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significant predictors of bacterial composition. Data were 
collected on reefs surrounding the island of Koh Tao (Gulf 
of Thailand). A total of 201 mats from 16 different locations 
around the island were classified into eight distinct morpho-
types. Of these, the bacterial communities of 44 mats, rep-
resenting colour groups from multiple sites, were character-
ized using 16S rRNA gene high-throughput sequencing. Our 
data revealed that Proteobacteria, Cyanobacteria, Bacterio-
detes and Planctomycetes were the four most abundant phyla 
and occurred in all samples. Abundant cyanobacterial zero-
radius operational taxonomic units (ZOTUs) were closely 
related to prokaryotic sequences found in previous studies of 
coastal mats (98–100%) and were assigned to genera in the 
order Oscillatoriales, e.g. Hormoscilla, Okeania, and Oscil-
latoria. Abundant proteobacterial ZOTUs were assigned to 
orders in the classes Alpha- and Gammaproteobacteria, 
e.g. Rhodobacterales, Rhizobiales and Alteromonadales. 
Abundant Bacteriodetes ZOTUs were mainly assigned to 
the class Bacteroidia and order Cytophagales. Our results 
showed that mats consist of a diverse and variable bacterial 
consortium, with mat colour (morphotype), substrate type 
and geographic location only explaining a small part of the 
total variation in composition.

Keywords Cyanobacteria · Bacterial community 
diversity · Microbial mat · 16S rRNA gene amplicon 
sequencing

Introduction

Coral reef ecosystems are well-known for their high levels 
of biodiversity (Fisher et al. 2015), as well as their economic 
(Wongthong and Harvey 2014) and ecological importance 
(Moberg and Folke 1999). Over the past decades, a growing 

Abstract Benthic cyanobacterial mats are increasingly 
reported to cover major coral reef areas. Although sugges-
tions have been made that cyanobacterial mats impair coral 
reef health in multiple ways, information is lacking regard-
ing the distribution, morphotypical variation and bacterial 
species composition of these microbial mats. As such, this 
study aimed to (1) Reveal the bacterial community diversity 
and composition of different mat morphotypes, (2) Identify 
the most abundant community members and closely related 
organisms, (3) Assess to what extent, morphotype, colonized 
substrate (coral or abiotic substrate), depth, and site were 
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body of evidence has highlighted the influence of both 
natural and anthropogenic stressors on reef environments 
(Hughes et al. 2003, 2017). In particular, coral cover decline 
caused by benthic competition with other species or biofoul-
ing organisms has increased (Turicchia et al. 2018; Hudatwi 
et al. 2021; Allchurch et al. 2022). Marine sponges, for 
example, have been shown to directly outcompete scleractin-
ian corals across various areas in the Caribbean (Aerts and 
van Soest 1997; Aerts 1998; Aronson et al. 2002; Loh et al. 
2015) . Likewise, the cyanobacteriosponge Terpios hoshi-
nota was shown to be responsible for dramatic reductions in 
coral cover across various locations in the Indo-West Pacific 
(de Voogd et al. 2013; van der Ent et al. 2016; Yang et al. 
2018; Fromont et al. 2019; Aini et al. 2021) . The current 
shifts in community structure in reefs suggest a tendency 
towards rapid growth and low structural diversity, particu-
larly following mass-mortality events such as those induced 
by widespread bleaching (Diaz-Pulido and McCook 2002), 
predator outbreaks (Kayal et al. 2012; Hoeksema et al. 2013) 
or diseases (Harvell et al. 2007; Montano et al. 2013).

The best documented changes in coral reef composition 
are the globally occurring coral-algal phase shifts (Gorgula 
and Connell 2004; McManus and Polsenberg 2004; Sandin 
et al. 2008; Bahartan et al. 2010; de Bakker et al. 2017) , 
where corals are overgrown or replaced by macro- or turf 
algae, the latter being densely packed assemblages of short 
filamentous algae and cyanobacteria. More recently, how-
ever, benthic cyanobacterial mats (hereafter referred to as 
mats) have increasingly been reported to cover large areas 
of coral reef even to the point of being the dominant ben-
thic substrate in certain areas of the Caribbean, Indian and 
Pacific Oceans (reviewed by Ford et al. 2018) . These spe-
cific types of microbial mats often occur on coral rubble 
or sandy substrates and are suggested to be indicators of 
recent reef degradation due to their prevalence on recently 
denuded reef substrate (Sandin et al. 2008; Charpy et al. 
2012). Additionally, mats have also been shown to overgrow 
other benthic denizens, including scleractinian corals and 
fleshy algae (Ritson-Williams et al. 2005; Puyana and Prato 
2013; de Bakker et al. 2017)  under certain environmental 
conditions, such as reduced water quality (iron and phospho-
rous enrichment), grazing pressure, and/or elevated seawater 
temperatures (Kuffner and Paul 2001; Bender et al. 2014; 
Brocke et al. 2015) . Mat proliferation on top of corals and 
algae can also reduce light and oxygen availability (Puyana 
and Prato 2013).

After colonization, mats alter the functioning of reef eco-
systems in various ways, for example, by increasing organic 
matter production and nitrogen fixation (Cardini et al. 2014; 
den Haan et al. 2014; Brocke et al. 2018). Increased bioavail-
able nutrients, in turn, can favour algal as opposed to coral 
growth. Also, various types of mats have been shown to be 
toxic to certain coral species (Gantar et al. 2009; Charpy 

et al. 2010; Sato et al. 2016) . For example, the widespread 
“black band” coral disease is caused by the same microbial 
consortium found in certain benthic microbial mats (Rich-
ardson 1997; Frias-Lopez et al. 2003; Cissell et al. 2022). 
Other mats have been shown to inhibit coral larvae settle-
ment (Kuffner and Paul 2004; Kuffner et al. 2006) , possibly 
due to secondary metabolites produced by bacterial con-
stituents of the mats . Furthermore, a recent study showed 
fish that usually feed on corals or algae did not consume 
cyanobacterial mats (Ford et al. 2021). As such, persistent 
occurrence of mats over large areas could potentially lead 
to reductions in fish populations and impair the key eco-
logical functions they fulfil, such as top-down forcing (Ford 
et al. 2021). In contrast, other observational studies revealed 
cyanobacterial mats as significant foraging targets of mul-
tiple fish species on Indo-Pacific and Caribbean reefs, and 
suggested cyanobacteria were preferred nutritional targets 
for several reef grazers (Clements et al. 2017; Cissell et al. 
2019). These seemingly contrasting findings might indicate 
variability in the toxicity of the cyanobacterial mats, leading 
to heterogeneity in cyanobacterial mat consumption, and as 
such, top-down forcing (Cissell and McCoy 2022). In fresh-
water mats of Microcoleus, for example, nitrogen speciation 
and availability drive the abundance of closely related toxic 
and nontoxic Microcoleus strains (Tee et al. 2021).

Although microbial mats are widely studied (Bolhuis 
et al. 2014; Wood et al. 2020) , less is known about the spe-
cific microbial composition of mats in coral reef systems. 
Studies that investigated mats in tropical areas have mainly 
focused on mats which colonized abiotic substrates such as 
sandy bottoms or did not report on the specific substrate that 
was colonized (Croce et al. 2021). Only the, visually domi-
nant, cyanobacterial composition of these mats was analysed 
and showed to vary among different locations; they were 
dominated by either non-heterocystous (Bauer et al. 2008; 
Brocke et al. 2018), or a combination of heterocystous and 
non-heterocystous cyanobacteria (Abed et al. 2003; Charpy 
et al. 2007) . Recently, Cissell and McCoy (2020) reported 
on the relatively high abundance of other bacterial phyla 
in addition to cyanobacteria in coral reef microbial mats. 
In general, microbial mats are known to consist of interde-
pendent layers inhabited by heterotrophic, chemotrophic and 
phototrophic micro-organisms (Paerl and Pinckney 1996) . 
Their ability to change the dominant metabolic pathway 
according to nutrient availability, enables them to colonize 
a wide range of habitats (Paerl and Pinckney 1996) . The 
findings of Cissell and McCoy (2020) suggest that this adap-
tive strategy might also apply to coral reef cyanobacterial 
mats. It is important, therefore, to shift focus to the whole 
bacterial community of mats and not solely focus on the 
cyanobacterial component.

The present study investigated the abundance, bac-
terial species composition, and distribution of benthic 
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cyanobacterial mats around the reefs of Koh Tao, Thailand. 
The reefs around the island consist of biodiverse, dense 
fringing reefs and offshore submerged granite pinnacles, 
containing some of the highest coral coverages in the Gulf 
of Thailand (Yeemin et al. 2006; Phongsuwan et al. 2013; 
Scott et al. 2017a). The reefs of Koh Tao, however, are 
threatened by biotic and abiotic factors such as coral preda-
tion, mass bleaching and tourism (Hoeksema and Matthews 
2011; Lamb et al. 2014; Scott et al. 2017b; Moerland et al. 
2019) . With the collected data, we aimed to (1) Reveal the 
bacterial community composition and diversity of different 
mat morphotypes; (2) Identify the most abundant commu-
nity members and closely related organisms; (3) Assess to 
what extent, mat morphotypes, colonized substrate (coral or 
abiotic substrate), depth, and site were significant predictors 
of variation in bacterial composition.

Material and methods

Study area and data collection

Mat samples were collected from coral reef substrate at 
depths ranging from 0.5 to 15.2 m during May and June 
2018 around the Island of Koh Tao, Gulf of Thailand, Thai-
land (Fig. 1). Water temperatures varied between 29 and 
32 °C. In total, 16 different locations were surveyed around 
the island (Fig.  1) using the Roving Diving Technique 
(RDT) (Schmitt et al. 2002; Munro 2005; Hoeksema and 
Koh 2009). As our goal was to capture the wide diversity 
of cyanobacterial mats present around the island, the RDT 
was chosen, as opposed to transect lines, in order to increase 
the area and environmental gradients covered during one 
dive. The method enabled us to capture a wide diversity of 
cyanobacterial mats present around the island. Each detected 
mat was documented using underwater photographs; colour, 
depth of occurrence, and the underlying substrate (Tables 1 
and 2). Samples were collected from a subset of the observed 
mats using a small plastic disposable syringe and were sub-
sequently stored in 2-ml Eppendorf tubes containing 96% 
ethanol. These tubes were later stored (− 20 °C) at Naturalis 
Biodiversity Center, Leiden, the Netherlands, where DNA 
was extracted for bacterial community analysis.

DNA extraction and 16S rRNA gene sequencing

Of the collected mats, 44 samples covering different envi-
ronmental gradients (colour, depth, substrate, geographic 
location) were selected for prokaryotic community analy-
sis. Samples were dried using a vacuum centrifuge after 
which DNA extraction was performed using the MoBio 
Powersoil® DNA isolation kit (MO BIO Laboratories 
2016) according to the manufacturer’s instructions.

For the 16S rRNA gene amplification, the V4 vari-
able region was amplified by PCR, using the primers ill-
CUs515F 5′-GTG YCA GCMGCC GCG GTAA-3′ (Parada 
et al. 2016) and new806RB 5′-GGA CTA CNVGGG TWT 
CTAAT-3′ (Apprill et al. 2015) with an index on the for-
ward primer to allow multiplexing of samples . A 28 cycle 
PCR was performed in triplicate using the HotStarTaq 
Plus Master Mix Kit under the following conditions: 95 °C 
for 10 min, followed by 28 cycles of 95 °C for 30 s, 53 °C 
for 40 s and 72 °C for 1 min, after which a final elonga-
tion step at 72 °C for 5 min was performed. To check 
for amplification, products were loaded onto 2% agarose 
gels (E-gel). Samples were pooled together using qiagil-
ity equimolar pooling (Qiagen 2018) based on DNA con-
centrations measured on the Qiaxcel (Qiagen 2017) . The 
pooled sample was then purified with the use of calibrated 
Ampure XP beads (Beckman Coulter) to a molar concen-
tration of 38.5 nmol (Agilent Technologies 2009).

To prepare for sequencing, the PGM Hi-Q View OT2 
kit was used following the manufacturer’s protocol (Ther-
mofisher Scientific 2017a) . The DNA was loaded onto an 
Ion 318™ Chip v2 BC chip and sequenced using the Ion 
PGM Hi-Q sequencing kit following the manufacturer’s 
protocol (Thermofisher Scientific 2017b) .

Fig. 1  Map of Koh Tao (Thailand, Gulf of Thailand) displaying the 
16 sample locations (black dots) and associated names
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The obtained reads were processed using the OpenStack 
High-Performance cloud computing environment at Natu-
ralis using Galaxy (Afgan et al. 2018)  as a graphic user 
interface. After removal of the forward and reverse primers 
with the Cutadapt primer trimmer (Martin 2011), reads were 
trimmed using PRINSEQ to a length of 250 bp (Schmieder 
and Edwards 2011) . Denoising (error-correction) of reads 
was performed to identify all correct biological sequences 
following the UNOISE2 algorithm (α = 2.0, minimally 
accepted abundance before clustering = 8; Edgar 2016). This 
algorithm defines centroid sequences by removing chimeras 
and reads with sequencing errors resulting in ZOTUs (“zero-
radius” OTUs) for subsequent identification by BLAST. 
Total reads, reads per sample and reads maintained after 
quality are listed in Tables S1 and S2.

Taxonomy was assigned using the SILVA 132 SSUParc 
database (Quast et al. 2013) . First, a nucleotide BLAST 
(Altschul et al. 1990)  was done with 100 hits per ZOTU 
representative sequence. Hereafter, sequence reads were 
identified to the taxon of the best hit when the identity per-
centage and query coverage was above 97%. To be able to 
assign higher-level taxonomic assignments for ZOTUs with-
out direct hits in the reference database, we used the lowest 

common ancestor (LCA) tool described in Beentjes et al. 
(2019). The LCA script was performed on the top 8% hits 
which met the following conditions: minimum bit-score of 
100; minimum identity of 90%; minimum coverage of 97%. 
ZOTUs with solely hits below 90% identity percentage were 
classified as “not identified”.

For the cyanobacterial ZOTUs, the SILVA taxonomic 
assignment did not show consistent results, e.g. several gen-
era and families were assigned to varying orders and classes. 
Correct nomenclature of cyanobacteria has long been a topic 
of discussion (Oren and Ventura 2017), which has resulted in 
inconsistencies in taxonomic assignment. To obtain consist-
ent classification of our cyanobacterial ZOTUs, we blasted 
the representative sequences of the cyanobacterial ZOTUs 
using NCBI nucleotide blast (NCBI 2021) . Subsequently, 
we verified taxonomic classification using the taxonomy of 
Algae Base (Guiry and Guiry 2020). Best blast hits with 
identity coverages < 90% (21 ZOTUs) did not replace the 
acquired SILVA taxonomy. The DNA sequences generated 
in this study can be downloaded from the National Center 
for Biotechnology Information (NCBI 2021) Sequence Read 
Archive (SRA): PRJNA752973. Sample metadata are listed 
in Tables S3 and S4.

Statistical analysis

A data matrix containing ZOTU counts per sample was 
imported into R using the read.csv function. ZOTUs not 
identified at the phylum level and above, chloroplasts and 
mitochondria were removed prior to statistical analysis. The 
resultant reduced data table was rarefied to 10,900 sequences 
per sample, which excluded three low-read samples. A Hell-
inger dissimilarity/distance matrix was constructed using 
the ZOTU counts table as input. The Hellinger (Rao 1995) 
distance is recommended to analyse species abundance 
data as it corrects for the double 0 problem when assess-
ing similarities among samples (Legendre and Gallagher 
2001; Ramette 2007). Moreover, in a comparative study of 
various distance matrixes (Chord, Chi-square, Hellinger, 

Table 1  Total observed 
cyanobacterial mats 
summarized based on their 
morphotype and colonizing 
substrate

A.S. = Artificial structure; Benthos = Sand and rubble

A.S. Benthos Coral Dead coral Macro algae Rock Rope Rubble Sand Total

Brown 1 1 1 2 1 6
Green 7 7
Green–brown 1 7 6 2 25 41
Grey–black 1 2 3
Lila 2 4 6
Orange 2 2 4
Purple 11 2 14 10 2 4 41 84
Red 1 1 19 1 10 2 16 50
Total 14 13 43 13 2 18 2 95 201

Table 2  Number of mats 
per coral genus where 
cyanobacterial mat overgrowth 
was observed

Coral Genus Counts

Acropora 15
Astreopora 1
Diploastrea 2
Favites 1
Fungia 2
Gardineroseris 1
Lobophyllia 4
Platygyra 1
Pocillopora 11
Porites 4
Unidentified 1
Total 43
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Bray–Curtis), it gave low weights to rare species, was mono-
tonically related to the geographic distance along a model 
gradient and reached an asymptote for sites with no spe-
cies in common. It also produced little ‘horseshoe effect’ or 
inward folding of sites at opposite ends of the gradient, in 
ordinations (Legendre and Gallagher 2001). The Hellinger 
matrix was constructed by first transforming the ZOTU table 
with the decostand function in vegan (Oksanen et al. 2019) 
with the method argument set to ‘Hellinger’. With this trans-
formation, the ZOTU table was adjusted such that subse-
quent analyses preserved the chosen distance among objects 
(samples in this case). The Hellinger distance matrix was 
subsequently created with the vegdist() function in vegan 
using the Hellinger-transformed ZOTU table as input and 
the method argument set to ‘euclidean’.

Variation in prokaryotic composition among biotopes 
was visualised with Principal Coordinates Analysis (PCO) 
using the cmdscale function in R with the Hellinger dis-
tance matrix as input (the Bray–Curtis matrix gave very 
similar results). Variation among colour morph (morphs 
with at least three replicates: green–brown, red and purple), 
substrate (biotic versus abiotic), site (eastern vs. western 
site of the island) and depth (grouped into 0–5, 5–10, and 
11–15 m depth ranges) were tested for significance using the 
adonis2() function in vegan. In the adonis analysis, the hell-
inger matrix of mat composition was the response variable 
with colour morph, substrate, depth or site as independent 
variables (permutations set to 999). To control for inter-
dependence among variables, we restricted permutations 
to only occur within substrate, when testing for variation 
among colour morphs. Likewise, we restricted permutations 
to occur within colour morph, when testing the effect of sub-
strate. Additionally, differences in depth distribution among 
substrates and colour morphs were analysed using the func-
tion Gtest() in the R package DescTools. The results gave 
a non-significant difference in depth distribution between 
substrate (G = 0.91836, Chi-square df = 2, p = 0.6318) and 
colour morphs G = 5.2033, Chi-square df = 4, p = 0.2671). 
Subsequently, the association between bacterial dissimilar-
ity (using the Hellinger distance matrix) and geographic 
distance/depth difference was tested for significance with 
the mantel function in the R package vegan (Oksanen et al. 
2013) . Detailed descriptions of the functions used here can 
be found in R (e.g. ?cmdscale) and online in the reference 
manuals (e.g. http:// cran.r- proje ct. org/ web/ packa ges/ vegan/ 
index. html; assessed 21 September 2021).

In addition to PCO, we used unconstrained, hierarchical 
clustering to identify strongly supported clusters with the 
pvclust package (Suzuki and Shimodaira 2013). The pvclust 
package provides validation procedures to test the uncer-
tainty of a classification (Borcard et al. 2018), namely, calcu-
lating the bootstrap probability (BP) and the approximately 

unbiased P values (AU) based on multiscale bootstrap res-
ampling. High AU values indicate that a given cluster is 
strongly (e.g. AU ≥ 80) or significantly (AU ≥ 95) supported 
by the data. In pvclust, a hierarchical clustering dendrogram 
was produced using the pvclust() function with the method.
dist argument set to "euclidean" and the method.hclust set 
to "ward.D2" (Ward 1963). Input for the function consisted 
of the Hellinger-transformed ZOTU table. Ward’s method 
(Ward 1963) minimises within-group sum of squares. With 
the above procedure, we were interested in assessing to what 
extent mat morphotype formed strongly supported clusters. 
The simper() function in vegan was used to identify signifi-
cantly discriminating ZOTUs between pairs of morphotypes 
based on the square root transformed ZOTU table and 999 
permutations. The discriminating ZOTUs contribute the 
most to differences between morphotypes.

Closely related organisms to the most abundant ZOTUs 
were identified using the NCBI BLAST command line 
“blastn” tool with the -db argument set to nt. In the blast 
alignment, default parameter settings were used: Expect 
threshold (e-value) = 0.05, word size = 28, maximum target 
sequences = 100, and Match/Mismatch scores = 1,-2. To 
detect a core community, our ZOTU table, taxonomy data 
and metadata were loaded into a phyloseq object using the 
function phyloseq() of the R package phyloseq. The created 
phyloseq object was loaded into the function core_mem-
bers() from the R package microbiome, with the arguments 
set to: detection = 0, prevalence = 95/100. A detection 
threshold equal to 0 includes all the nonzero occurrences.

Results

Morphotypes cyanobacterial mats and distribution

A total number of 201 mats were observed at 16 different 
locations around the island (Table S3). Eight differently 
coloured mats were distinguished on nine different sub-
strate types including ten different coral genera (Tables 1 
and 2; Fig. 2). Acropora and Pocillopora were the most fre-
quently colonized coral genera (observed at six locations), 
followed by corals of the genus Porites (three locations) 
and Diploastrea (two locations). Mats differed in terms of 
structure; green, brown, green–brown, purple, orange and 
red mats consisted of thin slimy layers. Black-grey mats, 
in turn, were more filamentous and lilac mats consisted of 
small patches, both slimy and filamentous. Of all mats, pur-
ple (31%), green–brown (20%) and red (25%) were the most 
frequently observed morphotypes and occurred at all survey 
depths (from the reef edge up to 15 m depth) at 6, 9, 10 and 
12 different locations, respectively (Tables 1, 2, S3).

http://cran.r-project.org/web/packages/vegan/index.html
http://cran.r-project.org/web/packages/vegan/index.html


82 Coral Reefs (2023) 42:77–91

1 3

Overall bacterial composition

Forty-four mat samples were analysed using 16S rRNA 
gene sequencing (Table S4). After quality control and 
rarefaction, the dataset in the present study consisted of 
446,900 sequence reads binned into 13,023 ZOTUs. These 
were assigned to 41 phyla, 83 classes, and 192 orders. 
The most abundant phyla were Proteobacteria (182,248 
sequences; 6028 ZOTUs), Cyanobacteria (101,297 
sequences; 251 ZOTUs), Bacteroidetes (77,027 sequences; 
2639 ZOTUs), Planctomycetes (35,240 sequences; 1717 
ZOTUs), and Verrucomicrobia (20,213 sequences; 535 

ZOTUs) (Fig. 3). The most abundant classes were Cyano-
phyceae (94,365 sequences; 212 ZOTUs), Gammaproteo-
bacteria (88,573 sequences; 2374 ZOTUs), Bacteroidia 
(74,472 sequences; 2487 ZOTUs), Alphaproteobacteria 
(70,902 sequences; 1899 ZOTUs), and Deltaproteobac-
teria (20,753 sequences; 1658 ZOTUs). The most abun-
dant orders were Oscillatoriales (91,129 sequences; 92 
ZOTUs), Cytophagales (45,700 sequences; 1017 ZOTUs), 
Rhodobacterales (24,530 sequences; 455 ZOTUs), Alte-
romonadales (23,025 sequences; 293 ZOTUs), and Cell-
vibrionales (17,806 sequences; 554 ZOTUs).

Fig. 2  Underwater photographs 
of the various benthic cyanobac-
terial mats observed around the 
Island of Koh Tao: (a) brown 
mat on benthos, (b) orange mat 
on benthos, (c) purple mat on 
Fungiidae spp., (d) red mat on 
Pocillopora sp., (e) greenbrown 
mat on coral rubble, (f) green 
mat on benthos, (g) lila mat on 
a vermetid gastropod, Ceraesig-
num maximum, (h) greyblack 
mat on green algae and benthos
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Bacterial mat community structure and diversity

The samples exhibited pronounced variation in terms of 
the relative abundance of phyla, classes and orders (Fig. 3). 
For example, the percentage of sequences assigned to the 
Proteobacteria varied from 12.8 to 70.1% among samples, 
while cyanobacterial relative abundance varied from 0.77 
to 67.3%. Richness varied from a low of 633 to a high of 
3631 ZOTUs per sample, while evenness varied from 0.38 
to 0.90 per sample. There was also considerable variation 
within colour morphs. For example, samples of the red col-
our morph included specimens with the lowest and highest 
richness values (Fig. S1).

Overall, no significant differences (p < 0.05) were 
detected among the three most abundant colour morphs 
(nred = 14, npurple = 17, ngreen–brown = 7) when considering 
cyanobacterial ZOTUs (adonis: F2, 35 = 1.27; p = 0.156; 
R2 = 0.068). However, significant differences were detected 
when considering the whole bacterial communities (adonis: 
F2, 35 = 1.18; p = 0.039; R2 = 0.063, Fig. 4). Colour morph, 
however, only explained a small amount of the variation in 
composition in our dataset (~ 6%) and the PCO analysis, 
furthermore, revealed considerable overlap among clusters 
of green–brown, red, and purple mats along the first two 
axes of variation (Fig. 4).

We also tested to what extent substrate type (nlive = 20 and 
nnon-living = 18), depth (nshallow = 3, ninter = 23, ndeep = 12) and 
sampling location (neastern = 16 and nwestern = 22) influenced 
bacterial composition. There was a significant effect of sam-
pling location (adonis: F1, 36 = 1.17; p = 0.026; R2 = 0.031), 

whereas we observed a non-significant effect of depth 
(adonis: F2, 35 = 0.97; p = 0.408; R2 = 0.055) and substrate 
(adonis: F1, 36 = 1.12; p = 0.203; R2 = 0.030) on bacterial 
composition. These factors, however, only explained a small 
amount of the variation in the dataset (e.g. substrate and 
sampling location: ~ 3% each). There were no statistically 
supported interactions. Also, no statistical support was found 
for the hypothesis that mat bacterial community composi-
tion varied among mats recorded on different coral species 

Fig. 3  Relative abundance of the 10 most abundant bacterial phyla 
(a), orders (b), and classes (c) of the whole dataset. Boxplots rep-
resent the first (25%) and the third (75%) quartile (lower and upper 
hinge) and the median with a 95% confidence interval (the notch). 
Whiskers display 1.5 × the interquartile range. Outliers are presented 
as dots. Full names of the taxa abbreviated in the figure from left to 
right: Phyla: Proteobacteria, Cyanobacteria, Bacteriodetes, Planc-

tomycetes, Verrucomicrobia, Chloroflexi, Acidobacteria, Actino-
bacteria, Fusobacteria, and  Lentisphaerae. Classes: Cyanophyceae, 
Gammaproteobacteria, Bacteroidia, Alphaproteobacteria, Deltapro-
teobacteria, Verrucomicrobiae, Phycispaerae, vadinHA49, Unas-
signed, and  Anaerolineae. Orders: Oscillatoriales, Cytophagales, 
Unassigned, Rhodobacterales, Alteromonadales, Cellvibrionales, Fla-
vobacteriales, Opitutales, unknown.order, and Vibrionales

Fig. 4  Ordination showing the first two axes of the principal coor-
dinates analysis (PCO) of ZOTU composition. Light grey symbols 
represent operational taxonomic unit (ZOTU) scores with the symbol 
size proportional to their abundance (number of sequence reads). Col-
oured symbols represent samples labeled by the colour morphs of the 
mats
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(including only specimens sampled from live coral colonies; 
adonis: F3, 14 = 1.03; p = 0.346; R2 = 0.181). Additionally, 
there was a non-significant association between community 
dissimilarity and the distance among sample locations (Man-
tel r: 0.074; p = 0.221) or depth (Mantel r: 0.090; p = 0.162; 
Fig. 5).

To further analyse if there was any clustering of our 
samples based on their associated bacterial community, a 
hierarchical clustering analysis was performed (Fig. S2). 
Strongly supported clusters are indicated by blue nodes 
(0.90 < AU < 0.95) and significantly supported clusters by 
red nodes (AU > 0.95). Our data displayed one strongly sup-
ported cluster, which consisted of 17 samples of varying 
colour morphs. Within this larger cluster, two green–brown 
samples formed a significant cluster. The data showed 
one other significant cluster, which consisted of one 
green–brown and one purple sample. The rest of the data 
did not reveal any significant clustering.

Most abundant bacterial members

The 40 most abundant ZOTUs are presented (Fig.  6, 
Table S5), including their taxonomic assignment and their 
closest relatives in GenBank. The seven most abundant 
ZOTUs were assigned to Cyanobacteria, of which six were 
closely related to different genera of the order Oscillatoriales 
(98–100% sequence similarity). The most abundant ZOTU 
(ZOTU 1) had 100% sequence similarity to a benthic cyano-
bacterial organism classified as Blennothrix cantharidosma 
(note: BLAST hit shows the homotypic synonym name 
Hydrocoleum cantharidosmum; Table S5) collected from 
coral reefs in French Polynesia. The second and fourth most 
abundant ZOTUs (ZOTU 3 and ZOTU 10) both had high 
sequence similarity to an organism identified as Oscillatoria 

sp., which was collected from coral reefs in French Polyne-
sia (> 99%). ZOTU 6, the third most abundant ZOTU, was 
a discriminating ZOTU between purple and red mats (sim-
per, p = 0.017, Table S6) and had 100% sequence similar-
ity to an organism identified as Okeania collected from a 
cyanobacterial mat in a coastal area of Japan. One abundant 
cyanobacterial ZOTU (ZOTU 16, genus Hormoscilla) had 
high sequence similarity to an organism obtained from a 
coral (Dipsastraea sp.) suffering from black band disease, 
collected in the Red Sea (99.2%). It was a discriminating 
ZOTU between red and green–brown mats and was par-
ticularly abundant in one green–brown mat sample (simper, 
p = 0.001; Table S6, Fig. 6). Other cyanobacterial ZOTUs 
had high sequence similarities to organisms of the genera 
Planktothricoides, Lyngbya, and Caldora (all order Oscilla-
toriales, 98–99%), which were obtained from various marine 
habitats, e.g. a mangrove system, fish and an intertidal micro-
bial mat. In addition to the cyanobacteria, the mats consisted 
of several abundant proteobacterial ZOTUs assigned, using 
the Silva database, to the classes Alpha- and Gammapro-
teobacteria, and ZOTUs assigned to the class Bacteroidia 
(Fig. 6, Table S5). Of the 40 most abundant ZOTUs, ZOTUs 
4 (unassigned cyanobacteria), 16, 80 (assigned to Hormos-
cilla), 50 (assigned to Persicobacter), 58 (assigned to Vibrio), 
and 81 (assigned to the family Phycispaeraceae) significantly 
discriminated between red and green–brown mats, whereas 
ZOTUs 6 (assigned to Okeania), 7 (assigned to Ruegeria) 
and 51 (assigned to the family Cyclobacteriaceae) signifi-
cantly discriminated between purple and red mats (simper, 
p < 0.05; Table S6). None of the 40 most abundant ZOTUs 
significantly discriminated between purple and green–brown 
mats (simper, p > 0.05; Table S6).

Besides the variation detected among our mat bacterial 
communities, we found 22 ZOTUs that occurred in 95% of 

Fig. 5  The Hellinger dis-
similarity measure (y-axis) of 
the samples is plotted against 
the geographical distance (a) 
and the difference in depth (b) 
among the samples
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the samples (Table S7), of which 11 were among the 40 most 
abundant ZOTUs (Fig. 6: core ZOTUs labelled as “*”). Of 
these ZOTUs, 18 were assigned to varying families and orders 
of three proteobacterial classes (Table S7). 3 ZOTUs were 
assigned to the family Cyclobacteriaceae and 1 ZOTU was 
assigned to the family Crocinitomicaceae (Bacteriodetes).

 4. Discussion

In this study, we provide observational data on the occurrence 
and bacterial diversity of cyanobacterial mats in a tropical 
coral reef ecosystem. Our findings showed that there are a vari-
ety of mat morphotypes across varying substrates, including 
live corals. The bacterial community analysis revealed mats 

with variable diversity and structure. Of the total number of 
reads detected in our dataset, 22.6% was assigned to Cyano-
bacteria, whereas 40.8% was assigned to Proteobacteria, 17.2% 
to Bacteroides, and 7.9% to Planctomycetes. Among mats, we 
detected a core community composed of several Proteobac-
teria and Bacteriodetes, but also observed pronounced varia-
tion in bacterial composition. The variation was only weakly 
related to the measured environmental variables (colour, depth, 
geographical location and substrate).

Variation and similarity in mat community structure 
and composition

There was pronounced variation in bacterial diversity and 
community structure among mat communities. Several of 

Fig. 6  Relative abundance of the 40 most abundant ZOTUs. The size 
of the symbol is proportional to the relative abundance of the specific 
ZOTU. Colours display the corresponding bacterial phyla. Y-axis rep-
resents ZOTUs labelled with their assigned genus and number. X-axis 

displays samples. Samples are ordered according to colour morph: G: 
greenbrown; L: lila, O: orange, P: purple, R: red. Numbers represent 
individual sample numbers. Core ZOTUs are labelled as “*”
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our sampled mats were dominated by one or two cyanobac-
terial ZOTUs, whereas others consisted of a multitude of 
bacterial members at lower relative abundances. Other stud-
ies have likewise confirmed high bacterial variation in mat 
communities (Cleary et al. 2019). Certain mats seem to be 
dominated by a single cyanobacterial species (Brocke et al. 
2018) , where others consisted of a consortium of bacterial 
members (Cleary et al. 2019; Cissell and McCoy 2020) .

Although not statistically significant, we observed a 
trend where, up to 4 km distance, mat community dissimi-
larity increased with greater geographic distance (Fig. 5). 
Increased dissimilarity with distance (distance-decay rela-
tionship) could indicate that the variation was driven by 
limited species dispersal or spatial heterogeneity in the 
environment. From 4 to 7 km distance, however, dissimilar-
ity between mats decreased again, suggesting the relative 
importance of spatial heterogeneity and dispersal limita-
tion decreased in comparison to local drivers of change. For 
example, the successional patterns of the mats during their 
development may have been an important driver of com-
munity variation. Cyanobacterial mats are known to shift in 
bacterial composition and structure over time, where early-
colonizing assemblages of photo-autotrophic, nitrogen fixing 
bacteria create a niche for heterotrophic bacteria (e.g. Pro-
teobacteria and Bacteriodetes) (Brislawn et al. 2019) . Such 
a trend may have masked the effects of other factors on the 
bacterial community composition of the mats (e.g. substrate, 
depth, or geographic distance).

Moreover, the colour of the mat only explained 6% of 
variation in composition, whereas cyanobacterial reads did 
not differ significantly at all among colour morphs. These 
results indicate that classification based on morphotype, a 
method used in several field guides (Littler and Littler 2000; 
Humann and Deloach 2013) cannot be used to make any 
assumption about the cyanobacterial composition of benthic 
cyanobacterial mats.

Up until now, studies on marine (cyano)bacterial mats did 
not include core community analyses, possibly due to the 
often-limited number of mats investigated (Cardoso et al. 
2017; Cleary et al. 2019; Cissell and McCoy 2020). Here, 
next to the observed variation among mats, we could detect a 
core community of 22 ZOTUs, meaning these ZOTUs were 
present in 95% of the samples. Interestingly, there were no 
cyanobacterial ZOTUs among the core members but all were 
either classified as Alpha-, Gamma- and Deltaproteobacteria 
or Bacterodia. Blast results revealed 100% sequence similar-
ity of several abundant core members, classified as Ruegeria 
(ZOTU 7), Fabibacter (ZOTU 18), Congregibacter (ZOTU 
43) and Marinovum (ZOTU 57), to organisms previously 
found in seawater. In congruence, other studies reported on 
high abundances of these taxa in mats (Cardoso et al. 2019; 
Cleary et al. 2019) and seawater (Sonnenschein et al. 2017; 
Cleary et al. 2019).

Auto‑ and heterotrophic bacteria in diverse mat 
communities

As previously observed in mats sampled in other coral reef 
systems in the Pacific, the Indian Ocean, and Caribbean Sea 
(Abed et al. 2003; Thacker and Paul 2004; Charpy et al. 
2010; Brocke et al. 2018; Ford et al. 2021), our results 
revealed high abundances of cyanobacterial ZOTUs of 
the order Oscillatoriales and the genera Blennothrix, Hor-
moscilla, Oscillatoria, Okeania, Planktothricoides,  and 
Lyngbya. Interestingly, ZOTU 1, the most abundant and 
widespread ZOTU in our data and assigned to the genus 
Blennothrix, had 100% sequence similarity to Blennothrix 
cantharidosma. Strains of this genus have been shown to be 
abundant and important benthic dinitrogen fixers in mats 
collected from reefs of the southwestern Indian and north-
western Pacific ocean (Charpy et al. 2010). It should be 
noted that although cyanobacteria were not the most domi-
nant group in terms of sequence reads, filamentous cyano-
bacterial cells are typically far larger than most bacterial 
cells of the groups recorded in the present study (Palińska 
et al. 2015). Cyanobacteria may, thus, still represent a domi-
nant portion of the total bacterial biomass. The distinction 
between biomass versus the relative abundance of sequenc-
ing reads might be especially relevant regarding reef trophic 
ecology. Bacterial species that dominate in terms of biomass 
likely have a greater impact on the nutritional status of the 
mat, which in turn, influences fish grazing (top-down con-
trol) (Cissell and McCoy 2022).

In terms of sequence abundance, however, cyanobacteria 
are only one component of a diverse microbial consortium 
(Wong et al. 2015; Cissell and McCoy 2020) . Within this 
diverse consortium, Alphaproteobacteria, Gammaproteobac-
teria and Bacteroidia were consistently abundant members. 
Bacteria of these classes have been shown to be abundant 
in mat communities in previous studies (Wong et al. 2015; 
Cissell and McCoy 2020). The consistent occurrence of 
these clades suggests a putative, diverse phototrophic com-
munity, as the light-capturing pigment proteorhodopsin has 
been found to be ubiquitous among members of these clades 
(Rusch et al. 2007), whereas anoxigenic phototrophy (AAP), 
in which Bacteriochlorophyll serves as the light-harvesting 
protein, has repeatedly been found in Rhodobacterales and 
Rhodospirrilales members (reviewed by Koblížek, 2015). 
Unlike cyanobacterial phototrophy, the latter two mecha-
nisms are thought to be photoheterotrophic processes, where 
light provides ATP, but the carbon source is organic mat-
ter (Fuhrman et al. 2008) . As mats were collected in the 
shallow euphotic zone of the reef, it is not surprising that 
phototrophy might be a dominant metabolic pathway in the 
mat communities.

In addition to the above, Rhodobacterales and various 
Bacteriodetes members are known to actively degrade high 
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molecular weight macromolecules, e.g. extracellular poly-
meric substances, and cyanobacterial-derived metabolites 
(Cottrell and Kirchman 2000). A potentially aerobic hetero-
trophic taxon that was abundant in our dataset was the order 
Phycispaerae (phylum Planctomycetes). Members of this 
order are ubiquitous in marine environments, and are usu-
ally associated with photoautotrophs (algal and cyanobacte-
rial blooms) (Wiegand et al. 2018) . It would be interesting 
to explore the functional diversity of cyanobacterial mats 
using, for instance, metagenomic shotgun sequencing and 
metabolomics to ascertain to what extent the results of our 
compositional analysis are reflected in functional profiles 
and metabolite composition.

Mat biofouling and toxicity

Mats were most frequently observed on abiotic substrates. 
This trend has previously been detected (Golubic et al. 2010) 
and could be explained by coral defence mechanisms. Koh 
(1997) examined antimicrobial activity among scleractinian 
corals and revealed that extracts of corals inhibited growth of 
varying prokaryotes, in particular a strain of Synechococcus 
sp. Also, coral mucous production, previously shown to be a 
protective mechanism against sedimentation in several spe-
cies of the genus Porites (Bessell-Browne et al. 2017), could 
possibly protect from other types of biofouling.

Interestingly, and likewise found in several other studies 
(Nagle and Gerwick 1995; Ritson-Williams et al. 2005; Puy-
ana and Prato 2013), mat overgrowth was also observed on 
living tissue of several coral taxa. In these cases, the insuf-
ficiency of the coral defence mechanism could be explained 
by the possible toxic nature of the mats. For instance, the 
cyanotoxin microcystin is associated with the widely known 
black band disease and has been shown to impair the struc-
tural integrity of coral tissue, which causes extrusion of 
zooxanthellae from their normal location (Gantar et al. 2009; 
Richardson et al. 2009) . Among the relatively abundant 
ZOTUs in our dataset, ZOTU 16, classified as Hormoscilla, 
showed 99% sequence similarity to an organism associated 
with black band disease of a scleractinian coral (Dipsas-
traea sp.). ZOTU 3, the second most abundant ZOTU in 
our dataset, was classified as Oscillatoria; several strains of 
this genus are known to produce microcystin (reviewed by 
Kaebernick and Neilan 2001). Furthermore, several other 
genera that have been identified in mats are known to be 
able to produce toxins, e.g. Blennothrix (formerly named 
as Hydrocoleum; Laurent et al. 2008; Méjean et al. 2010), 
Planktothrioides (Guidi-Rontani et al. 2014) and Lyngbya 
(Osborne et al. 2001). This may show the potential of cyano-
toxin production, however, it does not indicate whether the 
species in the mats do produce toxins as cyanotoxin produc-
tion is strain specific (e.g. Kurmayer et al. 2004; Kardinaal 
et al. 2007). In addition to potentially harmful cyanobacteria, 

ZOTU 14 and ZOTU 58, which were both part of the core 
community of the mats, were assigned to the genus Vibrio 
with 100% sequence similarity to Vibrio harveyi and Vibrio 
neptunius, respectively. Both of these species are known 
pathogens of fish and invertebrates (Prado et al. 2005; Austin 
and Zhang 2006). Moreover, Vibrio harveyi has repeatedly 
been associated with coral diseases causing tissue necrosis, 
e.g. White and Yellow band diseases (Cervino et al. 2008; 
Luna et al. 2010).

An improved understanding of cyanobacterial mat ecol-
ogy will help to guide endeavours to improve coral reef 
health, particularly given that future climate conditions have 
been predicted to enhance mat proliferation at the expense 
of coral growth. Our results revealed widespread abundance, 
high taxonomic diversity and biofouling activity of different 
mat morphotypes in an Indo-pacific coral reef. Our find-
ings emphasise a holistic approach to studying coral reefs 
in general and benthic (cyano)bacterial mats in particular, 
which should include assessments of the whole prokaryotic 
community.
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