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The microbiota is an important component of the epilithic algal matrix (EAM)
and plays a central role in the biogeochemical cycling of important nutrients in
coral reef ecosystems. Insufficient studies on EAM microbiota diversity have led
to a limited understanding of the ecological functions of EAMs in different
states. To explore the microbial community of EAMs in the Luhuitou fringing
reef in Sanya, China, which has undergone the incessant expansion and
domination of algae over the past several decades, investigations were
conducted in the reef's intertidal zone. Five types of substrate habitats (dead
branching coral, dead massive coral, dead flat coral, granite block, and
concrete block) were selected, and their microbial communities were
analyzed by high-throughput sequencing of EAM holobionts using the 16S
rDNA V4 region. Proteobacteria was the most abundant group, accounting for
more than 70% of reads of the microbial composition across all sites, followed
by Cyanobacteria (15.89%) and Bacteroidetes (5.93%), respectively. Cluster
analysis divided all microbial communities into three groups, namely short,
medium, and long EAMs. Algal length was the most important morphological
factor impacting the differences in the composition of the EAM microbiota. The
three EAM groups had 52 common OTUs and 78.52% common sequences,
among which the most abundant were Vibrio spp. and Photobacterium spp.
The three types of EAM also had unique OTUs. The short EAMs had 238 unique
OTUs and 48.61% unique sequences, mainly in the genera Shewanella and
Cyanobacterium. The medium EAMs contained 130 unique OTUs and 4.36%
unique sequences, mainly in the genera Pseudomonas and Bacillus. The long
EAMs only had 27 unique OTUs and 4.13% unique sequences, mainly in the
genus Marinobacter. Compared with short EAM, medium and long EAM had a
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lower proportion of autotrophic bacteria and higher proportion of potential
pathogenic bacteria. It is suggested that EAMs with different phenotypes have
different microbial compositions, and the ecological function of the EAM
microbiota changes from autotrophic to pathogenic with an increase in algal
length. As EAMs have expanded on coastal coral reefs worldwide, it is essential
to comprehensively explore the community structure and ecological role of
their microbial communities.

KEYWORDS

microbiota, community structure, epilithic algal matrix, coral reef,
morphological difference

Introduction

The epilithic algal matrix (EAM) is an important benthic
habitat in coral reef ecosystems, which include turf algae, non-
living organic components (detritus), microbial components,
and inorganic material (sediment) (Wilson and Bellwood, 1997).
Turf algae are heterogeneous assemblages of short filamentous
algae and juvenile macroalgae (Wilson and Bellwood, 1997;
Hester et al,, 2016). EAM is the major contributor to benthic
productivity in coral reefs, being responsible for one-third of the
gross production and most of the net production (Klumpp and
McKinnon, 1989; Tebbett and Bellwood, 2021). EAM is also
home to diverse eukaryotic and prokaryotic microbial
communities (Barott et al, 2011), including various coral
pathogens (Egan et al., 2013). Direct contact between coral
and algae may facilitate the invasion of opportunistic
pathogens, which may lead to coral disease or bleaching due
to toxicity or hypoxia in coral tissues (Barott and Rohwer, 2012).
Thus, characterizing the microbial components of EAM is
critical for understanding its functional diversity and the key
microflora that mediate coral-algal phase shifts.

EAM seems to have a defined and highly diverse core bacterial
community consisting of Cyanobacteria, Proteobacteria,
Actinobacteria, Bacteroidetes, and Firmicutes species (Hollants
et al,, 2013; Hester et al,, 2016). Cyanobacteria are considered the
most important bacteria in the EAM, representing more than half of
all microbes (Stal, 1995; Connell et al., 2014; Echenique-Subiabre
et al,, 2015). These cyanobacteria comprise the genera Anabaena,
Hydrocoleum, Lyngbya, Oscillatoria, Phormidium, Schizothrix, and
Symploca. Proteobacteria is the most common bacterial phylum
associated with the EAM (34-65% relative abundance) (Barott et al.,
2011; Hester et al., 2016; Walter et al., 2016; Meirelles et al., 2018).
The Proteobacteria include the orders Rhodospirales,
Rhodobacterales, and Rhizobiales (Hester et al., 2016). In
addition, some studies have found that Firmicutes can also be a
dominant group in some EAM, with a relative abundance exceeding
80% (Roach et al.,, 2020). In particular, these microbes play a role in
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photosynthesis and the metabolism of nitrogen and sulfur in the
EAM due to their complementary synergistic functions (Walter
et al, 2016). In benthic communities, EAM microbiota that are
dominated by Cyanobacteria significantly contribute to
photosynthesis and nitrogen cycling (Echenique-Subiabre et al,
2015). Moreover, the EAM microbiota indirectly promotes disease
and mortality in adjacent corals because they include several
Cyanobacteria genera that are associated with coral black band
disease, including Phormidium, Leptolyngbya, Oscillatoria,
Geitlerinema, and Cyanobacterium (Myers et al., 2007). However,
it is currently unclear what factors dominate the differences in EAM
microbiota, especially considering that its morphology is complex
and varied (Connell et al., 2014).

The bacterial communities associated with the EAM
significantly differ among the various types of substrate habitats.
Cyanobacteria, which are the dominant microbial group in the
EAM, grow on sandy sediments or hard rocky substrates, or are
epiphytic on sea grasses in coral reefs and tropical lagoons (Stal,
1995; Connell et al, 2014; Echenique-Subiabre et al., 2015). In
contrast, approximately 50% of EAM microbiota existing on
massive porous substrates are Proteobacteria (Barott et al., 2011).
Thus, it is hypothesized that substrate differences play a major role
in shaping the diversity of the EAM algae and microbiota (Tebbett
and Bellwood, 2021), but a lack of knowledge and evidence about
the deeper reasons that lead to these differences leaves a significant
gap in our understanding of EAM ecological functions and coral
reef dynamics.

The Luhuitou fringing reef is located adjacent to the Sanya
urban area along the southern coast of Hainan Island in China.
However, almost 80% of the fringing reef in this area was
damaged due to intensive human activities between the 1970s
and 1990s, leaving the current living coral coverage at only 12.8-
23.38% (Huang et al., 2019). The combination of coral bleaching
and high nutrient levels in the Luhuitou fringing reef (Table S1)
has provided opportunities for benthic algae to reproduce,
causing the reef to be replaced by abundant benthic
macroalgae and EAM. The number of algal species found in
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Luhuitou between 2008 and 2015 increased by 26% compared to
the 1990s (Titlyanov et al, 2018), with the more abundant
filamentous turf algae forming EAM under high sediment
loads. Additionally, different EAM-forming algal compositions
can be found on different hard substrates (Titlyanov et al., 2019).
For example, the upper intertidal zone is mainly occupied by
Polysiphonia howei, Ulva prolifera, and U. clathrata. In the lower
intertidal zone, the surfaces of dead coral have been overgrown
by Centroceras clavulatum and Jania adhaerens (Titlyanov et al.,
2019). The composition of the algae in the EAM framework has
been studied for many years; however, the components of the
EAM microbiota remain unclear.

Therefore, we explored the core groups of the EAM
microbiota in the Luhuitou fringing reef and tested their
stability and shift patterns. The objectives of this study were to
1) assess the microbiota composition of different types of EAM
and 2) analyze the relationships between EAM microbiota
composition, algal morphological characteristics, and substrate
heterogeneity. The results of this study will provide information
on the fundamental aspects of coral-algae interactions, as well as
reef conservation and management.

Materials and methods
Study area and EAM sampling

Investigations were conducted in the Luhuitou fringing reef,
Sanya Bay, Hainan Island, China (18°12'45” N; 109°28'31” E)

10.3389/fmars.2022.993305

(Figure 1A) from July 23 to 25, 2021. The complexity of the
substrate was measured at first. To reduce the influence of tidal
changes, EAM sampling was carried out during the flat tide
period when the hydrodynamic force was weak, and the
sampling was completed within 3 hours. The mean annual air
temperature of the study area is 25.8°C (ranging from 24.7 to
27.0°C), the mean monthly seasonal sea surface temperature
(SST) is 27°C (ranging from 22.8°C to 29.8°C), and the mean sea
surface salinity (SSS) is 33.1%o (ranging from 32.1%o to 33.8%o)
(Yu et al., 2010). Water quality parameters showed that the
Luhuitou coastal reef was in a state of high nutrient content and
turbidity at the time of this study (Table S1).

A 50-m wide area dividing the upper and lower intertidal
zones was taken as the research area (Figure 1B). This zone was
mainly composed of dead skeletons of massive and branched
corals intermixed with sand. Abundant and complex EAM
communities have been identified in this region (Titlyanov
et al.,, 2018; 2019). Based on differences in substrate
complexity and porosity, five types of substrate habitats were
obtained in this study (Figure 1C). The five types of substrates
were dead branching coral (BC), dead massive coral (MC), dead
flat coral (FC), granite block (GB), and concrete block (CB).
Depending on the field conditions, 5-9 duplicate samples were
collected for each substrate, and ensuring that each sample was
more than 5m apart. Data were collected to quantify the
structural characteristics of the substrate microhabitats
(Table 1). Structural complexity was determined based on the
rugosity index of the coral skeletons (Alvarez-Filip et al., 2011); a
completely flat surface had a rugosity index of 1, and higher

FIGURE 1

Study sites on Hainan Island. (A) Location of the Luhuitou fringing reef; (B) diagram of the study area; (C) representative photograph of the five
types of substrate (dead branching coral [BC], dead massive coral [MC], dead flat coral [FC], granite [GB], and concrete block [CB]).
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values indicated greater complexity. In addition, photographs of
25 cm x 25 cm sample frames were taken. Coral Point Count
with Excel extensions (CPCe) (Kohler and Gill, 2006) was used
to analyze the images by manually annotating 20 randomly
generated points and calculating the EAM coverage. The EAMs
were collected in two pieces (each piece approximately 40 cm?)
with a chisel and hammer, and stored in separate sealed bags at
-20° for DNA extraction the next day and microscopies a few
days later. One of each paired sample was randomly selected for
DNA extraction and the other for assessing algae morphology.

Laboratory measurements

To evaluate the morphological differences of the EAM, three
key parameters including algal length, biomass, and sediment
load were selected for analysis. To measure the biomass and
sediment load, the EAM was scraped with a sterile scraper to a
depth of 2 mm at the bottom layer, and then the scraped EAM
was transferred into a sealed bag. Seawater filtered through a 0.2
pwm filter membrane was added, and then the EAM was shaken
well and passed in turn through 200 and 75 um screens. Algal
and detrital components were sequentially intercepted by the
screens, and the sediment components were filtered through a
0.2 wm membrane as turbidite. The water was drained and a
0.0001 g precision scale analytical balance (Sartorius® SQP,
Goettingen, Germany) was used to obtain the wet weight of
the algal, detrital, and sediment components. The sum of the
three components was considered the total EAM biomass. The
surface area of the substrate after removing the EAM was
measured using the aluminum foil embedding method (Marsh,
1970). To measure the algal length, the algal components were
placed in separate Petri dishes, and the lengths of 10 intact algal
filaments from each sample were randomly measured using
anatomical and graduated lenses (OLYMPUS® SZ61, Tokyo,
Japan). The average value of each sample was calculated.

10.3389/fmars.2022.993305

DNA extraction and sequencing

A sterile scalpel was used to quickly scrape approximately 1
cm? of EAM, and 5-9 duplicate samples of the same substrate
and tide level were mixed into a tube, which was then evenly
ground with a 5 mL glass homogenizer to collect approximately
400 mg of homogenate. Total genomic DNA was extracted from
the samples using the FastDNA® Spin Kit for Feces (MP
Biomedicals, Santa Ana, USA) according to the manufacturer’s
instructions. This kit can crush and homogenize samples faster
and more efficiently than traditional extraction methods, and
without the need to grind the samples in advance.

We used Illumina sequencing of dual-indexed polymerase
chain reaction (PCR) amplicons spanning the taxonomically
informative V4 region of the 16S rRNA gene to analyze the
microbial community composition. See Pratte et al. (2018) for
details on the methods of primer selection, the PCR program,
and 16S rDNA sequencing (Caporaso et al., 2011; Pratte et al,,
2018). Moreover, indexed adapters were added to the ends of the
amplicons by limited cycle PCR. The DNA concentration was
detected using a microplate reader (Infinite 200 Pro, Tecan,
Minnedorf, Switzerland), and the fragment size (~600 bp) was
determined via 1.5% agarose gel electrophoresis. Next-
generation sequencing was conducted on an Illumina MiSeq
platform (Illumina, San Diego, USA) at Genewiz, Inc. (South
Plainfield, NJ, USA). Sequencing was performed using
automated cluster generation with 250 paired-end reads.

Bioinformatics processing of raw
sequences

Double-end sequencing of positive and negative reads was
conducted, and the sequencing results were filtered to retain
sequences with lengths greater than 200 bp. After filtering for
quality and purifying the chimeric sequences, the resulting

TABLE 1 Classification and characteristics of the five studied substrates (Subscripts after substrate code are used to distinguish different tidal
levels, with u and | representing the upper and lower intertidal zones respectively).

Substrate  Code Description n Roughness EAM coverage

type (mean * SD) (mean + SD %)

Dead BC Dead colonies of branched corals, branching, hard but porous, upper (BCu) 6 (BC,)+5 122 +0.21 32.64 £ 1213

branching and lower (BC)) intertidal zone (BC)

coral

Dead massive ~ MC Dead colonies of massive corals, massive, hard but porous, upper (MCu) 9 (MCy)+5 1.19 £ 0.10 65.13 + 25.39

coral and lower (MC)) intertidal zone (MC)

Dead flat coral FC Dead colonies of massive and flat corals, flat, hard but porous, upper (FCu) 7 (FC,)+6 1.05 + 0.04 98.07 + 3.25
and lower (FC)) intertidal zone (FCy)

Granite block ~ GB Decimeter-scale granite cobblestone material, massive, hard and dense, 6 (GB,) 1.17 + 0.05 24.00 + 10.83
upper (GB,) intertidal zone

Concrete CB Decimeter-scale concrete material from construction debris, flat, fragile but 5 (CB,,) 1.07 + 0.03 21.25 +21.74

block dense, upper (CB,) intertidal zone

Frontiers in Marine Science

frontiersin.org


https://doi.org/10.3389/fmars.2022.993305
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Zhou et al.

sequences were used for operational taxonomic unit (OTU)
clustering in VSEARCH (version 1.9.6; sequence similarity was
set to 97%) (Rognes et al., 2016) with Silva-138 (Quast et al,,
2013) as the 16 s rRNA reference database. We then used the
Ribosomal Database Program (RDP) classifier Bayesian
algorithm for OTU species taxonomy analysis on
representative sequences (Cole et al, 2014). Finally, the
microbial community composition of each sample was
determined according to different species classification level
statistics. OTUs that could not be identified at the genus level
were labeled as “u. family level names”.

Data analysis

Under the condition that the sample reached sufficient
sequencing depth, each sample was randomly rarefied to a
uniform depth of 57,264 sequences to avoid the bias caused by
different sample data sizes (Weiss et al., 2017). After removing
eukaryotes and chloroplasts, the OTUs with sequence numbers
greater than 10 were defined as effective OTUs for
further analysis.

Using SAS 9.4, a general linear model (GLM) and Duncan’s
multiple range test were used to test for significant differences in
substrate and EAM morphology, and regression and stepwise
selection were used to identify variables that were important to
variation in the EAM microbiota. Before the significance test and
correlation analysis, the Shapiro-Wilk Test was used to test
whether the data conforms to the Gaussian distribution, and the
RANK process was used to transform the data that did not
conform to the Gaussian distribution.

The Shannon and Chaol alpha diversity indices and
rarefaction curves graph were calculated to reflect the species
richness and evenness of the samples. We used clustering
heatmaps based on Euclidean Distance and Group Average
clustering methods to show differences in relative abundance
at the genus level among different samples. We compared beta
diversity between samples using unweighted UNIFRAC distance
matrices (Unifrac- PCoA) (Lozupone and Knight, 2005),
However, due to insufficient sequencing samples, no
significant difference analysis was performed in the microbial
community. We also analyzed the relationship between habitat
characteristics and microbiota through RDA based on Hellinger
Distance matrices, to demonstrate the influence of different
environmental factors on microbial adaptability.

To predict the function of the microbial communities across
habitats, individual effective OTUs were assigned to three
categories: autotrophs, heterotrophs, and potential pathogens
based on a literature review (Which have been documented to
cause disease in hermatypic corals, other marine animals,
humans, and livestock) (Supplementary Table S2).
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Graphpad Prism 8 and Tutools (https://www.cloudtutu.
com) were used for correlation analysis and mapping, and
Origin 2017 was used to draw heat cluster maps.

Results
Morphological characteristics of EAM

Microscopic examination showed that the EAM was mainly
composed of filamentous red algae (mainly Polysiphonia spp.).
The morphological characteristics of EAM significantly differed
depending on the type of substrate. The coverage rate (F = 11.56,
P <0.0001), biomass (F = 5.21, P = 0.0093), and algal length (F =
3.67, P =0.0339) of EAM significantly differed depending on the
substrate material. The EAM on the porous dead coral reef
substrata (BC,, BC;, MC,, MC,, FC,;, FC,) had higher coverage
(mean + SD: 68.8 + 26.7%), higher biomass (mean + SD: 596.5
632.4 g/m®), and longer algal length (mean + SD: 1.921 +
0.986 mm) compared to the EAM on the concrete substrate
(CB,) (mean * SD: coverage: 21.2 + 21.7%; biomass: 38.8 + 60.2
g/m?; algal length: 0.588 + 0.351 mm). There were also
significant differences in the complexity of the five substrates
(F = 4.24, P = 0.0039). EAM on flat substrates (FC;, FC,) had
higher coverage (mean * SD: 97.8 + 3.4%), higher biomass
(mean + SD: 1145.3 + 707.0g/m?) and longer algal length (mean
+ SD: 2.564 + 0.365 mm) compared to the branching substrate of
the same material (BC,, BC;) (mean * SD: coverage: 37.8 +
17.0%; biomass: 62.0 = 68.6 g/m?% algal length: 1.375
+ 0.813 mm).

According to the three studied morphological parameters,
the EAM was divided into three categories: short, medium, and
long EAM. Moreover, the coverage rate (F = 36.67, P < 0.0001),
biomass (F = 15.49, P < 0.0001), and algal length (F = 7.83, P =
0.0013) of EAM significantly differed among the three categories
(Figure 2). Short EAM existed only on dense concrete blocks
(CB,) and was characterized by a low coverage rate (mean + SD:
21.3 + 21.7%), low biomass (mean + SD: 38.80 + 60.18 g/mz),
and short algal length (mean + SD: 0.588 + 0.351 mm). Medium
EAM were widely distributed on a variety of substrates (GB,,
BC,, BC;, MC,, MC)), and the EAM coverage rate ranged from
21.2 + 21.7% (GB,, mean + SD) to 69.3 + 24.8% (BC,, mean +
SD) (Figure 2A), the EAM biomass ranged from 78.33 + 79.13 g/
m?® (BC,, mean + SD) to 461.33 + 351.40 g/m* (MCy, mean + SD)
(Figure 2B), and the algal length ranged from 1.302 + 0.917 mm
(BC,, mean * SD) to 1.866 + 0.706 mm (GB,, mean + SD)
(Figure 2C). Long EAM existed only on dead flat coral reef
substrates (FC,, FCj) and was characterized by the highest
coverage (mean + SD: 97.8 £ 3.4%), highest biomass (mean +
SD: 1145.3 + 707.0g/m”), and the longest algal length (mean +
SD: 2.564 + 0.365 mm).
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FIGURE 2

EAM morphological characteristics on different substrates. (A) EAM coverage rate; (B) EAM biomass; (C) algal length (The different substrates were
divided into three categories: short EAM [SA], medium EAM [MA], and long EAM [LA]. Subscripts indicate different tidal levels, with u and |
representing the upper and lower intertidal zones respectively. Asterisks indicate the level of significance, *: P < 0.05, **: P < 0.01, ***: P < 0.001).

Microbiota composition Shannon Index showed that the existing sequencing depths
had reached the plateau (Supplementary Figure S1), and the

A total of 458,112 high-quality sequences were retrieved effective sequence ratios of all samples were above 95%
from all the samples, which were divided into 3414 OTUs. The (Supplementary Table S3). A total of 57 bacterial phyla were
rarefaction curves based on Richness, Chaol Index, and detected, among which Proteobacteria was the most abundant
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group, accounting for more than 70% of reads for the microbial
composition across all sites. Other groups like Cyanobacteria,
Bacteroidetes, and Desulfobacterota were also abundant at some
sites (Figure 3A). The number of OTUs in all bacterial phyla was
consistent with the sequence abundance, and the phyla with a
number of OTUs greater than 50 were Proteobacteria (418),
Cyanobacteria (111), and Bacteroidetes (68) (Figure 3B).

At the genus level, 130 bacterial genera were detected, of
which the top 10 were the Proteobacteria Vibrio, Nesiotobacter,
Photobacterium, Shewanella, Pseudomonas, Roseibium, u.
Vibrionaceae, and Marinobacter; the Desulfobacterota
Halodesulfovibrio; and the Firmicutes Alkaliphilus (Figure 3C;
Specific differences in microbiota between groups can be seen in
Supplementary Figure S2). Cluster analysis divided the microbial
communities into three groups, which were consistent with the
differences in their algal length. A Venn diagram analysis of the
OTUs showed that there were 52 common OTUs shared across
the three groups, occupying 78.52% of the sequences
(Supplementary Figure S3). These shared microflora mainly
belonged to the genera Vibrio, Nesiotobacter, Photobacterium,
and Alkaliphilus, including V. diabolicus, N. exalbescens, and P.
gaetbulicola. In at least one of the samples in each of the three
groups, the relative abundance of these OTUs was greater than
1%. In addition, each group had numerous unique species.
Specifically, the short EAM had 238 unique OTUs (48.61% of
all sequences), mainly of the genera Shewanella and
Cyanobacterium, most of which showed a high abundance
of >1%. The medium EAM contained 130 unique OTUs
(4.36% of all sequences), mainly including the genera
Pseudomonas and Bacillus. However, only one of these OTUs
was abundant (>1%). The long EAM only had 27 unique OTUs
(4.13% of all sequences), mainly including the genus
Marinobacter. Only OTUS59 (M. hydrocarbonoclasticus, 99.32%
similarity) had a high abundance (>1%).

To better understand the functional role of these microbial
communities, individual OTUs were assigned as autotrophs,
heterotrophs, and potential pathogens according to previous
studies (Table S2). The autotrophs were mainly composed of the
genera u. Cyanobacteria, Cyanobacterium, and Chroococcidiopsis,
and they were most abundant in the short EAM (20.68%
abundance). Heterotrophs were mainly composed of the genera
Nesiotobacter and Shewanella and were most abundant in the short
and long EAM (44.92% and 34.12%, respectively). Potential
pathogens mainly included the genera Vibrio and Photobacterium
and were most abundant in the medium and long EAM (85.36%
and 63.11%, respectively) (Figure 3D).

Relationship between EAM microbiota
composition and algal characteristics

Based on the UniFrac-PCoA analysis, the microbiota
composition was distinguished among EAMs with different algal
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characteristics (Figure 4A). Meanwhile, OTU number, diversity,
and evenness were significantly negatively correlated with algal
length. The contributions of algal morphology and other factors
(e.g., substrate complexity) to microbiota variation were illustrated
using a modified variance partitioning diagram. The complete set
of all variables together explained 59.43% of the variation in the
EAM microbiota communities, with algal length being the single
property that contributed the most (24.02%). Cyanobacteria,
Bacteroidetes, and Firmicutes responded positively to the EAM
morphological indices (coverage rate, biomass, and algal length),
whereas Proteobacteria responded positively to substrate
complexity (Figure 4B).

In terms of microbial function, autotrophic groups were
significantly negatively correlated with algal length (r = -0.9051,
P = 0.0020), whereas potential pathogens were positively but
0.2345, P =
0.5761) (Figure 5). The stepwise regression analysis results

insignificantly correlated with algal length (r =

(Table 2) also showed that among the multiple candidate
factors, potential pathogens were positively correlated with
algal length and EAM coverage. Autotrophic bacteria were
negatively correlated with EAM coverage and substrate
complexity, and heterotrophic bacteria were negatively
correlated with substrate complexity.

Discussion

This study found that EAMs with different morphologies
had different microbial compositions, and algal length was the
most important morphological factor impacting the differences
in EAM microbiota composition and function. Compared with
short EAM, the diversity and evenness of the bacterial
community of medium and long EAM decreased, and the
bacterial community showed a trend from Cyanobacteria,
Bacteroidetes, and Patescibacteria to Proteobacteria.
Simultaneously, the abundance of autotrophic bacteria of
medium and long EAM also decreased, and the number of
potential pathogenic bacteria increased. Considering the
negative correlation between substrate complexity and algal
length, future simplifications of substrate habitats may
facilitate the expansion of EAM and increase susceptibility to
coral diseases.

Compositional characteristics of the
EAM microbiota

Proteobacteria, Bacteroidetes and Cyanobacteria were
abundant phyla in our samples, with Proteobacteria occupying
a dominant position in all samples (73-98% relative abundance).
This was consistent with another study conducted on Ishigaki
Island, which has the same level of eutrophication and similar
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coverage of EAM in its reefs as our study area, showing that
Proteobacteria were the most abundant at all sites (at least
48.53%), followed by Cyanobacteria (at least 7.12%) and
Bacteroidetes (at least 6.05%) (Meirelles et al., 2018).
Proteobacteria was also reported to be the most regnant
bacterial phylum associated with seaweeds (34-65% relative
abundance) (Hollants et al., 2013; Egan et al., 2013; Meirelles
et al, 2018). This suggests that EAMs have homogeneous
microbial compositions across space, at least at the phylum
level (Walter et al,, 2016). Cyanobacteria are important early
pioneer species of dead coral reef substrata. Some filamentous
cyanobacteria also form the framework of some EAM, with
Oscillatoriales and Nostocales being dominant (Stal, 1995;
Connell et al., 2014; Echenique-Subiabre et al., 2015). In this
study, a high abundance (15.89%) of cyanobacterial sequences

was detected only in the EAM with the shortest algal length.
Although cyanobacterial sequences were detected in other types
of EAM, their relative abundance was lower than 0.5%,
indicating that cyanobacteria may be abundant only in early
immature EAM. Thus, their importance may decline as the EAM
matures. Most of the cyanobacterial sequences identified in this
study were not matched, which is similar to the results of other
studies; for example, approximately a third of OTUs in the La
Reéunion lagoon could not be matched to specific cyanobacteria
species (Echenique-Subiabre et al., 2015). Therefore, the high
abundance of Cyanobacteria suggests that undefined
cyanobacterial OTUs may be an indispensable functional
group in the functioning of early immature EAM. Firmicutes
and Bacteroidetes are also dominant groups in some EAM, and
the Bacteroidetes-to-Firmicutes ratio can predict the outcome of
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Correlation between EAM microbial function and algal length. Dashed lines indicate 95% confidence intervals.
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TABLE 2 Summary of stepwise regression analysis parameter estimation results.

Dependent variable Variable Parameter estimate Standard error t value Pr>F
Potential pathogens Intercept 0.6796 0.0900 -7.55 0.0006
Algal length 0.4764 0.0942 5.05 0.0039
EAM coverage -0.5194 0.1311 -3.96 0.0107
Autotrophs Intercept -1.0601 0.4591 -2.31 0.0690
EAM coverage -3.6399 0.5913 -6.16 0.0016
Roughness -1.5798 0.6761 -2.34 0.0667
Heterotrophs Intercept -0.9313 0.2999 -3.10 0.0210
Roughness -0.6779 0.2343 -2.89 0.0276

The bold values indicate significant differences.

coral-algal competition (Roach et al., 2020). Firmicutes were
dominant in EAM, whereas Bacteroidetes were dominant at the
interface between algae and coral (Roach et al, 2020). The
present study also found that the relative abundance of
Firmicutes in different types of EAM was higher than that of
Bacteroidetes, except for the EAM with the shortest algal length.
This result indicates a decrease in the abundance and diversity of
Bacteroidetes and, by contrast, an increase in the abundance and
diversity of Firmicutes during the EAM algal growth process.
The effects of EAM are generally detrimental to coral, and
the microbiota associated with EAM is an important contributor
to this process. Potential coral disease pathogens have been
found in the genera Geitlerinema, Leptolyngbya, Oscillatoria,
Sphingomonas, Bartonella, Cardiobacterium, and Inquilinus,
with the first three thought to be linked to black band disease
(Myers et al., 2007). In contrast to previous studies, the potential
pathogens found in this study belonged to Vibrio,
Photobacterium, Pseudomonas, u. Vibrionaceae, Bacillus, u.
Rickettsiales, and u. Rhizobiales, which are mainly related to
the diseases and zoonoses of aquaculture animals (Rosenberg
et al,, 2007; Austin, 2010). Vibrio was the main genus of
Proteobacteria and also the dominant genus in all samples in
this study, which is consistent with previous studies showing
that Vibrio strains are generally highly abundant in red algae
(Hollants et al., 2013), especially in Polysiphonia urceolata
(Wang et al, 2009), one of the major algal constituents of
EAM. Vibrio has been associated with diseases in aquatic
animals (Austin, 2010), but thus far, only V. shiloi has been
linked to coral diseases (Rosenberg et al, 2007). The most
abundant species in this study was V. diabolicus (99.66%
similarity), which was found both in deep sea and aquaculture
areas. V. diabolicus has been found in a variety of economically
important shellfish (e.g., Ruditapes philippinarum, Tegillarca
granosa, Mytilus coruscus, Callista chinensis) in Korea and
China (Song et al., 2021), and it is evolutionarily similar to a
number of animal disease pathogens, such as V.
parahaemolyticus and V. alginolyticus (Turner et al, 2018).
The high levels of Vibrio in the study area may be linked to
the once-thriving aquaculture industry in Luhuitou, as previous
research has found that wastewater from grouper farms was
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responsible for algal blooms (Li et al., 2016). It is speculated that
Vibrio bacteria in aquacultural waste may also be captured and
accumulated by neighboring EAM. Even though the farm has
long been dismantled, the collective action of EAM can
nevertheless lead to the long-term presence of pathogens in
the neighboring ecosystem.

Effects of EAM morphology on microbial
composition

Changes in the EAM microbiota was significantly correlated
with morphological characteristics of EAM, such as algal length
and biomass. Algal length is an important factor for classifying
the type and function of the EAM (Connell et al., 2014; Tebbett
and Bellwood, 2019; Tebbett and Bellwood, 2020;
Tebbett and Bellwood, 2021). For example, algal length is
highly correlated with the sediment capture capacity of EAM
(Tebbett and Bellwood, 2019). The captured detritus also
provides a rich source of organic matter for heterotrophic
bacteria. In this study, EAMs with a short length (< 1 mm)
had the most abundant diversity and evenness of bacteria, with
the core bacteria being Shewanella, Vibrio, Nesiotobacter,
Photobacterium, and Cyanobacterium. More than 50% of the
OTUs in this type of EAM were unique. Species in the genus
Shewanella possess broad organic and inorganic substrate
metabolism (e.g., of nitrate, nitrite, and iron [III]), which may
have helped the EAM to occupy bare and barren substrates
during early evolution (Beliaev and Saffarini, 1998; Miller et al.,
2018; Tebbett and Bellwood, 2019). Furthermore, autotrophic
bacteria were in the greatest proportion, up to 13.83%, allowing
for the efficient use of light sources. Specifically, cyanobacteria
utilize phycobilisomes to capture photons between the blue and
red regions of the light spectrum that are not efficiently captured
by chlorophyll (Steunou et al.,, 2006). For EAMs of medium
length (1-2mm), the most abundant group consisted of potential
pathogens, reaching as high as 86.6%, with the core bacteria
being Vibrio, Nesiotobacter, Photobacterium, and Pseudomonas.
Bacterial species of Nesiotobacter have been reported to have
nitrogenase activity and are capable of degrading aromatic
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hydrocarbons (Dashti et al., 2015). Species in the genus
Photobacterium are widely distributed in the marine
environment, occurring in seawater, marine sediments, marine
surfaces, and the intestines of marine animals (Urbanczyk et al.,
2011). Furthermore, these species have unique organic
decomposition abilities, which may be beneficial for detritus
decomposition and organic matter release in EAM. P.
mendocina can produce cellulase, which is beneficial for
nematode feeding activities and is conducive to the circulation
of materials throughout the ecosystem (Dai et al., 2019). B.
horikoshii has been isolated from marine environments, and it
possesses genes associated with the metabolism of cyanophycin,
a reserve compound and spore matrix material that is potentially
relevant for survival in oligotrophic environments (Zarza
et al,, 2017).

EAMs with a long length (>2 mm) exhibited the lowest
diversity and evenness and contained the lowest number of
OTUs. The core bacteria were Vibrio and Nesiotobacter. In
addition, the proportion of Nesiotobacter increased from less
than 10% to more than 25%, which may be related to the
anaerobic growth capacity of Nesiotobacter and its strong
adaptability to harsh environments (Donachie et al, 2006).
The unique species (e.g., M. hydrocarbonoclasticus, B. kexueae,
and V. Toranzoniae) may play a role in the EAM nitrogen cycle
(Li et al, 2013). Long filamentous algae interact with high
sediment loads to form long sediment-laden algal turfs; this
might be the reason for the low microbiota diversity in EAMs
with long algal length in the Luhuitou fringing reef (Tebbett and
Bellwood, 2019). These sediment-dominated components are
mainly deposited and accumulated in the EAM owing to the
complex algal turf structure, which can slow down water
movement (Latrille et al, 2019). Preliminary results have
highlighted that increased algae length and sediment load in
the EAM can influence the microbes within algal turfs and
ultimately compromise reef health (Bourne et al., 2016; Meirelles
et al,, 2018). The mechanisms of this phenomenon have not yet
been defined, but they are likely to include (1) the release of
dissolved organic matter by algae, stimulating microbial
reproduction (Barott and Rohwer, 2012; Smith et al., 2016);
(2) sediment enrichment, which can lead to changes in the
availability of dissolved gases, light, and nutrients within the
EAM (Chapman and Fletcher, 2002); and (3) differences in
tolerance among different strains (Bourne et al., 2016).

Potential significance of the EAM
microbiota in the Luhuitou fringing reef

Increasing evidence suggests that with continued global
change and anthropogenic influences, coral reefs will emerge
as low-complexity systems dominated by EAM, especially in
coastal ecosystems (Smith et al., 2016; Bellwood et al., 2018).
One example is the Luhuitou fringing reef, which was once
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regarded as one of the best-developed fringing reefs on Hainan
Island but then experienced an extreme degradation of live coral
coverage from 80-90% in the 1960s to approximately 12%
in 2009 (Zhao et al, 2012). This decline may be mainly
due to human activities, such as mariculture and coastal
construction, which lead to eutrophication and increased
sediment input (Zhao et al.,, 2012). However, EAMs are highly
stress-tolerant, and future climate change conditions actually
appear to be conducive to them (Johnson et al., 2017). Currently,
the live coral coverage of Luhuitou is approximately 20%
(Huang et al,, 2019), whereas the average coverage rate of
EAM is almost 56.17% and may further increase due to future
intense disturbance.

EAMs exist in a spectrum of forms from short to long EAMs,
and there are significant differences in terms of algae length,
biomass, sediment load, and productivity (Tebbett and Bellwood,
2020). The effects of EAM on coral may depend on the presence
and nature of the EAM occurring on the substratum (Birrell et al,,
2005), and EAMs with different compositions may potentially lead
to very different outcomes. The productivity of EAM has been
found to be over twice as high on flattened coral blocks/tiles (0.44 +
0.02 mm/day) relative to highly complex natural substrata (0.19 +
0.01 mm/day) (Tebbett and Bellwood, 2021). In the present study,
we found that the low-complexity substrates of dead flat coral have
the longest length, largest biomass, and highest EAM coverage.
Considering the negative correlation between substrate complexity
and algal length, the role of the EAM microbiota is likely to be
further increased through the loss of topographic complexity and
the expansion of EAM in Anthropocene coral reefs (Alvarez-Filip
et al,, 2009). Because microbes are key players in maintaining coral
health, it is imperative to consider EAM microbiota communities
when interpreting the mechanisms of coral reef degradation. It
should be noted that this study only inferred functional differences
in the EAM based on microbial composition information; thus,
further controlled trial work is needed to test hypotheses about how
diverse types of EAM affect corals.
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