doi: 10.1021/bi2004312

Summerfield, T. C., Nagarajan, S., and Sherman, L. A. (2011). Gene expression under
low-oxygen conditions in the cyanobacterium Synechocystis sp. PCC 6803
demonstrates Hik31-dependent and -independent responses. Microbiology 157 (2),
301-312. doi: 10.1099/mic.0.041053-0

Summerfield, T. C., Toepel, J., and Sherman, L. A. (2008). Low-oxygen induction of
normally cryptic psbA genes in cyanobacteria. Biochemistry 47 (49), 12939-12941.
doi: 10.1021/bi8018916

Van Kranendonk, M. J., Altermann, W, Beard, B. L., Hoffman, P. F., Johnson, C. M.,
Kasting, J. F., et al. (2012). “Chapter 16 - A chronostratigraphic division of the
precambrian: Possibilities and challenges,” in The Geologic Time Scale. Eds. F.M.
Gradstein, J.G. Ogg, M.D. Schmitz and G.M. Ogg (Elsevier), 299-392. doi: 10.1016/
B978-0-444-59425-9.00016-0

Walker, B. J., Abeel, T., Shea, T., Priest, M., Abouelliel, A., Sakthikumar, S., et al.
(2014). Pilon: An integrated tool for comprehensive microbial variant detection and
genome assembly improvement. PloS One 9 (11), e112963. doi: 10.1371/
journal.pone.0112963. Public Library of Science San Francisco, USA.

Will, S. E., Henke, P., Boedeker, C., Huang, S., Brinkmann, H., Rohde, M., et al. (2019).
Day and night: Metabolic profiles and evolutionary relationships of six axenic non-marine
cyanobacteria. Genome Biol. Evol. 11 (1), 270-294. doi: 10.1093/gbe/evy275

Yang, F., Feng, L., Liu, Q, Wu, X,, Fan, Y., Raza, M. A, et al. (2018). Effect of
interactions between light intensity and red-to- far-red ratio on the photosynthesis of
soybean leaves under shade condition. Environ. Exp. Bot. 150, 79-87. doi: 10.1016/
j.envexpbot.2018.03.008. Elsevier.

Yoneda, A., Wittmann, B. J., King, J. D., Blankenship, R. E., and Dantas, G. (2016).
Transcriptomic analysis illuminates genes involved in chlorophyll synthesis after
nitrogen starvation in Acaryochloris sp. CCMEE 5410. Photosynthesis Res. 129 (2),
171-182. doi: 10.1007/s11120-016-0279-1

Zhang, X., Ma, F., Zhu, X, Zhu, J., Rong, J., Zhan, J., et al. (2017). The acceptor side of
photosystem II is the initial target of nitrite stress in Synechocystis sp. strain PCC 6803.
Appl. Environ. Microbiol. 83 (3), 1-16. doi: 10.1128/AEM.02952-16

Zhang, Z. C,, Li, Z. K,, Yin, Y. C,, Li, Y, Jia, Y., Chen, M,, et al. (2019). Widespread
occurrence and unexpected diversity of red-shifted chlorophyll producing
cyanobacteria in humid subtropical forest ecosystems. Environ. Microbiol. 21 (4),
1497-1510. doi: 10.1111/1462-2920.14582

Zhao, C,, Gan, F,, Shen, G., and Bryant, D. A. (2015). RfpA, RfpB, and RfpC are the
master control elements of far-red light photoacclimation (FaRLiP). Front. Microbiol. 6.
doi: 10.3389/fmicb.2015.01303

Zuniga, E. G, Boateng, K. K. A,, Bui, N. U,, Kurnfuli, S., Muthana, S. M., and Risser,
D. D. (2020a). Identification of a hormogonium polysaccharide-specific gene set
conserved in filamentous cyanobacteria. Mol. Microbiol. 114 (4), 597-608.
doi: 10.1111/mmi.14566

Zuniga, E. G., Figueroa, N. M., Gonzalez, A., Pantoja, A. P., and Risser, D. D. (2020b).
The hybrid histidine kinase HrmK is an early-acting factor in the hormogonium gene
regulatory network. J. Bacteriol 202 (5), 1-11. doi: 10.1128/JB.00675-19

frontiersin.org


https://doi.org/10.1016/j.bbabio.2015.10.009
https://doi.org/10.1021/acssynbio.3c00066
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1038/nature13068
https://doi.org/10.1038/nature13068
https://doi.org/10.1104/pp.69.6.1376
https://doi.org/10.1104/pp.69.6.1376
https://doi.org/10.1038/nature08950
https://doi.org/10.1093/jxb/erq427
https://doi.org/10.1146/annurev-arplant-070522-062509
https://doi.org/10.1038/ismej.2017.126
https://doi.org/10.1038/ismej.2017.126
https://doi.org/10.1088/0067-0049/208/1/9
https://doi.org/10.1111/pce.14034
https://doi.org/10.1111/j.1529-8817.2012.01157.x
https://doi.org/10.1175/1520-0469(1972)029%3C0803:AOATHO%3E2.0.CO;2
https://doi.org/10.3354/ame01315
https://doi.org/10.1099/00221287-111-1-1
https://doi.org/10.1016/j.earscirev.2023.104368
https://doi.org/10.1093/femsml/uqac011
https://doi.org/10.1146/annurev-micro-020518-115738
https://doi.org/10.1146/annurev-micro-020518-115738
https://doi.org/10.1093/bioinformatics/btaa1016
https://doi.org/10.1093/bioinformatics/btaa1016
https://doi.org/10.3390/metabo9080170
https://doi.org/10.3390/metabo9080170
https://doi.org/10.1016/j.bbabio.2021.148507
https://doi.org/10.1021/bi2004312
https://doi.org/10.1099/mic.0.041053-0
https://doi.org/10.1021/bi8018916
https://doi.org/10.1016/B978-0-444-59425-9.00016-0
https://doi.org/10.1016/B978-0-444-59425-9.00016-0
https://doi.org/10.1371/journal.pone.0112963
https://doi.org/10.1371/journal.pone.0112963
https://doi.org/10.1093/gbe/evy275
https://doi.org/10.1016/j.envexpbot.2018.03.008
https://doi.org/10.1016/j.envexpbot.2018.03.008
https://doi.org/10.1007/s11120-016-0279-1
https://doi.org/10.1128/AEM.02952-16
https://doi.org/10.1111/1462-2920.14582
https://doi.org/10.3389/fmicb.2015.01303
https://doi.org/10.1111/mmi.14566
https://doi.org/10.1128/JB.00675-19
https://doi.org/10.3389/fpls.2023.1322052
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Transcriptomic and photosynthetic analyses of Synechocystis sp. PCC6803 and Chlorogloeopsis fritschii sp. PCC6912 exposed to an M-dwarf spectrum under an anoxic atmosphere
	Introduction
	Materials and methods
	Experimental design
	Cultivation conditions
	Dry weight determination
	In vivo absorption analysis
	Pigment content determination
	HPLC analysis
	Gas exchange measurements
	Statistical analysis on growth, O2 production and pigment content
	DNA extraction
	RNA extraction, isolation and purification
	Nucleic acid processing and sequencing
	Bioinformatic analyses

	Results and discussion
	Effect of different light and atmosphere conditions on cyanobacterial growth and O2 accumulation
	Biochemical and spectroscopical assessment of FaRLiP response in C. fritschii PCC6912
	Transcriptional response to different light and atmospheric conditions
	Most differentially regulated genes in PCC6912
	Most differentially regulated genes in PCC6803

	Conclusions
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


