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Abstract

Turfs are among the major benthic components of reef systems worldwide. The nearly complete genome sequences, basic
physiological characteristics, and phylogenomic reconstruction of two phycobiliprotein-rich filamentous cyanobacteria strains
isolated from turf assemblages from the Abrolhos Bank (Brazil) are investigated. Both Adonisia turfae CCMR0081" (= CBAS
745") and CCMR0082 contain approximately 8 Mbp in genome size and experiments identified that both strains exhibit
chromatic acclimation. Whereas CCMRO0081" exhibits chromatic acclimation type 3 (CA3) regulating both phycocyanin (PC)
and phycoerythrin (PE), CCMRO0082 strain exhibits chromatic acclimation type 2 (CA2), in correspondence with genes encoding
specific photosensors and regulators for PC and PE. Furthermore, a high number and diversity of secondary metabolite synthesis
gene clusters were identified in both genomes, and they were able to grow at high temperatures (28 °C, with scant growth at
30 °C). These characteristics provide insights into their widespread distribution in reef systems.
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strategies

Introduction

Cyanobacteria are among the most diverse groups of prokary-
otic organisms, comprising unicellular and multicellular, pho-
tosynthetic and heterotrophic, and free-living and symbiotic
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forms. They are the earliest oxygenic photosynthetic organ-
isms and correspond to a relevant global biomass on the order
of 10'* g C [1], accounting for 20-30% of Earth’s photosyn-
thetic productivity [2, 3, 4, 5]. Coupled with their photosyn-
thetic abilities and roles to global carbon, cyanobacteria are
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ecologically important for their contributions to nitrogen fix-
ation [6] and carbonate precipitation [7], regulating these es-
sential cycles.

The immense diversity within this group of microorgan-
isms is also reflected in the extent of their secondary metabo-
lites, which mediate cell-cell communication, protection,
competition and interactions with other organisms and the
environment [8, 9, 10]. Furthermore, a great number of
evolved acclimation strategies have contributed to species ex-
ploit a wide range of light niches [11, 12—14, 15], allowing
them to survival in highly competitive ecological niches, such
as benthic compartments of reef systems. When conditions
limit cell growth (i.e. diffuse/low light or excess irradiation),
cyanobacteria are able to largely reshape their photoapparatus
by altering their total chlorophyll and phycobiliprotein con-
tents and adjusting their photosystem ratio. Additionally, sec-
ondary metabolites produced by these microorganisms allow
them to survive under stressful conditions [16, 17]. Early stud-
ies were focused on freshwater strains (e.g. Planktothrix
agardhii, Planktothrix rubescens, Microcystis aeruginosa)
and the deleterious effects of their potent toxins to humans
and wildlife in aquatic systems [18], and marine representa-
tives were recently revealed to be prolific secondary metabo-
lite producers (e.g. Moorea, Lyngbya, Microcystis, Nostoc
genera) [19-21]. These secondary metabolites may have anti-
bacterial, antifungal, antiviral, anticancer, multidrug-revers-
ing, anti-inflammatory, cholesterol-lowering, immunosup-
pressants, antiparasitic, herbicides, UV-protective and potent
enzyme-inhibiting properties [22-33]. Among these com-
pounds, the most common are polyketide synthases (PKSs),
nonribosomal peptide synthases (NRPSs), hybrids thereof, al-
kaloids, terpenoids and amino glycosides [34, 35]. Clearly,
both the gene cluster repertoire detected in cyanobacteria ge-
nomes and the diverse biological activity of certain
cyanobacteria against viruses, microbes and eukaryotes hint
at a powerful weaponry for occupying the environment.

Turfs are dense filamentous mats that represent one of
the most abundant benthic functional groups in Atlantic,
Caribbean and Pacific reefs [36-38]. Cyanobacteria are
among the most abundant microorganisms in turfs from
the Abrolhos reefs (Bahia, Brazil) [37] and play important
physical, structural and functional roles in these turfs [37].
However, the genomic and physiological properties of
Abrolhos turf-forming cyanobacteria are not known.
Coral reefs worldwide have experienced a phase-shifting
phenomenon in which the coral cover is decreasing and
the turf and macroalgae cover are increasing [39]. The
major causes of this phase-shift are mediated by
overfishing and outcomes of the dissolved organic matter,
disease outbreaks, algae and microbes model (DDAM
model) [40—-45]. Despite understanding of the ecologic
relevance of turfs in reef systems worldwide, issues relat-
ed to the pathogenic (toxic) potential of different turf-
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forming cyanobacteria and their potential for niche
construction/alteration are still being deciphered.

The aim of the present study was to determine the genomic
and physiological potential of two filamentous cyanobacteria
from the Abrolhos reefs. First, cultures were obtained for
CCMRO0081T and CCMR0082, and their growth rates and
photosynthetic pigments were determined. The genomes of
these two strains were assembled into 16 and 21 scaffolds,
respectively. The phylogenetic and taxonomic positions of
the two strains were determined and they are placed in a novel
phylogenetic branch designated Adonisia turfae sp. nov. The
two strains were analysed thoroughly, including detailed eval-
uation of their pigments, acclimation responses, H, produc-
tion and secondary metabolite gene contents, to identify pos-
sible cues regarding the ecological relevance of these strains in
reef systems. Finally, sequence comparison of the genomes of
Adonisia turfae sp. nov. CCMR0081" and CCMR0082 with
19 previously published turf metagenomes [37] allowed us to
determine the frequency of the occurrence of these two strains
in different reefs from the Abrolhos Bank. The identified
physiological and ecogenomic attributes are significant, as
these cyanobacteria may be on the rise in reef habitats as the
climate changes.

Materials and Methods
Source of Organism, Isolation and Cultivation

The cyanobacteria strains reported herein were isolated from
turf samples growing over the corals from the Abrolhos reefs
(17°57'32.7"S, 38°30"20.3"W), Brazil. Sampling occurred in
March and October 2013 by scuba diving (approx. 10 m
depth), under a federal government licence (SISBIO no.
27147-2). Samples were kept at ambient temperature and
protected from direct sunlight with the flask lids untightened;
these flasks were transported to the laboratory for isolation.
Upon arrival, turf samples were enriched with /2 medium [46,
47] prepared with 0.22 um filtered Abrolhos seawater, and
kept at 22 °C under a 16/8-h light/dark cycle and light inten-
sity of 80 umol photons m 2 s~ supplied with cool white
fluorescent lamps. As a first cleaning step, cyanobacterial fil-
aments were manually picked from the turf samples and rinsed
with five serial transfers through drops of sterile f/2 medium
and incubated under the conditions described above for
10 days. The filaments were fragmented by sonication
(Ultrasonic Processor/Cell Disruptor, 130-W Cole-Parmer
Instrument Co., USA), for 1 min alternated 5 s on/off pulses
at 20% power. Single fragments of filaments were sorted by
Fluorescence Activated Cell Sorting (FACS) in a MoFlo
(Dako Cytomation) flow cytometer into the wells of 96-well
microplates containing f/2 medium. Cultures that grew in the
wells within 4 to 6 weeks were transferred to fresh culture
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medium. The two strains reported herein were added to the
Culture Collection of Microorganisms at the Federal
University of Rio de Janeiro (CCMR) under the codes
CCMRO0081" and CCMRO0082. The strains were cryopre-
served in liquid N, using 5% DMSO for long-term storage.
Cultures were maintained as a unicyanobacterial but
nonaxenic culture. Axenic cultures of filamentous
cyanobacteria are difficult to obtain due to the heterotrophic
bacteria strongly associated at the sheath (e.g. [48, 49]).

Growth Rate Estimates

Both cyanobacterial strains were grown in 100 mL tissue-
culture bottles in f/2 medium made with Abrolhos seawater
at an irradiance of 50 pE m 2 s 2 with a 16/8-h light/dark
cycle at 24 and 26 °C. Filaments from 7-day-old cultures of
each strain were homogenized by gentle mechanical disrup-
tion in a sonicator (Ultrasonic Processor/Cell Disruptor, 130-
W Cole-Parmer Instrument Co., USA, 1 min alternated 1 s on/
off pulses at 10% power). The homogeneous filament suspen-
sions were diluted with fresh /2 medium and 150 pL each
were transferred (4 replicates for each strain and temperature)
to the wells of 96-well polystyrene microplates. The plates
were incubated using the same irradiance and temperature
conditions as above. Growth in each well was followed by
daily in vivo chlorophyll fluorescence measurements for
5 days in a spectrofluorometer (Varian Cary Eclipse, e«
450 nm, A, 678 nm). Specific growth rates (u, d™") were
calculated as the slope between the Ln of chlorophyll fluores-
cence vs. time in the linear portion of the growth curves.
Doubling times (G, day) were calculated as Ln2/s.

Cell-Size Measurements

Filaments of both strains CCMR0081" and CCMR0082 har-
vested from 10-day-old cultures were observed in an upright
microscope (Olympus BX51) at x1000 magnification. The
linear dimensions (length and width) of 50 cells from each
strain were measured using a calibrated ruler printed on the
microscope’s ocular.

In Vivo Absorption Spectra

Cultures of both strains were grown at 24 °C as explained
above for the growth rate estimates. In vivo absorption spectra
were obtained by scanning homogeneous 7-day-old
cyanobacterial filament suspensions from 400 to 700 nm in
a dual-beam spectrophotometer (Femto Cirrus 80ST) with
1 cm optical path quartz cuvettes using f/2 medium as a blank.
Spectra were normalized at the chlorophyll a blue peak
(442 nm).

Chromatic Acclimation Evaluation

Strains CCMR0081" and CCMRO0082 were continuously
grown in the laboratory in f/2 medium at 25 °C under cool
white fluorescent light lamp (16/8 h photoperiod and light
intensity of 50 wmol photons m 2 s ). To evaluate chromatic
acclimation, cells were grown under Far-Red light (FRL, A >
700 nm; 730 nm LED light 30 pmol photons m % s~ 12/12 h
photoperiod), and under dark control condition, for 21 days.
Absorption spectra of CCMR0081" and CCMRO0082 cells
suspended in a growth medium were measured with a UV-
VIS spectrometer (UV-2450, SHIMADZU, Kyoto, Japan).
The white fluorescent light lamp used in this experiment
would provide blue, green and red wavelengths (that penetrate
deeper into the water column), while the Far-Red light (that
penetrates at lower depths) would provide much longer wave-
lengths, covering a significant light spectrum range possibly
present in the Abrolhos reefs.

Photosynthetic Pigments Quantification

Cultures of both strains were grown at 24 °C as explained
above for the growth rate estimates. The biomass from tripli-
cate, 10-day-old cultures of each strain was split in two ap-
proximately equal parts and the wet weight of each aliquot
was determined. Filaments of both aliquots from each culture
were harvested by filtration onto 25 mm GF/F glass-fibre
discs. Biomass retained in one set of GF/F discs was extracted
overnight in 90% acetone for chlorophyll quantification by
spectrofluorometry as described elsewhere [50]. The other
filter set was extracted in 20 nM sodium acetate buffer,
pH 5.5, supplemented with 3 mM sodium azide and 10 mM
disodium EDTA. Cells were ruptured by sonication
(Ultrasonic Processor/Cell Disruptor, 130-W Cole-Parmer
Instrument Co., USA, 5 min, 90% power) in an ice bath alter-
nating with freeze and thaw cycles. The crude extracts were
treated with 1% (w/v) streptomycin sulphate for 30 min at
4 °C and centrifuged at 10,000xg for 10 min to precipitate
the cellular debris. Phycobiliprotein (phycoerythrin, phycocy-
anin, and allophycocyanin) concentrations were calculated
from measurements of optical densities at 565, 620 and
650 nm in a spectrophotometer (FEMTO Cirrus 80ST) using
the equations described in Bennett and Bogorad [51] and
Bryant et al. [52]. The results were expressed as mass of pig-
ment per wet weight of cyanobacterial biomass.

Hydrogen Production Assay

Cyanobacterial filaments patches concentrated in the culture
tubes were collected and washed with f/2 media without
NaNOj;. The experiments were performed in 20 mL vials cov-
ered with gas-tight seals into which nitrogen and argon (i.e.
absence of nitrogen gas) replaced the atmospheric air. The
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vials were incubated for 21 days at 25 °C in darkness, in each
condition. The replacement of the atmospheric air and the
incubation in darkness (avoiding photosynthesis) were
established because the presence of oxygen inhibits hydrogen
production. Hydrogen quantification was carried by sampling
500 uL from gas headspace and injecting in gas chromatog-
rapher (GC2014, Shimadzu, Kyoto, Japan) with a thermal
conductivity detector and ShinCarbon ST column (Shinwa
Chemical Industries Ltd., Kyoto, Japan). Hydrogen produc-
tion is a surrogate for N, fixation [53].

Dry Weight Determination

Filtered and washed cyanobacterial biomass was dried at
60 °C until stable weight was obtained.

DNA Extraction and Library Construction

Strains CCMR0081" and CCMR0082 were grown in 250 mL
Erlenmeyer flasks in f/2 medium to obtain cyanobacterial bio-
mass for DNA extraction (Fig. S1). Genomic DNA was ex-
tracted using the Dneasy Plant Mini kit (Qiagen Inc., Valencia,
CA, USA). The integrity of the DNA samples was evaluated
using electrophoresis on a 1% agarose gel with GelRed™
(Biotium Inc., Hayward, CA, USA). The quality and purity
of the DNA were assessed using a NanoDrop spectrophotom-
eter (Thermo Fisher Scientific Inc., Waltham, MA, USA). The
quantity and quality of the DNA in each sample used to con-
struct the paired-end library were 317.3 ng/uL (A260/280 2.0
and A260/230 2.3) for CCMRO0081" and 162.4 ng/uL
(A260/280 2.0 and A260/230 1.6) for CCMR0082.

Accurate DNA quantification was obtained using the
Qubit® 3.0 Fluorometer (Life Technologies-Invitrogen,
Carlsbad, CA, USA). The DNA libraries were built using
the Nextera XT DNA Sample Preparation Kit (Illumina, San
Diego, CA, USA). The size distribution of the libraries was
evaluated using a 2100 Bioanalyser (Agilent, Santa Clara,
CA, USA), and quantification was obtained using a 7500
Real-Time PCR Thermocycler (Applied Biosystems, Foster
City, CA, USA) and the KAPA Library Quantification Kit
(Kapa Biosystems, Wilmington, MA, USA).

Acquisition of Whole-Genome Sequences

Genomic DNAs were sequenced in an [llumina MiSeq paired-
end flow cell (San Diego, CA, USA) (2 x 250-bp read length)
at the Laboratory of Microbiology, Federal University of Rio
de Janeiro, Brazil. The fastq files generated by Illumina se-
quencing were checked for quality in both the forward and
reverse directions with FastQC software [54]. Based on the
sequence profiles, the files were filtered for end trimming,
low-score sequence quality (sequences with Phred score <
30 were removed) and minimal length (sequences < 35 bp in
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length were removed) using the FASTX-Toolkit version
0.0.12 [55] and PRINSEQ version 0.20.4 [56].

Genome assemblies were performed using Velvet version
1.2.10 [57] assembler tool (k-mer 89 for CCMR0081" and k-
mer 81 for CCMRO0082). Emergent self-organizing maps
(ESOM) are community-wide analysis of microbial genome
sequence signatures, clustering sequences by tetranucleotide
frequencies [58]. For that reason, ESOM-based approach has
been used to visualizing and distinguishing sequences of mul-
tiple microorganisms in cultures assumed as axenic. It allows
to detect and separate any associated bacterial sequences from
the genome assemblies of interest. Even after careful isolation
and cultivation procedures, cyanobacterial cultures often con-
tain several different co-cultured bacteria [59], especially for
the filamentous strains, which commonly hold heterotrophic
bacteria associated in the cyanobacterial sheath. Reads were
aligned back to the assembly where the Gap5 [60] and SPAdes
version 3.5.0 [61] tools were used to improve scaffolds. Even
after careful isolation and cultivation procedures,
cyanobacterial cultures often contain several different co-
cultured bacteria, especially for the filamentous strains, which
commonly hold heterotrophic bacteria associated in the
cyanobacterial sheath. Approaches such as ESOM tool [58]
above mentioned are able to detect and separate any hetero-
trophic bacterial sequences from the genome assemblies of
interest. The assembly statistics were estimated using
QUAST version 2.3 tool [62], and genome completeness
and contamination level were accessed through CheckM
[63] (Table 1).

Genome Annotation

Genomes were annotated using Prokka version 1.11 [64] with
default settings, where Prodigal [65] is used for coding se-
quence (CDS) prediction, and RNAmmer [66] predicts ribo-
somal RNA genes (rRNA). tRNAscan-SE [67] was used to
predict transfer RNA genes (tRNA). GC skew analysis was
performed with Genome Skew version 1.0 [68], according to
the formula GC skew = (G — C)/(G + C), and with the genome
split into 9000 windows. The Cgview comparison tool [69]
was used to create a genome-wide homology map.

16S rRNA Phylogeny and Genomic Taxonomy
Analysis

To establish the taxonomic placement of the new strains, phy-
logenetic trees were constructed using the small subunit ribo-
somal RNA (16S rRNA) sequences and the concatenated
alignments of a set of conserved genes. We used the SILVA
Incremental Aligner (SINA) [70] to search for significant 16S
rRNA matches on the ARB SILVA SSU Ref non-redundant
database [71, 72] (accessed on May 2017). The top 15
matches of each strain labelled as belonging to Leptolyngbya
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genus/group were used. A total of 28 strains (Fig. S6) were
used to infer this phylogeny, due the overlap of the majority
matches. The rRNAs were aligned with MAFFT [73] using
the -Q-INS-i method, which optimizes the alignment in accor-
dance with the secondary structures of rRNA. Gblocks 0.91b
[74, 75] was used for alignment curation, allowing gap posi-
tions within the final blocks. A tree was constructed by the
maximum likelihood method using MEGA 6 [76] with default
settings, applying a K2+G+I model of nucleotide substitution,
which gave the best fit to this dataset according to the
Bayesian Information Criterion (BIC). The support branches
of tree topology were checked by 1000 bootstrap replicates.
The 16S rRNA gene alignments were used to estimate the
degree of genetic distance between strains through the
Tajima-Nei method [77].

Thirty-one conserved gene sequences previously validated
as phylogenetic markers for (cyano)bacteria [79-80] were
used to generate a phylogenomic tree (Fig. 3). These se-
quences were mined from the genomes using AMPHORA2
tool [81], through default settings for the Bacteria option, and
with a cutoff value of 1.e'°. Individual alignments were per-
formed for each of the 31 gene sets through MUSCLE version
3.8 with default settings [82]. All alignments were then
concatenated to construct a maximum likelihood tree using
RaxML version 7 [83] with Dayhoff+G likelihood model.
One thousand bootstrap replications were calculated to evalu-
ate the relative support of the branches. Gloeobacter violaceus
PCC 7421 was set as the outgroup in both phylogenies, which
were visualized with FigTree version 1.4.2 (Rambaut 2015).

The genomic similarity between the three strains was de-
termined by average amino acid identity (AAI) [84, 85], av-
erage nucleotide identity (ANI), dinucleotide signature [86]
and in silico DNA-DNA hybridization (DDH) or genome-
to-genome distance (GGDH) [87-89]. GGDH was compared
using the genome-to-genome distance calculator tool, version
2.1 [89] (http://ggdc.dsmz.de/). The Manhattan distances were
calculated based on the percentage AAI values of every
genome (genome-genome matrix) and was used as the input
for making the hierarchical clustering using the Aclust() func-
tion in R (R [90]). This distance is able to indicate how far/
close the genomes are located from each other. The heatmap
was produced by the heatmap.2 {gplots} package in R, with
the background colour of each panel mapping to percentage
AAT values.

Chromatic Acclimation Evaluation

Genomes of model organisms (Fremyella diplosiphon and
Geminocystis sp.) were downloaded from NCBI (accession
numbers NZ AP(018233 and NZ APO014815, respectively)
and they were annotated in RAST server [91, 92]. Protein
sequences related to CA3 and CA2 metabolisms (RcaE,
RcaC, CpcBl1, CpcAl, PcyA, CpeC, CpeD, CpeE, CpeS,
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CpeT, CpeR, CpeB, CpeA, PebA, PebB, RcaF, CpcB2,
CpcA2, CpcH2, Cpcl2, CpcD2, DpxA, CcaR and CcaS)
[13, 15] were retrieved from Swissprot and Genbank data-
bases. These sequences were aligned with blast against anno-
tated model genomes in RAST web server to confirm them. A
sequence-based comparison was performed in the server be-
tween the model organisms and the CCMRO0081" and
CCMRO0082 genomes. The results for the known CA2 and
CA3 sequences were search in the list of results.

Functional SEED Categories Annotation

To identify the gene function-relatedness for each genome, we
used the first sequence of each cluster of homologous genes
generated for the pan-genome as a query for the Diamond
tool, version 0.7.9 [93]. Using the SEED database (new re-
lease 70 dataset), Diamond created a new database and
searched for homology between the query and the SEED da-
tabase. The homology search was performed for all proteins
from the homologous clusters. An e-value of < 1e > was con-
sidered, and the top hit was defined as the putative function of
each cluster. Further, we associated each protein with specific
roles and subsystems, i.e. in terms of biological process, mo-
lecular function and cellular composition. Combining the re-
lated SEED category with the whole pan-genome table
yielded the number of each protein in all genomes analysed.
Homologues of certain key genes of interest were searched as
BLAST queries of homologues from phylogenetically close
protein sequences from the NCBI against the entire genome.

Evaluation of Secondary Metabolites

We used the antiSMASH tool version 3.0.3 [94], to predict the
potential secondary metabolite biosynthesis gene clusters. The
number of gene clusters for ribosome-dependent peptides,
nonribosomal-encoded peptides and polyketide biosynthetic
pathways for each analysed genome was generated.

Abundance Profiles

To estimate the relative abundance of these two genomes
(CCMRO0081" and CCMR0082) across Abrolhos coral reef
habitats, their genomes were used as a reference database
against the raw reads from 19 turf metagenomes [37] that were
sampled in parallel with the cyanobacterial isolation proce-
dure described here. These metagenomes were mapped using
Bowtie2 [95] with the -very-sensitive-local and -a options.
Correction for ambiguous reads (i.e. those that can be mapped
to more than one genome) was performed as described by
Iverson et al. [96].
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Results
Growth Measurements and Responses

The cells were of similar sizes (strain CCMR0081": 2.4 +
0.3 um long; 1.3 +0.1 um wide, N =50; CCMR0082: 2.7 +
0.5 pmlong, 1.3 £0.1 um wide, N = 50) and were arranged in
unbranched filaments in f/2 medium under 50 pmol
photons m 2 s ', In batch cultures without stirring, filaments
grew attached to the walls of the flasks or as buoyant, macro-
scopic agglomerates (Fig. S1). Both strains showed growth
from 26 °C to at least 28 °C, with limited growth at 30 °C
(Fig. S2). The maximum growth rates of strains CCMR0081"
(" denotes the type strain of the novel species) and
CCMRO0082 were 0.15 and 0.08 day ' (Fig. S2), representing
generation times of 8.6 and 4.5 days, respectively. The strain
CCMRO0081" showed higher growth rates than strain
CCMRO082 at 24, 26 and 28 °C. Slight growth at 30 °C.
Both strains grew slightly faster at 26 °C compared to 24
and 28 °C. Coincidently, the seawater temperature in the
Abrolhos reefs is 26 °C on average, reaching maximum values
(~28 °C) only in summer months [97].

Regarding the optical properties, the in vivo absorption
spectra of the two cyanobacterial strains were very similar
(Fig. 1a), with a strong peak corresponding to phycoerythrin
at 550-552 nm and the typical peaks of chlorophyll a (Chla)
in the blue (436 nm) and red (676 nm) regions of the spectrum.
The absorption at 630 nm is typical of PC. The chlorophyll a
contents were 119+ 8 and 591 +34 ug g wet weight ' for
strains CCMRO0081" and CCMRO0082, respectively. The
phycobiliprotein (phycocyanin (PC) and phycoerythrin (PE))
contents were 6323 +461 and 9256 + 743 ug g wet weight '
for strain CCMR0081" and CCMR0082, respectively.
Phycoerythrin was the dominant phycobiliprotein in both
strains (41 + 6% for strain CCMRO0081" and 64 + 1%
CCMRO0082). The phycobiliprotein/chlorophyll ratios ranged
from 54+ 7 for strain CCMRO0081" to 15+ 7 for strain
CCMRO0082.

As shown in Fig. 1 b and c, the two cell types present-
ed similar absorption peaks when cultivated under white
light, such as Chla at 437 and 678 nm, carotenoids at
450-530 nm, PE at 567 nm and PC at approximately
620 nm. Indeed, in white light, CCMRO0081T and
CCMRO0082 cells are red/brownish in colour due to accu-
mulation of PE. We identified the presence of the
photoacclimation response for both Adonisia strains.
Whereas CCMRO0081" has been experimentally demon-
strated to perform chromatic acclimation type 3 (CA3)
regulating both PC and PE, CCMRO0S82 strain show to
be under chromatic acclimation type 2 (CA2) altering
PE but no PC (Fig. 1b, c¢). Rather than showing unique
forms of CA, the two Abrolhos cyanobacteria have forms
of CA that are known from the 1970s (97-99).
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Fig. 1 Optical and absorption
spectra for Adonisia turfae strains.
a Optical characteristics of strains
CCMR0081T and CCMR0082.
In vivo absorption spectra from
400 to 700 nm of both strains
grown under the same irradiance
(50 uE m > s~ '; white light; 16/8
light/dark cycle) and temperature
(24 °C). Cells were harvested
from a 7-day-old culture. The
spectra were normalized to the
blue absorption peak of
chlorophyll a. Both strains
showed strong absorbance in the
PE region (550-552 nm). b, ¢
Comparison of the absorption
spectra of A. furfae CCMR0081™
(b) and CCMR0082 (c) cells
grown in white light (WL, solid
black line), far-red light (FRL,
dotted black line) and dark
conditions (DK, dotted grey line)
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We tested both strains for hydrogen (H,) production and
nitrogen (N,) fixation estimation. They showed H, production
in argon and nitrogen atmosphere conditions (Fig. S3). In a
nitrogen atmosphere, CCMR0081" showed its highest H, pro-
duction earlier (14 days, 1.8 nmol H, gfl DW) than
CCMRO0082 (21 days, 1.81 nmol H, g_1 DW), while in an
argon atmosphere, CCMRO0082 produced greater amounts of
H, than CCMR0081" (both in 21 days) (Fig. S3). Using the 1:4
ratio of H, produced to N, fixed reported for Trichodesmium
[53], we estimated a nitrogen fixation rate of 7.2 nmol N,
fixed g”' DW for both CCMR0081" and CCMR0082.

Whole-Genome Sequences and Phylogenomic
Assignment

A total of 7.2 million reads for CCMR0081" (150x coverage)
and 5.7 million reads for CCMRO0082 (136x coverage) were
obtained. Two genome maps were obtained by binning based
on tetranucleotide frequency with ESOM, revealing
CCMRO0081T co-cultured with other microbial strain and
CCMRO0082 virtually pure (Fig. S4). The nearly complete ge-
nome sequences of the two new filamentous cyanobacteria
were assembled, and the basic statistics were obtained
(Tables 1 and S1). Completeness is above 99% for both ge-
nomes and contamination is 1.36 and 1.19% for CCMR0081"
and CCMRO0082 genomes, respectively. CCMR0081" has a
genome size of 8.6 Mb (average GC content of 47.3%) assem-
bled into 16 contigs, while CCMRO0082 has a genome size of
8.9 Mb (average GC content of 47.36%) assembled into 21
contigs (Fig. 2a). The genome size of their closest relative,
Adonisia splendidus PCC7375" [100], is 9.42 Mb (average
GC content of 47.6%). The numbers of predicted protein-
coding genes were 7276 and 7713 for CCMR0081" and
CCMRO0082, respectively, while there were a total of 59 and
58 tRNAs (PCC 7375" has 63 tRNAs), 6 and 4 16S rRNAs
(PCC 7375" has 9 rRNAs), and 16 and 11 other rRNAs, re-
spectively. The last group included 1 transfer messenger
(tmRNA) for each genome. Both cyanobacterial genomes
showed over 99% completeness, as does that of PCC7375".
GC skew analysis assessed the predicted origin and terminator
of DNA replication in CCMR0081" and CCMR0082 (Fig. S5).

The phylogenomic assignment, the AAT and GGD between
CCMRO0081T and CCMRO0082 were 97 and 95.2%, respec-
tively, whereas AAI and GGD values between both strains
and the closest relative, PCC73757, was 92 and 65%, respec-
tively. (Fig. 2b). The species (>95% AAI and >70% GGD)
and genus (>70% AAI) cutoff delimitations indicate that
CCMRO0081T and CCMR0082 belong to the same species,
while PCC7375" is another species Adonisia splendidus.
The phylogenomic reconstruction based on 31 conserved pro-
tein sequences demonstrated that the CCMR0081" and
CCMRO0082 share 99% identity with each other and only
94% identity with their closest phylogenetic neighbour,
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PCC7375" (Fig. 3). The 16S rRNA sequence similarity be-
tween CCMR0081" and CCMR0082 was 100% and that of
both with PCC7375" was 99% (Fig. S6). Therefore, there is
sufficient genomic and phylogenetic evidence to propose the
creation of a new species within the genus Adonisia to encom-
pass these two strains isolated from turfs. The proposed name
is Adonisia turfae (Dataset S1).

The functional roles for the Adonisia spp. genomic se-
quences were categorized (Fig. S7) and the photosynthetic
potential of two Adonisia turfae strains was analysed (Fig.
S8A-B). Genomic analysis confirmed the presence of genes
encoding RcaE photosensor, as well as RcaF and RcaC regu-
lators of PC and PE components for CA3, while we found
CcaS photosensor and CcaR regulator of PE components for
CA2 (Table S2).

In addition, genes related to light-harvesting phycobilisomes
were abundant in CCMR0081" (V= 50) and CCMRO0082 (N =
36), including the «, (3 subunits, the linker gene of phycoery-
thrin (N =19 for CCMR0081" and N =16 for CCMR0082),
and the , 3 subunits and small rod linker gene of phycocyanin
(N = 18 for CCMR0081"; N =9 for CCMR0082). The uptake
and utilization of nitrogen, phosphate and iron were detected
(Fig. S8C). In total, 84 and 73 genes involved in phosphate
metabolism were identified in CCMR0081" and CCMR0082,
respectively (Fig. S8C). The genetic machinery responsible for
cellular phosphate incorporation includes alkaline phosphatase
genes and the supplementary genes for the functioning of the
pho regulon. The uptake and utilization of nitrogen source
genes nifB, nifH, nifS, nif T, nifU, nifW, nifX and nifZ were also
present (Fig. S8). For iron metabolism, 32 genes were identified
in CCMR0081", and 29 genes in CCMR0082, compared to
only 15 genes in PCC7375". Sequences related to the chemo-
taxis regulator (CheY) (V =21) and other chemotaxis-involved
genes (cheW-V, cheA, cheB, cheR) were found in both strains.
The type IV pilus/fimbrial assembly and prepilin peptidase
(pil A, pilB, pilC, pilD, pilE, pilN, pilO, pilQ, pilT) genes were
also found in both genomes. CCMR0081" and CCMR0082
possess chemotaxis-related genes, including the genetic ma-
chinery encoding the CheA-CheY signal transduction pathway
coupled to flagella rotation or pili extension, attachment and
retention. Top-30 homologous proteins for CCMR00817,
CCMRO0082 and PCC7375" are indicated in Table SI.
Adonisia turfae strains CCMR0081" and CCMR0082 have
multiple predicted genes coding secondary metabolites, rank-
ing them among the highest within the cyanobacteria in this
regard [20, 78]. While most cyanobacteria contain an average
of five NRPS/PKS clusters per genome (approximately 5% of
cyanobacterial genomes) [78], CCMR0081" and CCMR0082
genomes possess an average of 15 clusters. The two strains
present more NRPS/PKS gene clusters than their closest phy-
logenetic relatives, but A. furfae shows a lower number of clus-
ters than Moorea producens PAL15AUGO08-1, recognized as
the most prolific in terms of secondary metabolite potential
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Fig. 2 Whole-genome
comparison. a Whole-genome
identity map generated using the
Cgview comparison tool. Protein
sequences of each strain were
compared against the
M. producens PAL genome with
blastx. The reference used was the
major genome assembled in one
contig. Rings from outermost to
innermost represent (1)
CCMRO0081T genes; (2)
CCMRO0082 genes; (3)
PCC7375" genes; (4) G+C
Content; (5) G+C Skew. b Values
of AAI, ANI and GGD presented M cbs
in a matrix format B tRNA
B rRNA
CCMR0081"
CCMR0082
PCC:/375
B GC content
Il GC skew+
B GC skew-
b
AAl / ANI / GGD
CCMRO0081" CCMR0082 PCC7375 Pal
CCMRO0081"™ 100/100/100 97/98.9/95.2 92/95.2/65.3 75.1/54.6/284
CCMR0082 100/ 100/ 100 92/95.1/65.1 75.1/54.1/27.6
PCC7375 100 / 100/ 100 74/54.4/28.2
Pal 100 / 100/ 100

[20]. Genes encoding components of the polyketides synthase
(PKS, mainly Type I) and nonribosomal peptide synthase
(NRPS) biosynthetic pathways were the most abundant in the
genomes of the isolates from turfs (Fig. 4). Genes encoding
polyketides, nonribosomal peptides, terpenes, bacteriocins,
cyanobactins, lassopeptides and arylpolyenes were found in
the strains CCMRO0081" and CCMR0082. CCMR0081" and
CCMRO0082 exhibit approximately three-fold more PKS and
approximately seven-fold more hybrid NRPS/PKS than
PCC7375". CCMRO0081™ presents 24 gene clusters, including
seven PKS and eight hybrids (PKS/NRPS) (Fig. 4). Compared
to a diverse panel of previously examined cyanobacterial ge-
nomes [20, 78], CCMR0081" and CCMR0082 rank 4th and
8th among the cyanobacteria with the greatest numbers of
NRPS/PKS clusters (Fig. 4).

Abundance of Adonisia turfae Across Turf
Metagenomes

The two Adonisia turfae genomes accounted for a significant
portion of the analysed turf metagenomes (Fig. S9). Reads from
the two genomes were widespread among the metagenomes
(ranging from an average of ~1 to 15%) and were more

abundant in the metagenomes from the Pedra de Leste (PL)
and Archipelago (AR) sites than that from the Parcel dos
Abrolhos (PAB) site. Incidentally, the two A. furfae strains were
isolated from assemblages growing at the Archipelago site.
Metagenomes from reefs closest to the shore (PL and AR)
exhibited concentration of the highest number of hits in both
genomes (Fig. S9). These results suggest that A. furfae was
widely distributed across the Abrolhos reefs. The number of
shared genes between CCMRO0081T, CCMR0082 and the turf
metagenomes is 1055 in total (Fig. S10).

The coverage of each genome in all Abrolhos turf
metagenomes was plotted using genome coverage by posi-
tion. Although some genome regions have high coverage,
reads from the entire genome of both strains match those in
metagenomes samples (Fig. S11).

Discussion
Ecogenomics of Adonisia turfae

The formation of turf is an important phenotype displayed by
these cyanobacteria. Turfs are among the most successful
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Fig. 3 Position of Adonisia turfae strains within the cyanobacteria
phylum. The multigene tree reconstruction was built through maximum
likelihood using the Dayhoff+G likelihood model with the RaxML tool.
Phylogeny was inferred from a set of conserved marker genes of 102
genomes. The numbers at the nodes indicate bootstrap values as
percentages greater than 50%. Bootstrap tests were conducted with
1000 replicates. The unit of measure for the scale bars is the number of
nucleotide substitutions per site. The genus and species names adopted in
this tree were according to Walter et al. [100]. The Gloeobacter violaceus
PCC 7421 sequence was designated as an outgroup

benthic components of reef systems [101]. The genomes,
growth rates and pigments analysed in the present study hint at
several possible roles performed by the cyanobacteria in turfs.
The genomes of Adonisia CCMR0081" and CCMR0082 are

a
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among the largest known cyanobacterial genomes. Unicellular
cyanobacteria such as Prochlorococcus exhibit reduced ge-
nomes (1.7 Mb), while filamentous cyanobacteria such as
Scytonema sp. exhibit large genomes (> 10 Mb) [102, 103].
Prokaryotes with larger genomes tend to present higher pheno-
typic and physiologic plasticity and wide niche occupancy
[104-107]. The genomic taxonomy and phylogenomic analyses
allowed us to place both genomes within a new Adonisia
apecies. Strains CCMR0081" and CCMR0082 belong to the
same species because they share at least 98.8% 16S rRNA gene
sequence similarity, 95% of AAI and 70% GGD [85, 108, 109].
They belong as a separate species in the genus Adonisia [100]
because they share 95% ANI, 92% AAI and only 65% GGD
with Adonisia splendidus PCC 7375".
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Fig. 4 Distribution of secondary metabolites across cyanobacteria.
Occurrence of the nonribosomal-encoded peptide synthase (NRPS),
polyketide synthase (PKS) and hybrid NRPS/PKS biosynthetic
pathways. Distribution of the nonribosomal-encoded peptide (NRPS)
and polyketide biosynthetic pathways (PKS) in cyanobacteria. a The
occurrence represents the relationships between NRPS/PKS gene
clusters versus protein-coding gene numbers (log, scale). b
Relationship between the total number of NRPS/PKS gene clusters and

Number of NRPS/PKS clusters

bacterial genome size. Data for cyanobacterial genomes were retrieved
from Shih et al. [78] (N =126) and Leao et al. [20] (N = 54) and compared
with both genomes reported here. The corresponding name and details of
each strain were maintained according to Shih et al. [78] and Leao et al.
[20]. The positions of the CCMR0081" and CCMR0081 genomes are
indicated with red, whereas Moorea species are highlighted in green
colour. A total of 52 genomes lacked the analysed NRPS/PKS gene
clusters, and they are not displayed in this graph
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Photo Acclimation Response in Adonisia

The natural environment imposes differences in light avail-
ability and cyanobacteria have evolved various
photoacclimation processes for photosynthesis and growth
[11, 12—14]. Whereas CCMR0081" has been experimentally
demonstrated to perform CA3 regulating both PC and PE,
CCMRO0082 strain shown to be under CA2 altering PE but
nor PC. Chromatic acclimation responses are widely reported
photoacclimation strategies of cyanobacteria [11, 12—14].
Genomic analysis confirmed the presence of genes encoding
RcaE photosensor, as well as RcaF and RcaC regulators of PC
and PE components for CA3, while we found CcaS
photosensor and CcaR regulator of PE components for CA2
(Table S2) [110-112] .

In addition, regulation of the expression of phycobilisome-
pigmented proteins (rod linkers of the light-harvesting anten-
nae proteins phycoerythrin and phycocyanin) may be mediat-
ed by cpe genes present in the genomes of the two strains.
Differences in PC-related genes between the two strains are
expected since the existence of multiple phycocyanin types is
found in cyanobacteria which chromatically acclimate by
modulating the synthesis of both phycocyanin and phycoery-
thrin [112, 113]. Although, this is not true for cyanobacteria
which chromatically acclimate by modulating the synthesis of
phycoerythrin alone [112]. Variations in colour (red and blue-
green) have been observed in filaments of these two
cyanobacteria in the turfs of the Abrolhos reefs and in cultures
(Fig. S1) [17]. As the spectral properties of the light that cells
are exposed to in low versus high density cultures change with
time, it is likely to induce a switch from PE-containing
phycobilisomes to PC-containing phycobilisomes as the green
to red light ratio in the culture changes [114]. Change to a
green phenotype due to phycobilisome degradation (N-
storage) cannot be confirmed in the present study.

Under far-red light condition, Adonisia turfae
CCMRO0081" and CCMR0082 showed PE and PC synthesis
alteration (Fig. 1b, ¢). Recently, far-red photoacclimation
(FaRLiP) strategy has been found in more cyanobacteria,
e.g. Leptolyngbya JSC-1 [115] and Synechococcus sp.
PCC 7335 [12]. However, specific genes involved in
growth under far-red light [115, 116], including synthesis
of Chls f and d, were not found in CCMR0081" and
CCMRO0082 genomes. The most plausible explanation is
that CA responses are due to leakage from the far-red light
that is activating the red light response. Analysis of
metagenomes corresponding to a wide area of the
Abrolhos reefs and two different seasons [37] revealed a
vast spatial distribution, persistence and high relative abun-
dance contribution of Adonisia turfae genomes in turfs
across this important coral reef ecosystem in the South
Atlantic Ocean. The wide occurrence of A. turfae along a
50-km cross-shelf gradient highlights the ability of this
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cyanobacterium to colonize benthic substrates over a vast
range of environmental physical and chemical gradients
(e.g. irradiance, temperature and nutrient levels). Such rel-
atively high physiological plasticity is in agreement with the
rich physiological and genomic repertoires described herein
for the species, which include potential for chromatic accli-
mation, nitrogen fixation, secondary metabolite production
and growth at relatively high temperatures. Abrolhos corals
and Symbiodinium exhibit optimum growth at temperatures
below 26 °C [117], whereas the cyanobacteria studied here
are able to grow at 28 °C, with maximum growth at 30 °C.
Cyanobacterial turfs are increasing in Abrolhos as well as in
other reef systems worldwide [39]. Direct positive effects of
physical and chemical environmental factors (e.g. tempera-
ture and nutrients) on cyanobacterial growth are often
evoked as the underlying mechanism for this observed ex-
pansion of turfs, combined with indirect factors that reduce
coral coverage (e.g. infectious diseases that open up niches
for turf and macroalgal colonization) [118]. Despite the rel-
atively low growth rates (doubling times up to 9 days) under
light and temperature levels representative of their natural
environment, in Abrolhos, the new Adonisia turfae strains
can clearly grow in a wide range of temperature and light
conditions. The high abundance and diversity of secondary
metabolite genes revealed in this cyanobacterium also re-
flect its ecological success in the Abrolhos reefs. Secondary
metabolite genes are involved in important ecological pro-
cesses in cyanobacteria, such as signalling pathways, quo-
rum sensing, resource competition through allelopathy,
feeding deterrence and UV protection [9, 10, 119-121].
Moreover, these metabolites include various bioactive com-
pounds known to negatively influence coral health [38,
122-124]. The persistence and abundance of a species in
its environment are ultimately determined by the balance
between gain and loss factors. Herbivorous fish and small
invertebrates are common members of reef systems [101],
representing potential loss factors for cyanobacterial turfs.
Thus, any increased grazing deterrence capability due to
high production of secondary metabolites may confer the
necessary competitive advantage for the establishment and
spreading of these microbial assemblages.

Cyanobacteria are a dominant group of organisms in the
turf metagenomes. Up to 71% of the metagenomic sequences
belonged to Cyanobacteria [37]. We demonstrate here that
both strains CCMR0081" and CCMRO0082 are present and
contribute to the functional composition of Abrolhos turfs. A
long-term study (2006-2016) of the Abrolhos benthos deter-
mined that cyanobacteria (turfs) were the best predictors of
coral growth deterioration [125]. In addition, Symbiodinium
from Mussismilia braziliensis corals confronted with turf-
forming cyanobacterial exudates showed a negative effect of
the exudates on the symbionts, suggesting a possible role for
cyanobacteria in coral tissue toxicity and necrosis.
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Conclusions

High abundance and diversity of potential enzymes encoding
components of secondary metabolite biosynthesis, chromatic
acclimation strategies CA2 and CA3, and high temperature
tolerance are the most distinct characteristics of Adonisia turfae.
Based on its genomic characteristics and basic physiological
traits, we hypothesise that A. turfae contributes to the success
of turfs in the reef system due to its high potential to produce
secondary metabolites, its wide distribution in turfs
metagenomes and its ability to grow at high temperatures. A
diverse secondary metabolite genetic repertoire might help to
prevent the whole assemblage from being heavily impacted by
grazers and may allow these cyanobacteria to inhibit the growth
of competing benthic organisms by means of toxin production.

Accession Number The Whole Genome Shotgun Project for
CCMRO0081" was deposited in GenBank under accession
number QXHD00000000 (Bioproject: PRINA484501), while
for CCMRO0082 was deposited in GenBank under accession
number QZCE00000000 (Bioproject: PRINA487318).
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