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Abstract

As global change spurs shifts in benthic community composition on coral
reefs globally, a better understanding of the defining taxonomic and func-
tional features that differentiate proliferating benthic taxa is needed to predict
functional trajectories of reef degradation better. This is especially critical for
algal groups, which feature dramatically on changing reefs. Limited attention
has been given to characterizing the features that differentiate tufting epilithic
cyanobacterial communities from ubiquitous turf algal assemblages. Here,
we integrated an in situ assessment of photosynthetic yield with metabarcod-
ing and shotgun metagenomic sequencing to explore photophysiology and
prokaryotic assemblage structure within epilithic tufting benthic cyanobacte-
rial communities and epilithic algal turf communities. Significant differences
were not detected in the average quantum yield. However, variability in yield
was significantly higher in cyanobacterial tufts. Neither prokaryotic assem-
blage diversity nor structure significantly differed between these functional
groups. The sampled cyanobacterial tufts, predominantly built by Okeania
sp., were co-dominated by members of the Proteobacteria, Firmicutes, and
Bacteroidota, as were turf algal communities. Few detected ASVs were sig-
nificantly differentially abundant between functional groups and consisted
exclusively of taxa belonging to the phyla Proteobacteria and Firmicutes.
Assessment of the distribution of recovered cyanobacterial amplicons dem-
onstrated that alongside sample-specific cyanobacterial diversification, the
dominant cyanobacterial members were conserved across tufting cyanobac-
terial and turf algal communities. Overall, these data suggest a convergence
in taxonomic identity and mean photosynthetic potential between tufting epi-
lithic cyanobacterial communities and algal turf communities, with numerous
implications for consumer-resource dynamics on future reefs and trajectories
of reef functional ecology.
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INTRODUCTION

Coral reefs globally are experiencing shifts in benthic
community structure toward the dominance of non-
calcifying taxa, which can jeopardize the taxonomic
and functional complexity necessary to provision desir-
able ecological and economic services by coral reef en-
vironments (Lester et al., 2020). Benthic cyanobacteria
are increasingly reported in association with common
trajectories of reef degradation, including the increase
in cover of spatially discrete epipelic cyanobacterial mat
communities, epilithic tufting cyanobacterial communi-
ties, and extensive blooms of benthic cyanobacteria
(Albert et al., 2005; Cissell & McCoy, 2022a; de Bakker
et al., 2017; de Ribeiro et al., 2022; Ford et al., 2017,
Ford et al., 2018; Paul et al., 2005). The increasing
dominance of conspicuous benthic cyanobacterial as-
semblages has been continuously linked to deleterious
ecosystem-scale consequences from systemic bio-
geochemical changes, bloom toxicity, and increased
competitive or pathogenic interactions with reef coral
(Cissell et al., 2022, de Ribeiro et al., 2022, Puyana
et al., 2019). As cyanobacterial dominance increases,
it becomes increasingly important to understand how
they are differentiated from current dominant benthic
primary producers and to understand their contribu-
tions to reef functional ecology—notably their contribu-
tions to basal carbon cycling in reef environments.

Benthic algae and cyanobacteria are the domi-
nant contributors to primary productivity and organic
carbon production in coral reef ecosystems (Brocke
et al., 2015; Mueller et al., 2014). Historically, this basal
carbon flow has been driven by the photosynthetic ac-
tivity of endosymbiotic dinoflagellates, fleshy macroal-
gal taxa, crustose coralline algae, and the structurally
and compositionally heterogeneous functional habitat
Epilithic Algal Matrix, which is dominated by filamen-
tous turf algal communities (Odum & Odum, 1955). Turf
algae often dominate reef primary productivity, contrib-
uting up to one-third of gross reef productivity (Klumpp
& McKinnon, 1989; Tebbett & Bellwood, 2021). The
contribution of turf algae to reef primary productivity is
likely to only expand in the coming decades, with turf
algal cover and productivity expanding dramatically on
reefs globally in response to global change, alongside
marked declines in coral cover (Jouffray et al., 2015;
Smith et al., 2016).

Alongside a focus on turf algal contributions to
carbon cycling, the contributions of general reef-
associated cyanobacteria to primary productivity and
reef carbon stoichiometry have also been relatively
well studied. For example, endolithic cyanobacteria
(especially euendolithic cyanobacteria such as Hyella
spp., Plectonema spp., and Mastigocoleus spp.) are
dominant contributors to carbon and carbonate cycling
within the dead coral substrate, with endolithic carbon
production comparable to that of scleractinian corals

(Arp et al., 1999; Tribollet et al., 2006). However, rela-
tively fewer studies have determined the specific con-
tribution of these recently proliferating, conspicuous
epipelic, and epilithic cyanobacterial aggregations,
such as benthic cyanobacterial mats and cyanobacte-
rial tufts. Benthic substrates dominated by cyanobac-
terial mats have been recently demonstrated to have
higher rates of net primary productivity than substrates
dominated by algal turfs (Webb et al., 2021), with poten-
tial interactive effects among local nutrient environment
and mat productivity (Albert et al., 2005). Mat-building
cyanobacteria can rapidly take up and utilize environ-
mental nutrients relative to macroalgal competitors,
likely exacerbating their contribution to reef productivity
(den Haan et al., 2016). However, it was also recently
demonstrated that benthic cyanobacterial mats, at
least on Caribbean reefs, release a great deal of this
fixed carbon back into their surrounding reef environ-
ment as Dissolved Organic Carbon (DOC) and thus
act as net sources of DOC, especially during the night
(Brocke et al., 2015; Mueller et al., 2022). This algal-
derived DOC is more readily bioavailable to microbes
and sponges on reefs and fuels inefficient carbon me-
tabolism compared to coral-derived DOC, which can
play a role in the expansion of opportunistic pathogens
on reefs and contribute to overall reef microbialization
(Haas et al., 2016; Silva et al., 2021). More studies that
directly compare the photophysiology and microbial
identity of these two simultaneously expanding groups
across a broader geographic range will be critical to a
better understanding of carbon cycling on future reefs.

Benthic cyanobacterial aggregations on reefs are
complex consortia that can be built structurally by a few
or many taxonomically distinct cyanobacterial members
(Brocke et al., 2018; Cissell & McCoy, 2021; Echenique-
Subiabre et al., 2015; Stuij et al., 2022). The dominant
cyanobacterial component, primarily responsible for
pioneering the cohesive structural matrix (Stal, 1995),
is often complemented by a rich diversity of non-
oxygenic autotrophs, heterotrophic bacteria, archaea,
and viruses that contribute to overall community phys-
iology, functional ecology, and emergent stability dy-
namics (Cissell & McCoy, 2021, 2022b, 2023a, 2023b;
Stuij et al., 2022). Cyanobacteria, however, can also be
predominant members of the prokaryotic assemblage
within turf algal communities, alongside a dominance
of Proteobacteria (predominantly Alphaproteobacteria),
Bacterioidota, and Firmicutes (Barott et al., 2011;
Hester et al., 2016). Indeed, shifts in turf composition
toward higher cyanobacterial dominance can skew turf
algal carbon cycling toward net DOC release (Mueller
et al., 2022), which can contain cyanobacteria taxo-
nomically similar to those known to be dominant mat-
building cyanobacteria (Fricke et al., 2011). Few papers,
however, have simultaneously examined the prokary-
otic assemblage structure in benthic cyanobacterial ag-
gregations and turf algae to define overlap and resolve
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distinctions between the prokaryotic assemblage
well—and namely the cyanobacterial component—of
these two critical function groups well.

Here, we paired an in situ assessment of photo-
physiology with 16S rRNA gene metabarcoding to
understand better how tufting benthic cyanobacterial
communities compare to algal turfs in overall pro-
karyotic assemblage structure and their potential to
contribute to benthic primary productivity in coral reef
ecosystems. We further described the community
structure of epilithic tufting cyanobacterial communi-
ties using shotgun metagenomic sequencing of bulk-
extracted DNA to resolve community composition more
fully in this important benthic functional group in the
Florida Keys.

MATERIALS AND METHODS

Study site, photophysiology
measurements, and field sampling

All field measurements and field sampling were con-
ducted via SCUBA at Middle Sambo Reef (24.495167,
—-81.696500) within the Florida Keys National Marine
Sanctuary on the Florida Keys Reef Tract offshore
Florida, USA, on August 30, 2021. This work complied
with Special Activity License SAL-21-2349-SRissued by
the Florida Fish and Wildlife Conservation Commission
and Florida Keys National Marine Sanctuary Research
Permit FKNMS-2021-140 issued by the National
Oceanic and Atmospheric Administration, Office of
National Marine Sanctuaries. Benthic community com-
position at the sampling location on Middle Sambo Reef
was assessed within photographs of 0.25 m?2 PVC photo
quadrats (n =30 quadrats). Photo quadrats were placed
every 1m along three 10-m transects placed haphaz-
ardly on the benthos at 3.3m depth. Quadrats were
never moved to select for hard substrate artificially and
were always placed at every meter mark on each tran-
sect. Within CoralNet and under 50 randomly allocated
points within each photo quadrat, benthic identity was
manually assigned to one of 10 functional groups, com-
prised of the following: (1) Benthic Cyanobacterial Tufts
(abbreviated BCTs in Appendix S1: Figure S1 in the
Supporting Information), (2) Crustose Coralline Algae
(CCA) + Turf, (3) Other Macroalgae, (4) Stony Coral, (5)
Millepora spp., (6) Palythoa spp., (7) Sediment+Rubble,
(8) Soft Coral, (9) Sponge, and (10) Unknown. Crustose
coralline algae and turf algae were grouped into a sin-
gle functional grouping because many CCA crusts
present at this site were fouled with turf. The benthic
community composition of these functional groups is
presented in Figure S1.

Turf algae here is compositionally defined following
previously presented standards (Connell et al., 2014;
Hester et al., 2016) as epilithic algal aggregations built

primarily by filamentous algae containing associated
juvenile macroalgae, cyanobacteria, and an associated
non-phototrophic (oxygenic) bacterial assemblage. The
morphotype of the sampled turf algal communities here
most closely resembles short productive algal turfs
(Goatley et al., 2016), marked by low sediment loads
and short conspicuous algal filaments. Epilithic benthic
cyanobacterial tufts here are distinguished in name
(perhaps only nominally) from previously described
epipelic benthic cyanobacterial mats (e.g., Cissell &
McCoy, 2021) because of their epilithic growth habitat
and primarily vertically tufting, rather than horizontally
spreading (i.e., comparatively restricted horizontal ex-
tent), morpho-anatomical growth habit. A more in-
depth presentation of the utility of this subtle, formal
distinction is given in the discussion of this manuscript.
Cyanobacterial tufts were distinguished from turf algae
during the in situ assessment of photophysiology and
sampling primarily based on color, where cyanobacte-
rial tufts were marked by a pronounced orange-brown
pigmentation that was consistent throughout the cohe-
sive structural matrix. Depending on the composition
of the cyanobacterial assemblage, cyanobacterial tufts
and mats can have vastly different colors and morphol-
ogies. A photograph of a tufting cyanobacterial commu-
nity displaying the conserved macroscopic morphotype
of the orange-brown tufts that were targeted and sam-
pled in this study is given in Figure 1a and Appendix
S1: Figure S2. Cyanobacterial tufts were additionally
differentiated from turf algae in the field based on
macroscopic habit, where turf contained primarily con-
spicuous vertically erect filaments and lacked a robust
conspicuous structural matrix. In contrast, cyanobac-
terial tufts were marked by a structurally cohesive and
conspicuous matrix consisting primarily of horizontally
arranged filaments with sparse vertically tufting cyano-
bacterial filaments.

To quantify ambient concentrations of inorganic
NO, species (NO,”, NO,"), NH,*, and inorganic
PO4‘3 at this study site, seawater samples (n=4) were
collected haphazardly from immediately above the
benthos-seawater interface (3.3m depth) in sealable,
triple acid-washed 75-mL LDPE sample vials (Thermo
Scientific). These samples were immediately filtered
at the surface using pre-sterilized 0.2-um PES mem-
brane syringe filters (Gelman Sciences), stored on ice
in the dark during transport and at —20°C upon arrival
at Florida State University. NO ) species were subse-
quently quantified using spectrophotometric analysis
that leveraged a sequential Griess reaction with the
addition of VCI, (Garcia-Robledo et al., 2014). NO,~
and NO,~ were detected with a 0.2uM detection limit.
Finally, PO4‘3 concentrations were quantified using
a spectrophotometric method following the forma-
tion of molybdenum blue complex from the reaction
of orthophosphate with ammonium molybdate in the
presence of sulfuric acid (Habibah et al., 2018). PO4‘3
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FIGURE 1 Only the variability in yield differs between sampled groups. Photographs of (a) representative benthic cyanobacterial

tufts and (b) turf algal communities sampled in this study. (c) Boxplots showing the distribution of in situ instantaneous photosynthetic

yield measurements grouped by assessed benthic functional group (benthic cyanobacterial tufts, n=6, and turf algae, n=7). The mean of
measured yield did not significantly differ between groups (Welch's t-test; t=1.168, df=5.3, p=0.29). The inset plot (box in the upper-right of
the main plot) presents a dot plot of the coefficient of variation (CV) in these quantum yield measurements grouped by the assessed benthic
functional group. The coefficient of variation in yield was significantly higher in benthic cyanobacterial tufts than in turf algae (Asymptotic
test: D=8.45, p=0.004; Signed-likelihood ratio test: L=7.76, p=0.005). [Color figure can be viewed at wileyonlinelibrary.com]

concentrations were quantified with a 0.2 uM detection
limit. The measured environmental concentrations of
each of these nutrients are presented in Appendix S1:
Table S1.

A DIVING-pulse amplitude modulated (PAM) un-
derwater fluorometer (Waltz) was used to assess
in situ instantaneous maximum quantum yield (here-
after yield) of samples of epilithic tufting cyanobacteria
(n=6) and turf algae (n=7) of similar vertical heights
(~1 cm vertical relief) located at 3—4 m depth via quan-
tification of basal (F,) and maximal fluorescence (F,)
of dark-adapted material. Though n=8 samples were
targeted from each group, yield measurements failed
on two tufting cyanobacterial samples and one turf
algal sample, for a final datasets of n=6 yield measure-
ments for cyanobacterial tufts and n=7 samples for turf
algal communities. Targeted cyanobacterial tufts all
had consistent morphological appearance (Figure 1a,
Figure S2). Sampling carefully targeted areas com-
pletely devoid of underlying or entangled macroalgal
thalli (primarily from Dictyota spp.) to avoid any con-
founding effects of macroalgal presence. Yield is given

as F JF., where F =F_~F, Samples were each placed
in a 20min dark adaptation period prior to photophys-
iological assessment using 5cm? pieces of weighted
aluminum foil that completely shielded the underlying
samples from intruding photosynthetically active radi-
ation (PAR). Following this dark adaptation period, F,
and F_ were determined from a single saturating light
pulse. Ambient PAR during photophysiology measure-
ments was assessed at a fixed point at 3.3m depth
using a calibrated submersible PAR logger (Odyssey;
serial number 13046) set to a scanning interval of 30s
(n=287 total scans). The mean calibrated PAR at the
site at 3.3m depth across the sampling period was
321.3pmol - m2.s7'+114.2 SD.

Samples of approximately 0.5mL volume each were
collected immediately after each respective yield quan-
tification using sterile forceps, carefully targeting the
biomass for which yield was assessed. For benthic cy-
anobacterial tufts, this sampling targeted the entirety of
the structural matrix (i.e., all vertical layers connected
within a cohesive structural matrix) that was observed
directly beneath the PAM sensor. For turf algae, this
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sampling targeted the conspicuous filamentous matrix
comprising the turf, which was removed until only the
bare underlying substrate remained (i.e., removing all
filamentous algae and associated community). Notably,
this sampling of turf algae and cyanobacterial tufts
would include trapped detritus in the community ma-
trix and detrital-associated prokaryotic assemblages.
Collected samples were immediately (post-dive) pre-
served in 2x their volume of DNA/RNA Shield (Zymo)
and stored on ice in the dark during marine transport,
at —20°C while at the field station (<24 h) and at —-80°C
upon arrival back at Florida State University until DNA
extractions and library preparation.

DNA extractions, library preparation, and
metabarcoding

Microbial genomic DNA was extracted from samples
following previously presented protocols (Cissell &
McCoy, 2021). Briefly, bulk DNA extraction proceeded
on 0.25mL of each of the homogenized samples using
a combination of physical (variable glass beads) and
chemical lysis using the E.Z.N.A Soil DNA Kit (Omega)
following the manufacturer's protocol, and extracted
DNA was eluted in 50pL of elution buffer. Using a
Covaris ME220 Focused-Ultrasonicator (Covaris Inc),
eluted DNA was sheared to an average length of 524 bp
(shotgun) or 623 bp (amplicon).

For metabarcoding, the V3-V4 hypervariable re-
gions of the bacterial 16S rRNA gene were amplified by
PCR using the bacterial-specific primers 341F: 5'-CCT
ACG GGN GGC WGC AG-3' and 805R: 5-GAC TAC
HVG GGT ATC TAA TCC-3' (Herlemann et al., 2007;
Klindworth et al., 2013). Metabarcoding was performed
on both functional groups (cyanobacterial tufts: n=8
and turf algae: n=8). Polymerase chain reactions were
carried out on 2.5uL DNA (5ng - pL™" concentration),
5uL each from amplicon primers, and 12.5uL KAPA
HiFi HotStart ReadyMix (25uL total reaction volume
per sample) using the following annealing conditions:
95°C for 3min followed by 25cycles of 95°C for 30s,
55°C for 30s, 72°C for 30s, followed by 72°C for 5min.
Subsequent purification of amplicons (removal of free
primers and primer dimers) was carried out using the
AMPure XP magnetic bead protocol. Finally, dual indi-
ces and lllumina sequencing adapters were attached
following the Nextera XT Index Kit protocol (PCR
Conditions: 95°C for 3 min, eight cycles of 95°C for 30s,
55°C for 30s, 72°C for 30s, 72°C for 5min), followed
by another round of library clean-up with AMPure XP
beads. Libraries were diluted, pooled equimolar, and
checked using Bioanalyzer and KAPA qPCR before
submission for sequencing.

Libraries for shotgun metagenomic sequencing
were prepared using the NEBNext Ultrall DNA Library
Prep Kit for lllumina (New England Biolabs) following

the manufacturer's protocol with five cycles of PCR am-
plification and dual-indexing primers. Shotgun metage-
nomic libraries were only prepared from cyanobacterial
tuft samples (n=2). Qubit DNA HS reagents were used
to quantify libraries initially, and Bioanalyzer 2100 High
Sensitivity DNA Assay was used to check libraries for
size and artifacts. To determine the molar quantity of
each library, KAPA gPCR assay (KAPA Biosystems)
was used. Libraries were diluted, pooled equimolar,
and again checked using Bioanalyzer and KAPA qPCR
before submission for sequencing. All samples (includ-
ing both full shotgun and 16S rRNA gene amplicon li-
braries) were submitted for sequencing at Novogene
on an lllumina NovaSeq 6000 using paired-end 150bp
chemistry (300cycle kit). This sequencing generated a
total of ~1.1 billion reads across all samples (Appendix
S1: Table S2). These sequence data have been sub-
mitted to the NCBI sra database, accessible under
BioProject accession number PRIJNA983846.

Analysis of metabarcoding sequences

Demultiplexed, raw, paired-end metabarcoding reads
were initially quality trimmed to a Phred quality score
threshold of 20 and a minimum length threshold of
100bp, and adapter sequences were removed using
TrimGalore version 0.6.6 (with Cutadapt version 1.18).
Amplicons passing these initial quality control steps
were inspected using FastQC version 0.11.9. Reads
were subsequently filtered using error expectation trim-
ming implemented in DADA2 version 1.26.0 (Callahan
et al., 2016), allowing for a maximum of two expected
errors per read and a maximum of zero Ns. Reads
were not truncated for length at this quality control step
because the analysis of plots of base quality (Phred)
against cycle suggested that no additional explicit po-
sitional trimming was necessary. Reads statistics from
before and following these quality control steps are
presented in Table S2. Cyanobacterial tuft sample C10
was removed from downstream analyses because over
99% of all reads in this read set were removed following
quality control, leaving a total of n=7 metabarcoding
samples from cyanobacterial tufts and n=8 samples
from turf algae. Following quality control, all read sets
were randomly subset (using Seqtk release 1.3; identi-
cal seeds) to 200,000 reads per sample to improve the
computational efficiency of downstream error model
construction. These reduced reads sets were used as
inputs to train modified parametric error models from
8e+05 reads (~1e+08 bases) from forward and reverse
read sets. Monotonicity was enforced in the modified
error models fit with modified loess weighting struc-
tures and spans to account for this dataset's inherent
binning of quality scores. Original full quality-controlled
read sets were then randomly subset to 1,000,000
reads per sample (for computational efficiency), and
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these larger subsets were subsequently used as inputs
in DADA2 to cluster and retrieve de novo Amplicon
Sequence Variants (ASVs) based on the previously
trained error models. Forward and reverse read mate
pairs were concatenated to obtain a merged pool of
denoised sequences (i.e., justConcatenate=TRUE).
Concatenation of non-overlapping reads was recently
demonstrated to outperform subsetting the data to only
forward read sets in reconstructing community com-
position (including taxonomic assignment) from ampli-
con sequencing data (Dacey & Chain, 2021). Chimeric
ASVs were then inferred and removed from the result-
ing concatenated denoised variant table. Taxonomy
was assigned to ASV read pairs using a naive Bayesian
method with the Silva Project's nr99 database release
138.1 (Quast et al., 2012) as implemented by the RDP
Classifier (Wang et al., 2007), which has been reported
to be more robust for concatenated, non-merged reads
(Abdala Asbun et al., 2020). Briefly, bootstrapped k-mer
profiles (from all possible 8-mers) from queried sam-
ple ASVs were repeatedly matched to k-mer profiles in
the Silva training set (positionally unaware) to estab-
lish a consensus taxonomic inference (from bootstrap
confidence) for query sequences, retaining those as-
signments at each taxonomic hierarchy that exceeded
a bootstrap confidence value of 40. The resulting ASV
Biom table was subsequently filtered for likely artifacts
by removing those reads that could not be assigned at
least to the rank of Phylum (e.g., Phylum=NA). Reads
assigned as Chloroplast, Mitochondria, or eukaryotic
DNA were removed at this step. Rarefaction curves were
constructed on the filtered datasets and suggested that
the filtered AVS well recapitulated the diversity of the
underlying community (each sample reached approxi-
mate saturation; Appendix S1: Figure S3). Downstream
inference proceeded on a total of 346,672 reads (mean
23,111 £ 3483 SD reads per sample).

Phylogenetic reconstruction from
metabarcoding sequences

A multiple sequence alignment was performed on all
filtered ASVs assigned to the phylum Cyanobacteria
by the RDP Classifier with a similarity-based alignment
method implemented in MAFFT version 7.310 (Katoh
& Standley, 2013). The alignment proceeded using an
FFT-NS-i method with progressive refinement across
two guide trees. A maximum likelihood phylogeny with
branch support values was inferred using the result-
ing multiple sequence alignment with IQ-Tree version
5 (Minh et al., 2020) using a TVM+F+R4 model in-
ferred as the optimal using a Bayesian information
criterion model selection approach implemented in
ModelFinder (Kalyaanamoorthy et al., 2017). Tree
construction proceeded from 98 parsimony candidate
trees using 1500 bootstrap approximation replicates. A

tree-based agglomeration was applied to collapse tree
leaves on the consensus phylogenetic tree at a thresh-
old cophenetic distance of 0.5 on the original hierarchi-
cal clustering of the distance matrix.

Read-based analysis of shotgun
metagenomes

Shotgun sequencing quality control proceeded similarly
to previously reported methods (Cissell & McCoy, 2021).
Demultiplexed, raw paired-end DNA reads had adapter
sequences removed and were quality trimmed to a
Phred quality score threshold of 25 and minimum
length threshold of 100bp using TrimGalore version
0.6.6 (with Cutadapt version 1.18). Contamination from
human sequences was removed via end-to-end align-
ment of our reads against a soft-masked version of the
human genome (HG38; patch release 13 [2019-02-28],
GenBank Accession#: GCA_000001405.28) using
Bowtie2 version 2.3.4.1 (Langmead & Salzberg, 2012)
with the -very-sensitive flag (-D 20; -R 3; -N 0; -L 20;
-1' S, 1, 0.50), retaining unaligned reads (>>99.99%
of reads retained; Table S2). The initial and final (fol-
lowing quality control) quality of reads was assessed
using FastQC version 0.11.9. To estimate the cover-
age of the actual underlying community diversity our
sequencing effort recovered, we used a read k-mer re-
dundancy estimate implemented in Nonpareil 3 version
3.304 (RodriguezR et al., 2018) on 31-mers pulled from
a query size of 10,000 reads with 1024 sub-samples
on each forward read set (Appendix S1: Figure S4,
Table S3).
Read-basedtaxonomic profiles of quality-controlled
paired-end metagenomic reads were generated
using two complementary approaches: protein-based
(translated reads) lowest common ancestor (LCA)
lineage inference and clade-specific marker gene-
based inference. This protein-sequence-based in-
ference was favored over k-mer nucleotide-based
inference because it has previously shown higher sen-
sitivity and recall in annotating environmental data-
sets, overall providing higher taxonomic resolution
with fewer erroneous alignments (Tovo et al., 2020).
Reads were translated into amino acid sequences
and matched against the NCBI nr protein database,
including microbial eukaryotes (updated 2021-02-
24) as implemented in Kaiju version. 1.8.2 (Menzel
et al., 2016), retaining alignments that produced an
e-value of 0.05 or less. A 0.1% relative abundance
threshold was set to reduce the influence of false-
positive taxonomic predictions resulting from this
alignment-based method. Shotgun metagenomic-
derived translation-resolved community composition
was assessed from a total of 225,505,019 read-pair
alignments to at least family level (68.2% of all read
pairs). Read-based composition inferred from Kaiju is
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presented as total sum scaling (TSS) values normal-
ized to the total number of classified sequences in the
sample (i.e., excluding unknown sequence counts).

Read-based taxonomic profiles were additionally
generated using an alignment-based protocol against
the CHOCOPhIANn single-copy marker gene data-
base release 2021-03 (version Jan21) implemented in
MetaPhlAn 4 version 4.0.3 (Blanco-Miguez et al., 2022).
Briefly, Bowtie2 was used to map all quality-controlled
read pairs (concatenated; mate information not re-
tained) against the marker gene catalog curated
from sequence-defined species-level genome bins
(CHOCOPhOIANn SGB). The coverage of each marker
from the resulting alignment profile was calculated, and
the robust average of the entire clade's coverage was
subsequently calculated, normalized across detected
clades (including unclassified), and retained as the final
clade coverage value. A total of 21.4% and 22.4% of all
reads could be successfully aligned against a species-
level taxonomic marker gene in samples SC2 and SC3,
respectively, using this single-copy marker gene-based
approach. Abundance values (as above) are presented
as TSS values normalized to the total number of classi-
fied sequences in the sample (i.e., excluding unknown
sequence counts).

Assembly-based analysis of shotgun
metagenomes

Quality-controlled metagenomic reads were assem-
bled and scaffolded de novo using the IDBA-UD as-
sembler version 1.1.3 (Peng et al., 2012), retaining
scaffolds equal to or exceeding 1.5 kbp in length. The
quality of the resulting assembly was assessed using
METAQUAST version 5.0.2 (Appendix S1: Table S4;
Gurevich et al., 2013). Scaffolds were binned unsuper-
vised using Metabat2 version 2.15 (Kang et al., 2019),
Maxbin2 version 2.2.7 (Wu et al., 2016), and VAMB
version 3.0.2 (Nissen et al.,, 2021), with the default
parameters used for each respective binning algo-
rithm. DasTool version 1.1.2 was used to create a
quality-controlled consensus bin set, retaining a total
of 113 bins. The quality of this bin set was manually
evaluated with outputs of CheckM version 1.1.3 (Parks
et al.,, 2015), and bins with contamination >10% and
completeness <60% were discarded. A total of 103
bins were retained that met these quality evaluation
criteria and were defined as medium- to high-quality
Metagenome-assembled genomes (MAGs; Bowers
et al,, 2017). Metagenome-assembled genomes that
were retained were dereplicated at 95% global identity
using dRep version 3.2.0 (Olm et al., 2017). FastANI
version 1.32 (Jain et al., 2018) was used to perform the
pairwise computation of the total average nucleotide
identity across MAGs of interest. Coverage of each
MAG was obtained by extracting high-quality mapping

counts from global end-to-end alignments performed
with Bowtie2 using CoverM version 0.6.1. The relative
abundances of MAGs are given as TSS values normal-
ized to the total mapped reads from each sample.

The taxonomic lineage of MAGs was assigned using
the Genome Taxonomy Database (GTDB) taxonomy,
assessed using GTDB-Tk version1.5.0 (Chaumeil
et al., 2019) against release 06-RS202 of the GTDB.
A maximume-likelihood phylogenomic tree with branch
support values was inferred using the multiple se-
quence alignment of 120 bacterial marker genes (5037
amino acid sites) from GTDB-Tk with 1Q-Tree using
a Q.pfam+R8 model inferred as the optimal using a
Bayesian Information Criterion model selection ap-
proach implemented in ModelFinder. Tree construction
proceeded from 98 parsimony candidate trees using
1500 bootstrap approximation replicates. The consen-
sus phylogenomic tree was visualized using /tol version
5 (Letunic & Bork, 2021).

Secondary/specialized metabolite  biosynthesis
gene clusters were identified on dominant MAGs an-
notated as phylum Cyanobacteria using BLAST+ and
HMMer 3 searches implemented in antiSMASH version
6.0.0 (Blin et al., 2021).

Statistical analyses

All statistical analyses and data visualization were
conducted using the R version 4.2.2 programming
language within RStudio 2022.07.2 Build 576, Spotted
Wakerobin. A Welch's t-test was used to compare the
mean yields of the sampled tufting cyanobacteria and
turf algal communities. Residuals were visually checked
for normality. Significant differences in the coefficient
of variation (CV) of yield measurements between func-
tional groups were assessed using an asymptotic test
following protocols presented in Feltz and Miller (1996)
and using a modified signed-likelihood ratio test fol-
lowing protocols presented in Krishnamoorthy and
Lee (2014).

All statistical analyses on sequencing data pro-
ceeded using the 16S rRNA gene amplicon sequencing
data. No formal statistical analyses were performed on
the generated shotgun metagenomic data. Alpha diver-
sity metrics—including Chaol, Shannon-Weiner diver-
sity, and Pielou's Evenness—were calculated from the
filtered ASV count data grouping by sample type (i.e.,
Cyanobacterial Tuft vs. Turf Algae) using R:phyloseq
version 1.42.0 (McMurdie & Holmes, 2013). Significant
differences between sample types in alpha diversity
metrics were assessed using pairwise Wilcoxon Rank
Sum Tests with Bonferroni corrections. Differences in
beta diversity between sample types were visualized
using Non-metric Multidimensional Scaling (NMDS)
based on an Aitchison dissimilarity matrix built from
Centered-Log Ratio (CLR)-transformed ASV-level count
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data. To ensure a proper matrix transformation, the
input matrix for calculating Aitchison dissimilarity had all
zero counts replaced using a pseudocount calculated
as min(count) 27" Clustering by sample type (among
group variability) was assessed from the calculated
Aitchison dissimilarity matrix using permutational mul-
tivariate analysis of variance (PERMANOVA) run with
999 permutations. The homogeneity of multivariate
dispersion among samples from cyanobacterial tufts
and turf algae was assessed and verified using veg-
an::permutest.betadisper, run using 999 permutations.
Differential abundance analysis was then used to deter-
mine ASV-specific patterns differentiating turf algal and
cyanobacterial tuft samples. ANOVA-like differential
expression (ALDEx2; Fernandes et al., 2013) version
1.30.0 analysis was used with CLR-transformed ASV
count data as inputs. A combination of effect size and
median CLR transformed abundance difference was
preferred to traditional p-value-based inference to es-
tablish a more meaningful and interpretable threshold of
differential abundance. ANOVA-like differential expres-
sion calculates a non-parametric effect size estimate
of between-group differences based on median stan-
dardized differences in group distributions (vectorized).
A combination threshold of (1) effect size with an abso-
lute value exceeding 0.6 and (2) a median difference
in abundance exceeding an absolute value of 3.5 was
used to assign significance to these abundance data.
No ASVs were detected to be significantly differentially
abundant under a more traditional p <0.05 alpha value
threshold following Benjamini-Hochberg corrections
(from Welch's t-tests and Wilcoxon rank tests).

Community composition data were then subset
to only include those ASVs assigned to the phylum
Cyanobacteria. Significant differences between func-
tional groups in alpha diversity metrics calculated from
this cyanobacteria subset were assessed using pair-
wise Wilcoxon rank sum tests with Bonferroni correc-
tions. Differences in beta diversity between functional
groups were visualized using principal coordinates
analysis (PCoA) based on a weighted UniFrac dissimi-
larity matrix (phylogenetic distances retrieved from the
inferred consensus phylogenetic tree of all cyanobac-
terial ASVs).

The relationships between different calculated sam-
ple alpha diversity metrics (from metabarcoding) and
in situ yield were assessed by fitting a series of ordi-
nary least squares regressions, treating each alpha
diversity metric individually as linear predictors of
the numeric response variable yield. The conformity
of residual structures to model assumptions was as-
sessed graphically from model residual diagnostic
plots produced using R::DHARMa version 0.4.6. These
regressions were fit using diversity metric values cal-
culated on the full ASV dataset from each sample and
on subset datasets considering only the diversity of
those ASVs assigned as phylum Cyanobacteria. The

association of in situ yield with total prokaryotic as-
semblage structure was assessed using vegan::envfit
to calculate a linear trend surface for yield (p-value
assessed permutationally from 999 permutations) by
fitting the vector of sample yields as a dependent vari-
able against the ordination scores calculated from an
NMDS based on an Aitchison dissimilarity matrix built
from CLR-transformed ASV-level count data subset to
only include those samples that possessed an associ-
ated in situ yield measurement.

RESULTS
Overview of study site

The sampled section of Middle Sambo Reef was domi-
nated by carbonaceous substrate covered with crustose
coralline algae and algal turf communities (CCA + Turf;
mean cover=0.54 +0.04 SE; Figure S1). Conspicuous
benthic cyanobacterial communities made up a small
fraction of the benthic community at this site (mean
cover=0.01+0.003 SE) and were dominated by tufting
cyanobacterial communities morphotypically similar to
those sampled in this study. The benthic sessile inver-
tebrate community was co-dominated by members of
the order Alcyonacea (soft corals; primarily Gorgonia
ventalina) and the zoanthid Palythoa caribaeorum.
The measured total NO, (NO,™+NO,") at this site was
0.552uM +0.231 uM (mean +SD). Phosphate concen-
trations were below 0.2 uM in all samples (Table S1).

Variability in quantum yield differs
between functional groups

We quantified the in situ photosynthetic yield of tuft-
ing cyanobacterial communities (n=6) and turf algal
communities (n=7) to better understand the func-
tional photophysiology of these two abundant benthic
functional groups. The mean maximum yield did not
significantly differ between these epilithic functional
groups (Welch's t-test; t=1.168, df=5.3, p=0.29),
with a mean yield for cyanobacterial tufts at 0.70 + 0.25
SD and a mean yield at 0.58 +0.05 SD for turf algal
communities (Figure 1). While the mean yield did not
significantly differ between these groups, the within-
group variability (from the CV) of yield measurements
was significantly higher in cyanobacterial tufts than
in turf algae (Asymptotic test: D=8.45, p=0.004;
Signed-likelihood ratio test: L=776, p=0.005;
Figure 1). The CV of yield measurements was 0.356
and 0.085 for cyanobacterial tufts and turf algal com-
munities, respectively (Figure 1). Photosynthetic yield
in cyanobacterial tufts ranged from 0.376 to 0.935
while yield in turf algal communities ranged from
0.513 to 0.641.
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Overview of the metabarcoding-resolved
prokaryotic assemblage structure in
sampled cyanobacterial tufts and turf
algal communities

Amplicon sequencing of the 16s rRNA gene using
universal bacterial-specific primers of collected cy-
anobacterial tuft (n=7) and turf algal (n=8) communi-
ties recovered a total of 23,050 unique ASVs across
all samples. The recovered ASVs spanned 14 and 13
unique bacterial and archaeal phyla from cyanobac-
terial tufts and turf algae, respectively (a total of 16
unique phyla recovered across both functional groups;
10 unique bacterial and six unique archaeal phyla).
Metabarcoding data revealed that both benthic func-
tional groups were overwhelmingly dominated by ASVs
belonging to the phylum Proteobacteria (20,087 total
unique ASVs; Cyanobacterial Tuft: 83.5% +1.31% SE;
Turf Algae: 83.2% +1.08% SE TSS relative abundance)
and Firmicutes (1707 total unique ASVs; Cyanobacterial
Tuft: 10.9% +0.55% SE; Turf Algae: 10.7% +0.54% SE
TSS relative abundance). Amplicon sequence vari-
ants belonging to the phylum Cyanobacteria were not
well represented in this metabarcoding dataset (281
total unique ASVs; Cyanobacterial Tuft: 1.51% +0.27%
SE; Turf Algae: 1.03%+0.13% SE TSS relative abun-
dance). Similar low recovery of cyanobacterial taxa

Relative abundance mean

using universal bacterial 16S rRNA gene primer sets is
well documented in the literature (e.g., recently by Kang
et al., 2022), making the low cyanobacterial recovery in
this particular universal amplicon dataset unsurprising.

Amplicon sequence variants in this dataset were
poorly annotated below phylum-level taxonomic an-
notation, likely owing to a combination of technical
(non-overlapping read pairs) and biological (from the
novelty of these environmental sequences) bases.
A total of 79.2%+1.12% SE or 78.6% +1.30% SE of
ASVs (from relative abundance; 17,361 total unique
ASVs) were unclassified at the level of taxonomic class
from the cyanobacterial tuft and turf algal samples,
respectively. From those ASVs for which class-level
taxonomy could be well resolved, both cyanobacterial
tufts and turf algal samples were dominated by mem-
bers of the Alphaproteobacteria (3868 total unique
ASVs; Cyanobacterial Tuft: 13.0%+0.67% SE; Turf
Algae: 13.1% +0.78% SE TSS relative abundance) and
Bacilli (626 total unique ASVs; Cyanobacterial Tuft:
2.71% +0.26% SE; Turf Algae: 2.81% +0.24% SE TSS
relative abundance; Appendix S1: Figure S5). A total of
three of the top 10 most abundant (from TSS relative
abundance) unique individual ASVs were shared be-
tween the two functional groups, with the top two most
abundant ASVs being identical between the groups
(Table 1). These top 10 most abundant ASVs across

Relative abundance SD Lowest assigned

TABLE 1 Classification of the 10 most abundant ASVs from each benthic functional group.
Benthic group ASV ID (%)
Cyanobacterial tuft ASV63 1.38

ASV134 0.90
ASV606 0.66
ASV288 0.66
ASV347 0.43
ASV545 0.43
ASV609 0.42
ASV1090 0.39
ASV1290 0.36
ASV481 0.36
Turf algae ASV63 1.30
ASV134 0.79
ASV305 0.69
ASV403 0.64
ASV435 0.57
ASV453 0.55
ASV347 0.46
ASV756 0.39
ASV888 0.37
ASV844 0.36

(%) taxonomy

0.33 Firmicutes

0.47 Proteobacteria

1.09 Proteobacteria

0.35 Firmicutes

0.33 Firmicutes

0.68 Alphaproteobacteria
0.36 Proteobacteria

0.49 Proteobacteria

0.53 Proteobacteria

0.49 Proteobacteria

0.47 Firmicutes

0.34 Proteobacteria

1.11 Proteobacteria

1.09 Firmicutes

0.67 Alphaproteobacteria
0.62 Alphaproteobacteria
0.24 Firmicutes

0.63 Bacilli

0.48 Proteobacteria

0.37 Halobacterota

Note: Provided is the identity of the broad sampled functional group (Benthic Group), the identifier of each unique ASV (ASV ID), the mean TSS-transformed
relative abundance of each ASV across all samples when grouped by benthic functional group expressed as a percent (Relative Abundance Mean, %), the
standard deviation in the relative abundance of each ASV across all samples when grouped by benthic functional group expressed as a percent (Relative
Abundance SD, %), and the lowest assigned taxonomy of each ASV. The presented ASVs are ordered from most to least abundant within each functional group.
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both groups were consistently dominated by members
of the Firmicutes and Proteobacteria, notably those be-
longing to the Alphaproteobacteria. A complete graph-
ical overview of the bacterial assemblage structure
aggregated at the level of both taxonomic phylum and
taxonomic class and grouped within the sampled ben-
thic functional habitats is presented in Figure S5.

Cyanobacterial tufts and algal turfs have
convergent prokaryotic assemblage
diversity and structure and share
dominant cyanobacterial taxa

A suite of alpha diversity metrics that resolve sample
richness, evenness, and their combination was calcu-
lated for each sample to understand better diversity
patterns in the sampled epilithic benthic functional
groups as determined from 16S rRNA gene metabar-
coding data. The recovered prokaryotic assemblages
did not vary significantly between cyanobacterial tufts
and turf algae in richness (Chaol; PWRST, p=0.34),
diversity (Shannon-Weiner; PWRST, p =0.87), or even-
ness (Pielou's Index; PWRST, p =0.072; Figure 2). The
mean number of observed ASVs was 1677 +164.6 SD
and 1844 +359.2 SD in the cyanobacterial tuft and turf
algal samples, respectively (Figure 2). The mean rich-
ness was 1722+ 172.8 SD in cyanobacterial tufts and
1896 +382.2 SD in turf algae. The mean Shannon di-
versity index value was 6.57 +0.15 SD in cyanobacterial
tufts and 6.56 +0.19 SD in turf algae. The mean even-
ness of cyanobacterial tuft samples was 0.89+0.01 SD
and 0.87 +0.01 SD in turf algal samples.

The overall structure of the prokaryotic assem-
blage at the ASV level also did not significantly differ

Observed Chaol Shannon Pielou’s
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FIGURE 2 Community diversity does not differ between
cyanobacterial tufts and turf algae. Boxplots showing the
distribution of total observed ASV counts and different calculated
alpha diversity metrics from metabarcoding of cyanobacterial tufts
and turf algae. None of the calculated diversity metrics significantly
differed between the functional groups, including richness (Chaof;
PWRST, p=0.34), diversity (Shannon-Weiner; PWRST, p=0.87),
or evenness (Pielou's Index; PWRST, p=0.072).

between the sampled cyanobacterial tufts and turf algal
communities, with no significant clustering of commu-
nity structure by benthic group (PERMANOVA, k=2,
stress=0.155, F=0.999, p=0.417, r?=0.07; Figure 3a).
A compositional data-aware differential abundance
analysis (based on CLR-transformed abundance
data) was subsequently applied to the dataset to re-
solve ASV-specific differences in the composition of
the resolved prokaryotic assemblage in these benthic
functional groups. A total of 19 ASVs were detected
to be significantly differentially abundant (significance
threshold described in detail above in Materials and
Methods: Statistical analyses) between cyanobacterial
tuft and turf algal communities (Figure 3b). Thirteen of
those ASVs were significantly more abundant in cya-
nobacterial tuft samples than in turf algal samples,

(a) 50 Group
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Effect size
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FIGURE 3 Community structure does not differ between
cyanobacterial tufts and turf algae. (a) NMDS ordination based
on Aitchison dissimilarity index of clr-transformed ASV-level
count data displaying no significant clustering by functional group
(p=0.442, r*=0.07). Samples are represented as individual
points. (b) Volcano plot showing ASVs (individual points) that are
differentially abundant between functional groups. The phyla for
those ASVs that are differentially abundant are encoded in the
point fill.
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including 12 ASVs identified as Proteobacteria (in-
cluding two Alphaproteobacteria ASVs and one
Gammaproteobacteria ASV, genus Aeromonas), and
one ASV was identified as an unassigned member of
the phylum Firmicutes (Figure 3b). The ASV that was
the most differentially abundant (from median abun-
dance difference) in cyanobacterial tufts was a class-
unresolved Proteobacteria, with a median abundance
difference of —6.72 and an effect size of —0.87. In con-
trast, only six ASVs were significantly more abundant
in turf algal samples, including five ASVs identified
as Proteobacteria (including one Alphaproteobacteria
ASV and one Gammaproteobacteria ASV, genus
Aeromonas). The most differentially abundant ASV in
turf algae was an unassigned species of the phylum
Firmicutes, with a median abundance difference of
5.86 and an effect size of 0.73.

Next, metabarcoding data were subsetto only include
those ASVs assigned to the phylum Cyanobacteria
(n=281 unique ASVs) to compare the better the cya-
nobacterial assemblages between functional groups.
Assessment of the phylogenetic relationships among
these recovered cyanobacterial ASVs revealed exten-
sive sample-specific diversification, with many ASVs
displaying restricted distribution across samples and
across sampled functional groups (Figure 4). However,
24.8% of cyanobacterial ASVs were found in at least
one sample from both functional groups. One of the
cyanobacterial ASVs was found in all samples. This
shared cyanobacterial ASV was the single most abun-
dant cyanobacterial ASV in four out of seven cyanobac-
terial tuft samples (57.1%) and five out of eight turf algal
samples (62.5%; Figure 4, Appendix S1: Figure S6).
Alpha diversity metrics were then calculated as done
on the full ASV dataset from this cyanobacterial subset
for both sampled benthic functional groups. The cyano-
bacterial subset assemblage did not vary significantly
between cyanobacterial tufts and turf algae in richness
(Chaol; PWRST, p=0.32), diversity (Shannon-Weiner;
PWRST, p=0.23), or evenness (Pielou's Index;
PWRST, p=0.34; Appendix S1: Figure S7a). Principle
coordinate analysis ordination based on a weighted
UniFrac dissimilarity matrix calculated from this ASV-
resolved cyanobacterial subset revealed no apparent
clustering in cyanobacterial phylogenetic composition
by functional group (Figure S7b; Axis 1+2 explained
50.3% of the total variation in cyanobacterial assem-
blage structure), further suggesting an overall con-
gruence in the prokaryotic structure and phylogenetic
relatedness of cyanobacterial tufts and turf algae when
considering only the cyanobacterial assemblage.

Interestingly, the in situ yield was not significantly
correlated with the underlying diversity (LM; all p >> 0.5)
or structure (envfit; NMDS1=-0.48, NMDS2=0.88,
r?=0.27, p=0.28) of the whole prokaryotic assemblage
or when considering only the diversity of cyanobacterial
ASVs (LM; all p>>0.5). The prokaryotic assemblage

structure of those samples associated with the direc-
tion of the calculated higher yield vector (though notably
not statistically significant) is graphically compared with
those that were not associated with the direction of the
yield vector in Appendix S1: Figure S8 to understand
potential compositional determinants of increased yield
better.

Both read-based and assembly-based
metagenomic approaches demonstrate
that cyanobacterial tufts are co-dominated
by members of the bacterial Phyla
Cyanobacteria and Proteobacteria

Abundance estimations were qualitatively similar be-
tween the two read-based estimators applied in this
study. Both suggested a dominance of Cyanobacteria
(Kaiju: 41.13% mean relative abundance; Metaphlan4:
24.65% mean relative abundance), primarily of the
family Oscillatoriaceae (Kaiju: 33.25% mean relative
abundance) comprised of the species Okeania sp
KiyG1 (Metaphlan4: 7.83% mean relative abundance)
and Okeania hirsuta (Metaphlan4: 1.53% mean rela-
tive abundance; Figure 5). These cyanobacterial tufts
were co-dominated by Proteobacteria (Kaiju: 38.36%
mean relative abundance; Metaphlan4: 74.19% mean
relative abundance). This compositional co-dominance
was followed by members of the phylum Bacteroidota
(Kaiju: 10.28% mean relative abundance; Metaphlan4:
0.91% mean relative abundance) and the phylum
Planctomycetota (Kaiju: 3.07% mean relative abun-
dance; Metaphlan4: 0.19% mean relative abundance;
Figure 5). Abundance estimations diverged strongly
between the two methods when estimating the abun-
dance of different Proteobacterial taxa. Estimates from
Kaiju suggested that these cyanobacterial tufts were
dominated by members of the Alphaproteobacteria,
particularly members of the important bacterial family in-
volved in aquatic biofilm formation, Rhodobacteraceae
(12.02% mean relative abundance; Elifantz et al., 2013),
and Deltaproteobacteria, namely Desulfovibrionaceae
(7.53% mean relative abundance; Figure 5b).
Estimates from Metaphlan4 instead suggested a domi-
nance of Gammaproteobacteria (69.95% mean rela-
tive abundance), driven primarily by the abundance
of Pseudomonas aeruginosa (68.77% mean relative
abundance; Figure 5a). Estimates from Metaphlan4
suggest that alphaproteobacterial abundance in cy-
anobacterial tufts is driven primarily by the marine
bacterium Ruegeria conchae (1.53% mean relative
abundance).

In addition to these alignment-based approaches
on the quality-controlled paired-end reads, an
assembly-based approach was applied to these
shotgun metagenomic data to resolve the genomic
identity of dominant cyanobacterial tuft community
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FIGURE 4 Dominant cyanobacterial ASVs are conserved between sampled benthic groups. Phylogenetic tree of recovered
cyanobacterial amplicons. Circles denote per sample membership filled by functional group and sized by relative abundance. Node
bootstrap support values are numerically given at each corresponding node. The scale bar encodes the raw cophenetic distance derived
from the original hierarchical clustering of the distance matrix and does not approximate substitutions per site.

members through the recovery of MAGs and to in-
crease the taxonomic resolution and confidence of
taxonomic assignments. A total of 103 medium-to-
high-quality MAGs were recovered and curated from
these sequencing data. An overview of the general
MAG stats (CHECKM completion and contamina-
tion), predicted taxonomy (GTDB), and relative abun-
dance for each MAG in each sample are provided
in Appendix S1: Table S5. Focusing on the level of

individual MAG, a different cyanobacterial MAG
within each metagenomic sample emerged as the
most dominant component of each sample (Sample
SC2: MAG ID=SC2_VAMB_17726, Length=10.8
Mbp, Completion=98.4%, Contamination = 2.26%,
SC2 Relative Abundance=18.6%, SC3 Relative
Abundance = 2.4%; Sample SC3: MAG ID = SC3_
metabat.36, Length = 9.0 Mbp, Completion =97.74%,
Contamination = 0.62%%, SC2 Relative
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FIGURE 5 Read-based analyses suggest cyanobacterial tufts are co-dominated by Cyanobacteria and Proteobacteria. Left: Species-
resolved hierarchy tree of cyanobacterial tuft community structure derived from Metaphlan4. Right: Family-resolved hierarchy tree of
cyanobacterial tuft community structure derived from Kaiju. In both panels, the node and edge color and size are proportional to each
node's mean relative abundance between shotgun metagenomic samples. Relative abundances are from total sum scaling normalized
count data from read-level alignments. [Color figure can be viewed at wileyonlinelibrary.com]

Abundance=0.59%, SC3 Relative Abundance =
55.1%) alongside a single subdominant cyanobac-
terial MAG present in only one sample (MAG ID =
SC3_metabat.1_sub, Length = 3.9 Mbp, Completion
= 75.37%, Contamination=8.08%%, SC2 Relative
Abundance = 0%, SC3 Relative Abundance =0.56%),
for a total of three cyanobacterial MAGs recovered
from these sampled cyanobacterial tufts. Both domi-
nant MAGs were annotated by GTDB-tk as belonging
to unknown species within the cyanobacterial genus
Okeania (Oscillatoriaceae) and were predicted to be
closely related taxa (separated by a cophenetic dis-
tance of 0.023 on the calculated phylogenomic tree,
Figure 6a; total Average Nucleotide Identity of 92.1
window size 500bp). The subdominant cyanobacte-
rial MAG was predicted to have been recovered from
an unknown species within the toxin-producing cya-
nobacterial genus Limnothrix (Pseudanabaenaceae).
These general taxonomic predictions on these domi-
nant Okeania MAGs were congruent with those from
both implemented read-based approaches (Figure 5).
Read-based taxonomy alongside these phyloge-
nomic and identity-based distance metrics suggested
that these dominant Okeania MAGs were putatively
similar strains of the species Okeania hirsuta or
Okeania sp_KiyG1 (species assignments from single-
copy marker gene detection, Figure 5a), though, no-
tably, cyanobacterial taxonomy ultimately requires
a polyphasic approach to resolve species- and es-
pecially strain-level identity well (Komarek, 2016).

Therefore, we treated these species-level assign-
ments as putative and conservatively assigned both
dominant cyanobacterial MAGs as different strains of
a shared unknown species very likely belonging to
the genus Okeania.

Still focusing on the level of individual MAG, both
samples were compositionally co-dominated in abun-
dance by a member of the Gammaproteobacteria an-
notated as belonging to the species Pseudomonas
aeruginosa (SC2 Relative Abundance=6.18%, SCS3
Relative Abundance=12.5%; Figure 6a). One of the
sampled cyanobacterial tufts (sample SC2) also had an
abundant MAG belonging to the Desulfovibrionaceae
(SC2 Relative Abundance=8.03%, SC3 Relative
Abundance =0%) that was uniquely observed in that
tuft and an abundant member of the Opituales observed
at low abundance in the other sample (SC2 Relative
Abundance =6.18%, SC3Relative Abundance =0.29%).
The other sampled cyanobacterial tuft had two abundant
members of the Cyclobacteriaceae in the Cytophagales
that were both unique to that sample (MAG ID=SC3_
metabat.14, SC2 Relative Abundance=0%, SC3
Relative Abundance=6.18%; MAG |ID=SC2_meta-
bat.6, SC2 Relative Abundance=0%, SC3 Relative
Abundance =2.88%).

Aggregating MAG abundances at broader tax-
onomic scales, Cyanobacteria and Proteobacteria
were predicted to co-dominate the cyanobacterial
tufts, with mean relative abundances between the
two shotgun metagenomic samples at 38.7% and
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FIGURE 6 Florida Keys cyanobacterial tufts are built by closely related members of the cyanobacterial genus Okeania. (a)
Phylogenomic tree of MAGs recovered from tufting cyanobacterial communities. The surrounding bar chart gives individual relative
abundances within each metagenomic sample (note the different scales). Leaf nodes are colored by taxonomic class, with a corresponding
color strip inclusively coloring by taxonomic phylum. Branches are colored by node bootstrap support value. Leaf labels give the lowest
assigned taxonomic identity. (b) Bar plot of relative abundances of the recovered cyanobacterial tuft community aggregated at the level of
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abundance estimation methods (Kaiju, Metaphlan4, or MAG-based). [Color figure can be viewed at wileyonlinelibrary.com]

30.9% for Cyanobacteria and Proteobacteria, re-
spectively (Figure 6b). Members of the Bacteroidota
followed this co-dominance by these two phyla at a
mean collective relative MAG abundance of 14.2%
between the two samples. Phylum-level abundances
were generally comparable across the three methods
employed for estimating community composition in
this study, with higher concordance between abun-
dance estimates derived from Kaiju and MAG-based
abundances than those derived from Metaphlan4
(Figure 6b). Few phyla were exclusively recovered
using an assembly-based approach—notably includ-
ing members of the Desulfobacterota, present at a
mean collective MAG-based relative abundance of
4.96% across both samples. This highlights the util-
ity of combining multiple computational approaches
when resolving the community composition of com-
plex environmental sequencing datasets. Members
of the taxonomic class Alphaproteobacteria were nu-
merically (by absolute MAG count) the most abundant
members recovered from this assembly-based ap-
proach, with a total of 39 unique Alphaproteobacteria
MAGs recovered collectively comprising 28.97% and

8.46% of the relative abundance space in samples
SC2 and SC3, respectively (Figure 6a). Metagenome-
assembled genomes belonging to the taxonomic
class Bacteroidia were numerically co-dominant,
with a total of 22 unique Bacteroidia MAGs recov-
ered collectively comprising 11.23% and 17.2% of the
total MAG-based composition in samples SC2 and
SC83, respectively. Members of the taxonomic class
Gammaproteobacteria, though numerically less dom-
inant than their Alphaproteobacterial relatives (a total
of nine unique MAGs curated), comprised 11.24%
and 13.06% of the total MAG-based composition in
samples SC2 and SC3, respectively. This high abun-
dance was driven primarily by the abundance of a
single MAG annotated as belonging to Pseudomonas
aeruginosa, consistent with abundance estimates
from Metaphlan4 (Figures 5a and 6a).

DISCUSSION

Here, we document the in situ photophysiology and
prokaryotic assemblage structure of epilithic tufting
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cyanobacterial communities and turf algal communities
on a reef site in the Florida Keys Reef Tract. Overall, we
reveal a general convergence in the photophysiology
and prokaryotic assemblage structure between these
important algal groups. Though the mean photosyn-
thetic yield did not differ between cyanobacterial tufts
and turf algal communities, the associated variability
in yield did (Figure 1). The net primary production of
benthic substrates dominated by cyanobacterial mats
has also recently been reported to have a higher as-
sociated variance than the carbon flux associated with
algal turf-dominated substrates (Webb et al., 2021).
When paired with our results (Figure 1), this suggests
that an increase in spatial variability in basal carbon
cycling could accompany the expanding cover of ben-
thic cyanobacterial aggregations on reefs. This will
hold especially true if cyanobacterial expansion comes
at the expense of algal turf cover or exacerbates the
prokaryotic (particularly cyanobacterial) taxonomic
homogenization between conspicuous benthic cyano-
bacterial aggregations and turf algae similar to that
documented in this study (Figures 2—4). Increasing tax-
onomic homogenization in the cyanobacterial assem-
blage between complex cyanobacterial assemblages
and algal turfs may increase DOC release on future
reefs and accelerate the process of reef microbializa-
tion (Haas et al., 2016; Mueller et al., 2022). Further
work should seek to disentangle competitive dynam-
ics between benthic cyanobacterial aggregations and
algal turfs, similar to work on the competitive dynamics
between benthic cyanobacterial mats and macroalgae
(Tack, 2019; Thacker & Paul, 2001) to better contextual-
ize and project these assessments of photophysiology
to the spatial and functional ecology of future reef car-
bon cycling.

Our findings of minimal differences in the prokary-
otic assemblage structure (Figures 2 and 3)—including
few differences within the cyanobacterial assemblage
(Figure 4)—between turf algal communities and ben-
thic cyanobacterial tufts have important implications for
consumer-resource dynamics on future reefs. In partic-
ular, this overall congruence brings additional attention
to the longstanding paradigm that mobile consumers
typically preferentially target algal turfs while avoiding
complex cyanobacterial-dominated assemblages such
as benthic cyanobacterial mats. The presence of sim-
ilar cyanobacterial assemblages in frequently targeted
turf algae communities (Adam et al., 2018; Bruggemann
et al.,, 1994) questions this generality. Cyanobacterial
avoidance by consumers has long been associated
with the production of toxins by the mat-building cyano-
bacteria, though notably, this evidence stems primarily
from work on the polyphyletic genus Lyngbya (Capper
et al., 2006; Capper & Paul, 2008; Thacker et al., 1997).
Only a single biosynthetic gene cluster with similarity
to a known toxin-producing gene cluster (malyngamide
[) was identified in the dominant cyanobacterial MAGs

recovered from the sequenced tufts (Appendix St:
Table S6). Emerging evidence from examination of the
nutritional ecology of nominal herbivores, specifically
reef parrotfishes, suggests a fundamental preference
for targeting cyanobacteria as nutritional resources
by these fishes (Clements et al., 2017; Nicholson &
Clements, 2020, 2023). Alongside this evidence from
nutritional ecology, multiple observational studies
now have confirmed the consumption of benthic cy-
anobacterial mats by multiple nominally herbivorous
fishes on Caribbean reefs (Cissell et al., 2019; Cissell
& McCoy, 2022b), including the documented preferen-
tial consumption by several of these fishes (Manning &
McCoy, 2023). These various lines of evidence imply
that the expansion of conspicuous benthic cyanobac-
terial assemblages may not inherently disrupt trophic
flow through ecosystems (here, on coral reefs) owing to
a lack of palatability as previously generally theorized
(Ullah et al., 2018). The consistently short thallus length
of turfs at this site (<1.0cm) suggests a robust site-scale
grazing pressure (Connell et al., 2014), potentially ex-
tending to these epilithic cyanobacterial communities.
Indeed, reefs on the Florida Keys reef tract are marked
by a relatively healthy fish assemblage that can heavily
graze the reef substrate (Lester et al., 2020). However,
conflicting observational work leaves the overall gen-
eralizability of the targeting of benthic cyanobacterial
aggregations equivocal (de Ribeiro et al., 2022; Ford
et al., 2021), with potential geographic differences
driven by fish assemblage structure, cyanobacterial
identity, relative toxin production, and physical growth
habit (Cissell & McCoy, 2022a). Further work should
specifically monitor grazing pressure on benthic cya-
nobacterial assemblages at this site, both to better un-
derstand if this strong grazing pressure contributes to
the relatively low benthic coverage of conspicuous cya-
nobacterial assemblages at this site (Figure S1) and to
contribute to this bourgeoning literature on geographic
patterns in predation pressure on benthic cyanobacte-
rial communities.

The ubiquitous distribution of the dominant recov-
ered cyanobacterial ASV and the shared distribution
patterns of many subdominant cyanobacterial ASVs
across functional groups suggest a potential role of
algal turfs as reservoirs of tuft- and mat-forming cya-
nobacterial taxa on coral reefs (Figure 4, Figures S6
and S7). Brocke et al. (2018) recently documented a
similar congruence in the identity of dominant cyano-
bacterial members between benthic cyanobacterial
mats and algal turfs sampled in Curagao, where the
identified cyanobacterial taxa from modern microbial
mats had also been observed in algal turfs previously
sampled in 1975 (van den Hoek et al., 1975). Further,
previous microscopy-based analyses of algal turf suc-
cession patterns suggest the presence of cyanobacte-
rial taxa that are closely related to known mat-forming
cyanobacteria in algal turfs (Cissell & McCoy, 2022b;
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Fricke et al., 2011). We note, however, that while the
diversity and identity of dominant Cyanobacteria in
each of these turfs are similar, the overall biomass of
Cyanobacteria is likely to be lower in algal turf sub-
strates. Regardless, the dynamics and timing of this
apparent cyanobacterial homogenization (Figure 4)
present open and interesting lines of inquiry, motivat-
ing specifically the following questions: (1) Do dom-
inant tufting cyanobacteria intrude into existing turf
communities from the expansion of benthic cover of
cyanobacterial tufts? (2) Are dominant tufting cyano-
bacteria recruited into early successional algal turf
communities where these turfs represent an alternate
successional state for these benthic cyanobacteria?
(3) Are these dominant tufting cyanobacteria able to
be viably released from these turfs (e.g., from me-
chanical dislodging from grazing pressure) to subse-
quently establish new cyanobacterial tufts (i.e., algal
turfs as net benthic cyanobacterial tuft reservoirs) or
do turfs represent successional “dead ends” for these
benthic cyanobacteria (i.e., algal turfs as net benthic
cyanobacterial tuft sinks)? Polyphasic approaches
that incorporate genome-resolved data (ideally from
isolates) from samples taken of both tufting cyano-
bacterial communities and turf algal communities at
different successional states would be helpful to (1)
offer further support that the dominant cyanobacte-
rial genome is shared between functional groups and
(2) address many of these above posited lines of in-
quiry. Further, more work should be directed toward
resolving abundance-based differences in cyanobac-
terial members between these groups, which may be
substantial.

The community composition aggregated at broad
taxonomic levels was similar between the different se-
quencing methods utilized herein and was similar to
previous shotgun metagenomic and metabarcoding as-
sessments of cyanobacterial mat community structure
(Figures 5 and 6, Figure S5; Biessy et al., 2021; Cissell
& McCoy, 2021; Cleary et al., 2019; Stuij et al., 2022).
Members of the genus Okeania have previously been
observed to dominate benthic cyanobacterial mats
and cyanobacterial tufts, including tufts of similar color
and growth habit (Engene et al., 2013). Pseudomonas
aeruginosa, another dominant member of the sampled
cyanobacterial tufts, is a ubiquitous environmental
bacterium that is generally associated with biofilm for-
mation (Haussler, 2004) but has not been generally de-
scribed in association with marine cyanobacterial tuft
assemblages. A recent comparison of mat community
structure across different underlying substrate types
revealed no significant effects of underlying growth
substrate type on community structure, including be-
tween epipelic, horizontally spreading mat carpets
and epilithic, tufting cyanobacterial communities sim-
ilar to those sampled in this study (Stuij et al., 2022).
These authors also found significant variability within

the cyanobacterial-associated prokaryotic assemblage
among their sampled cyanobacterial mats. Both find-
ings align with those presented here (Figures 3a, 5 and
6). Our results suggest a great degree of similarity at
a coarse taxonomic resolution between benthic cya-
nobacterial mats and the epilithic cyanobacterial mats,
with tuft-specific (spatial) diversification and hetero-
geneity both at the ASV level (Figure 3a) and within
the genomic identity of dominant community members
(Figure 6a). This suggests that a distinction between
benthic cyanobacterial mats and benthic cyanobacte-
rial tufts may indeed be nominal. However, further work
is still needed to confirm the utility or futility of their se-
mantic distinction. Our metabarcoding-based assess-
ment of the prokaryotic assemblage structure of turf
algae was also congruent with previous sequencing-
based assessments of turf microbial community
structure, especially in its suggestion of the overall
importance of members of the Alphaproteobacteria
(Figure S5; Hester et al., 2016).

Our results motivate increased attention toward
comparing the ecology of these dominant benthic
functional groups. Indeed, the primary differentiating
compositional features among algal turfs and tufting
cyanobacterial communities may primarily reside in the
eukaryotic microalgal assemblage, which was not inter-
rogated in this study, leaving many open questions and
opportunities for research. The apparent convergence
in both the photophysiology and prokaryotic assem-
blage structure (particularly in the cyanobacterial as-
semblage) between proliferating conspicuous benthic
cyanobacterial aggregations and ubiquitous turf algae
have serious ecophysiological implications for future
reefs, especially in the calculation of future reef carbon
stoichiometry and overall carbon budgets.

It should be noted, however, that these cyanobac-
terial tufts were present at low benthic coverage at a
level that would be expected in a “healthy” reef envi-
ronment (Figure S1). This may imply that these tufts
are different from the benthic cyanobacterial assem-
blages that can become dominant or form extensive
blooms on reefs. Bloom-forming benthic cyanobacte-
ria may have distinct composition and functional ecol-
ogy from those studied here. Our results may also
impact the importance of distinguishing between cya-
nobacterial tufts and turf algae during the application
of semi-automatic photo annotation. The importance
of distinguishing between them depends greatly on
the goal of the photo classification, for example, pro-
viding justification to group these substrates when
used to inform the calculation of reef carbon budgets
while remaining an important distinction for monitor-
ing trajectories of benthic reef change. We urge fur-
ther research that builds upon the results of this study
from diverse geographic locales to capture spatial
and temporal variability in this apparent taxonomic
and functional homogenization.
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