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to evaluate risk of ciguatera fish
poisoning across natural and
artificial reefs in North Carolina
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and Nathan S. Hall1

1Institute of Marine Sciences, University of North Carolina at Chapel Hill, Morehead City, NC, United
States, 2National Centers for Coastal Ocean Science, National Ocean Service, National Oceanic and
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Epiphytic microalgae are important contributors to the carbon and nutrient

cycles yet are often overlooked during ecological surveys. In reef habitats,

epiphytes are often found living on host organisms, including seaweeds or

corals, and can influence community composition of higher trophic level taxa.

Hence, understanding how epiphytes respond to different reef substrate

materials can help inform designs of substrates intentionally deployed to form

artificial reefs which can encourage high biodiversity and ecological functioning.

One such epiphyte,Gambierdiscus spp., is a harmful benthic dinoflagellate which

produces toxins that bioaccumulate and cause ciguatera fish poisoning (CFP)

when contaminated fish is consumed by humans. CFP is one of the most

frequently reported seafood-associated illnesses around the world, occurring

most often near tropical reefs. We surveyed the epiphytes amongst 13 natural

and artificial reef sites located off the coast of North Carolina to determine the

role of the reefs’ foundational substrate (e.g., natural marl, steel or concrete) on

structuring the epiphyte community with an emphasis on Gambierdiscus spp.

abundance. No Gambierdiscus spp. were detected among the sampled reefs,

likely due to suboptimal water temperatures. An ex-situ substrate preference

experiment for Gambierdiscus spp. was performed using marl to represent

natural rocky reefs, and steel and concrete to represent artificial reefs.

Experimental results indicated that Gambierdiscus spp. grew fastest in the

presence of marl and density decreased significantly when exposed to steel.

However, steel artificial reefs had the highest average epiphyte biomass and

species richness amongst the sampled reefs. 18s rRNA gene sequence analysis

revealed that natural reefs were more likely to be dominated by dinoflagellates,

whereas steel and concrete reefs were dominated by diatoms. We found that

epiphyte composition was related to material at a phylum level, but seaweed

hosts played a more significant role at the species level. These findings suggest

that CFP risk is relatively low on the reefs studied but natural reefs would likely be

preferentially colonized by Gambierdiscus spp. should ambient conditions

become appropriate.

KEYWORDS

Gambierdiscus, artificial reefs, epiphytes, ciguatera fish poisoning, community composition
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Introduction

Efforts to evaluate the ecological function and significance of

artificial reefs often focus on fish assemblages and secondary

productivity (Paxton et al., 2020; Rouse et al., 2020). However, it

is also important to consider the role of microbial organisms such as

epiphytic microalgae which are found living on host organism such

as macroalgae, seagrasses or corals. Epiphytes are important

primary producers on reefs, attracting fish and other pelagic

organisms (Thornber et al., 2016). These epiphytic organisms

produce organic carbon via photosynthesis, play important roles

in nutrient cycling and influence the composition of invertebrates

and other higher trophic level taxa. Thus, understanding how

epiphytes respond to different artificial reef materials is a

potentially important, but largely overlooked consideration of

artificial reef design.

A particular epiphyte of reef macroalgae, Gambierdiscus spp., is

known for causing ciguatera fish poisoning (CFP) through the

production of ciguatoxins and maitotoxins (Holland et al., 2013).

These toxins do not directly affect fish but bioaccumulate via

herbivory and result in severe symptoms when contaminated fish

is consumed by humans. CFP is the most commonly reported

seafood-related illness worldwide (Friedman et al., 2008), making it

important to understand the conditions that encourage

Gambierdiscus spp. presence. Gambierdiscus spp. are most

prevalent in tropical regions as the maximum growth rates of

most species occur at high water temperatures, with optimal

temperature being 27°C (Xu et al., 2016). However, due to the

proximity of the Gulf Stream to the coast of North Carolina, the

warm temperatures have allowed tropical macroalgae and their

associated Gambierdiscus spp. epiphytes to thrive south of Cape

Hatteras (Mallin et al., 2000). The presence of Gambierdiscus spp. in

North Carolina has been recorded several times (Litaker et al., 2009;

Litaker et al., 2010) and a cluster of CFP cases occurred in the state

in 2007 (CDC, 2009). Incidences of CFP are expected to increase as

global warming extends the range and increases the abundance of

Gambierdiscus spp. in North Carolina (Kibler et al., 2015).

Community composition of epiphytes can be affected by a variety

of factors, ranging from physical factors like temperature and depth,

to biochemical conditions such as light and nutrient availability.

Different artificial reef construction materials can alter the

assemblage of microbial biofilms (Caruso, 2020; Guo et al., 2021),

epibenthic invertebrate communities (Ushiama et al., 2016) and

even fish communities (Lemoine et al., 2019). Substrate properties

such as hydrophobicity, surface polarization and roughness may all

affect patterns of bacterial adhesion (Caruso, 2020). Additionally,

the materials chosen may affect the chemical composition of the

surrounding water column as the structures succumb to corrosion.

For example, steel structures (e.g. shipwrecks) may leach iron into

the surrounding waters affecting productivity of microalage

(Marchetti et al., 2006; MacLeod, 2016). Certain types of concrete,

particularly those made of “green” or uncured cement may secrete

calcium hydroxide and cause an increase in pH, making the surface

of such substrates toxic to some invertebrates (Ballard et al., 2020).

Therefore, different materials play both a physical and a chemical

role in determining the formation and composition of biofilm
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communities. In turn, biofilms influence ecosystem functioning

by affecting the settlement of macroalgal spores, coral larvae and

other sessile marine organisms (Caruso, 2020).

Given that different artificial reef materials can affect the

composition of other assemblages, it is reasonable to expect

differential impacts on the composition and abundance of

epiphytes, including Gambierdiscus spp. If certain materials

encourage the growth of Gambierdiscus spp., it may result in a

higher proportion of ciguateric fish around the artificial reef, thus

increasing the likelihood of CFP due to the consumption of

contaminated fish. This paper investigates the relationship

between artificial reef material and the abundance of

Gambierdiscus spp. on artificial reef macroalgae.

We hypothesized that Gambierdiscus spp. will be more

abundant in macroalgae collected from steel structures (i.e.,

vessels), as the increased iron concentration will support the

growth of macroalgae and the associated epiphytic microalgae

(Marchetti et al., 2006; Rodriguez et al., 2016). To test this

hypothesis, we sampled 13 artificial and natural reef sites off the

coast of North Carolina, USA and examined the epiphyte

communities using microscopy and molecular techniques.

Additionally, we performed manipulative ex situ growth

experiments on Gambierdiscus spp. to determine substrate

preferences. We also assessed the abundance and species diversity

of the total epiphyte community in order to describe the variations

between different artificial reef materials. Ultimately, these results

can be used to further assess the suitability of the materials currently

being employed to construct artificial reefs.
Methods

Site selection

Macroalgae samples were collected from six natural and seven

artificial reefs off the coast of North Carolina from 18th to 27th June

2021, 27th September 2021, and 6th to 19th June 2022 (Figure 1;

Table S1). Natural reefs were composed of calcium carbonate rock

whereas artificial reefs were composed of a variety of concrete or

steel structures that were placed on the sea floor.
Qualitative survey of epiphyte population

In summer 2021, a survey was performed to fine tune sampling

protocols and gain a general understanding of the epiphyte

populations on North Carolina’s reefs. Single samples of

macroalgae were collected from 3 concrete reefs, 2 steel reefs and

3 natural reefs, yielding 8 total samples. The samples were collected

in gallon sized zipper locking bags along with ambient seawater.

Epiphytes were extracted by shaking the bag vigorously to dislodge

any attached cells. The resultant suspension was then transferred to

a 40 mL scintillation vial and preserved with 1% Lugol solution.

Upon return to the lab, the suspension was passed through a ~200

μm nylon mesh to remove pieces of macroalgae and debris.

Subsequently, 1 mL of the suspension was pipetted onto a settling
frontiersin.org
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chamber and was left to settle for an hour. The 10 most common

cell types from each sample were identified and enumerated using a

Leica DMIRB inverted light microscope at 200X magnification. At

least 400 cells or 100 fields of view were counted, and the resultant

values were used to determine cell density (cells/mL).
Quantitative survey of epiphyte population

In 2022, the survey was repeated with improved sampling

protocols to ensure better standardization of samples. Triplicate

macroalgae samples were collected from 3 reefs of each material,

resulting in 27 samples from 9 distinct sites. The samples were

placed in quart zipper locking plastic bags along with ambient

seawater and sealed for return to the dive vessel. Upon return to the

lab, the macroalgae samples were transferred into a 1 L bottle filled

with 0.2 μm filtered seawater. Replacing ambient seawater with

filtered seawater ensured that any phytoplankton in the ambient

seawater was not incorporated into the sample. The samples were

then shaken vigorously to dislodge epiphytes including

Gambierdiscus spp. Between 100 to 250 mL of the resultant

suspension was passed through a 0.45 μm polyethersulfone (PES)

filter via vacuum filtration. The filters were then stored at -80 °C

pending DNA extraction. An additional 40 mL of the suspension

samples were filtered through a ~200 μm nylon mesh to remove

pieces of macroalgae and debris before being transferred into a

sample preservation vial and fixed with 1% Lugol. The preserved

samples were stored in the dark at room temperature until

enumeration. Each macroalgae sample was patted dry and

weighed before being identified to the genus level according to

Schneider and Searles (1991).

Microscopic analysis of samples collected in 2022 was

performed as for the 2021 samples described above. However, cell
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density was normalized by macroalgae biomass, resulting in units of

cells/mL/g. This ensured that reported cell densities are not affected

by differences in the amounts of macroalgae biomass collected

between sites. Species diversity was calculated using the Shannon-

Wiener diversity index. Because a fixed number of cells (n = 10)

were counted in each sample, the richness is constant across all

materials and the resultant value is better interpreted as species

evenness. A one-way analysis of variance (ANOVA) was used to

determine any significant difference of microalgae abundance and

species diversity between the materials tested.

The V4 region of the 18S rRNA gene was sequenced to obtain

taxonomic identification of epiphyte composition. DNA was

extracted from the filters using the DNeasy Plant Mini Kit

(QIAGEN, Hilden, Germany). Cells collected on the 0.45 μm PES

filter were lysed using 0.2 g of sterile glass beads and 400 μl of buffer

AP1 (QIAGEN) placed in a mini-beadbeater at 4800 rpm for 1

minute. Subsequent extraction and purification were performed

according to manufacturer’s instructions. 18S gene fragments were

amplified via polymerase chain reaction (PCR) using the following

V4 primer sets: 18S forward (5’-CAGCASCYGCGGTAATTCC-3′)
and reverse (5′-ACTTTCGTTCTTGAT-3′). These primers were

modified according to Lin et al. (2017) to improve sequencing

quality. PCR reactions were prepared using half reactions of the

TaKaRa Ex Taq® DNA Polymerase Hot-Start Version kit to obtain

a final reaction volume of 25 μl. 10 μM of primer was added to each

reaction mixture. PCR was conducted with an initial activation step

at 98°C for 1 minute, followed by 4 three-step cycles of 94°C for 30s,

45°C for 45s, 72°C for 60s, another 30 three-step cycles of 94˚C for

30s, 57°C for 45s, 72°C for 60s, and a final extension step of 72°C for

2 minutes. PCR was performed in triplicates for each sample and

checked using 1% agarose gel electrophoresis to ensure a clear band

was obtained. The PCR products were purified using the QIAquick

PCR Purification kit and quantified using a Qubit dsDNA assay.
FIGURE 1

Locations where epiphyte samples were collected off the coast of North Carolina.
frontiersin.org

https://doi.org/10.3389/fmars.2023.1232524
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Lim et al. 10.3389/fmars.2023.1232524
Amplicons from each sample site were pooled in equimolar

amounts and submitted to UNC’s High Throughput Sequencing

Facility for sequencing using the Illumina MiSeq platform.

Demultiplexing was carried out using tools from QIIME 1.9.1

and Cutadapt 1.18. The averaged read count was 83206 after

demultiplexing. The DADA2 tool in the software pipeline QIIME

2.0 was used to denoise and join paired ends, and remove chimeras.

Resultant sequences were then clustered at a 97% similarity to

obtain operational taxonomic units (OTUs). Taxonomic

assignment of OTUs was performed using the PR2 database

(version 4.14.0). OTUs classified as Metazoans or macroalgae

were removed from the analyses.

Analysis of species composition was performed using R version

4.1.2 (R Core Team, 2021). The vegan package (Oksanen et al.,

2022) was used to perform a non-metric multidimensional scaling

analysis on the taxonomic data to understand differences in

epiphyte composition. The distance between two points on an

NMDS ordination plot is proportional to the dissimilarity of

species composition of the respective samples. Analysis of

similarities (ANOSIM, 9999 permutations) test was subsequently

used to evaluate dissimilarity of species composition based on reef

material and algae type. The ANOSIM R value describes the

dissimilarity between groups, with a value close to 1 indicating

high dissimilarity and a value close to 0 suggest ing

even distributions.
Ex-situ Gambierdiscus spp. substrate
preference experiment

Gambierdiscus spp. preferences for different artificial reef

materials were experimentally determined using a modified

version of the procedure performed by Mustapa et al. (2019) and

Rains and Parsons (2015) to establish Gambierdiscus spp.’s

preferred macroalgal hosts.

AGambierdiscus culture was provided byMark Vandersea from

NOAA’s National Center of Coastal Ocean Science (NCCOS). The

culture contained Gambierdiscus carolinianus and Gambierdiscus

caribaeus, two species that are most commonly found in NC’s

offshore waters. Twelve mL of L1 growth media (Guillard and

Hargraves, 1993) was pipetted into each well of two 6-well culture

plates. To each well, 200 μL of Gambierdiscus culture was added,

resulting in 812-1113 cells/well (average 984 cells/well). The culture

plates were placed in an incubator at 26˚C, under a 12:12h light:

dark photocycle for 5 days. Prior to start of the experiment, the
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number of Gambierdiscus cells were enumerated using

inverted microscopy.

Because the experiment aimed to differentiate between

materials, the macroalgae host was standardized across the

various treatments. Padina spp. was collected from a rocky

surface on Radio Island (34.7074°N, -76.6802°W, Morehead City,

NC) along with ambient seawater in an 800 mL glass jar. Upon

return to the lab, the sample was shaken vigorously for at least one

minute to remove any epiphytes. Then, algal thalli were cut into

fragments between 85 mg to 95 mg net weight.

The reef substrate materials selected were concrete, steel and

marl. Concrete and steel are the two most popular materials

deployed as artificial reefs in North Carolina (Comer and Love-

Adrick, 2016). Marl was chosen to represent natural rocky reefs as it

is a sedimentary carbonate-based rock. The materials were cut into

pieces with similar surface areas that could fit into the wells of the

culture plates. The mass and surface area of each material were

recorded (Table 1). Each piece was placed in a separate well and

topped up with 12 mL of 0.2 μL-filtered seawater. The Padina spp,

fragments were carefully placed on top of each material. The culture

plates were then covered and placed in the incubator at the same

culture settings as mentioned above. The fragments were

acclimatized with the different materials for 5 days, with daily

water changes to remove any harmful excretions released from the

cutting of algal thalli before the addition of Gambierdiscus cells

(Rains and Parsons, 2015).

The reef substrate materials and Padina samples were

transferred from culture well plates containing filtered seawater to

wells containing growth media and Gambierdiscus cells. The

experiment was conducted in triplicates, with three reef substrate

treatments and a control containing only the macroalgae fragment

and no substrate. The incubation was conducted at 26°C, under a

12:12 h light:dark photocycle for a total of 27 days. Gambierdiscus

cell counts were performed daily for the first 5 days and twice a

week subsequently (Days 10, 13, 17, 20, 24 and 27). Changes of fresh

media were performed weekly by carefully removing 6 mL media

with a transfer pipette from the surface of each well to prevent

disturbing Gambierdiscus cells on the bottom and replacing it with

6mL of fresh media. This was done on days when cell counts were

not being done, to prevent counts from being affected by the

media change.

Specific growth rate [μ (d-1)] was calculated after each cell count

across the 27 days using the following equation:

m   =  
lnNt − lnNt−1

Dt
TABLE 1 Mass and surface area of materials used.

Material

Mass (g) Surface area (cm2)

Rep. 1 Rep. 2 Rep. 3 Rep. 1 Rep. 2 Rep. 3

Concrete 5.6 5.3 4.4 9.7 10.2 9.0

Steel 13.1 12.1 12.8 9.9 8.8 9.9

Marl 3.1 2.9 2.9 7.7 6.1 8.2
Triplicates of each material were employed.
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where Nt and Nt-1 are the number of Gambierdiscus cells at the

end and beginning of each growth period spanning Dt amount of

time. A repeated measured ANOVA followed by post-hoc Tukey

test was used to determine significant differences of Gambierdiscus

cell counts over the 27-day incubation period. One-way ANOVA

and Tukey test were performed on average growth rates. awas set at

0.05 for all hypothesis tests.
Results

Qualitative sampling results

In 2021, two major classes – diatoms and dinoflagellates – were

observed within the samples. Diatoms were further classified into

centric diatoms, which have radial symmetry, and pennate diatoms,

which have bilateral symmetry. Dinoflagellates were further

classified into desmokonts, a cell type with two flagella emerging

from the anterior of the cell, and dinokonts, in which the two

flagella are inserted ventrally; one is transverse and the other is

longitudinal (Tomas, 1997).

No Gambierdiscus spp. were detected in the artificial and rocky

reef samples. Epiphyte assemblages were dominated by centric

diatoms at all sites. Notably, one genus Leptocylindrus accounted
Frontiers in Marine Science 05
for most centric diatoms observed. Pennate diatoms were the

second most abundant group observed and were significantly

more diverse, consisting of Navicula spp., Cylindrotheca spp.,

Licmophora spp., Thalassionema sp., Gyrosigma spp., Pleurosigma

spp., Striatella sp. and other unidentified pennate diatoms.

Dinoflagellates (Prorocentrum sp. and Warnowia sp.) were only

observed in a few sites and made up a very small proportion of the

total microalgae cells. The two steel sites (AR-386 and AR-345)

were the only sites that had both dinokont and desmokont

dinoflagellates. Average epiphyte abundance was highest at steel

sites and lowest at concrete sites.
Quantitative sampling results

Microscopy
In 2022, Gambierdiscus spp. were again not detected in the

artificial and rocky reef samples. Three classes of epiphytes –

diatoms, dinoflagellates and cyanobacteria – were observed within

the samples (Figure 2A). Pennate diatoms dominated both the

relative proportion of cells and the percentage of identified taxa

within all samples, followed by centric diatoms, then dinoflagellates

and sparingly observed cyanobacteria. Pennate diatoms showed

much more diversity across the samples and made up about 75% of
A B

DC

FIGURE 2

(A) Relative proportion of cell type observed across each material. (B) Percentage of identified taxa across each material. (C) Distribution of epiphyte
abundance (cells/mL/g) based on material of each reef (F = 0.96, df = 2, p = 0.435). (D) Distribution of Shannon diversity index based on material of
each reef (F = 0.63, df =2, p = 0.565).
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the identified taxa (Figure 2B). No significant differences in cell

density (Figure 2C) or species evenness (Figure 2D) were observed

across the three materials. However, steel had the highest median

value, closely followed by concrete and then natural materials. In

terms of species evenness, steel once again had the highest median,

followed by concrete and then natural materials.

18s rRNA analysis
As with microscopy, Gambierdiscus spp. were not detected via

18S rRNA gene analysis. Taxonomic identification via molecular

techniques is a valuable complement to microscopy as it provides a

much higher taxonomic resolution. 18s rRNA gene analysis ensures

that all cells within the samples are accounted for, providing a more

complete picture of variations in species composition across

sampled sites compared to microscopy.

Epiphyte composition was very comparable across the reef sites,

dominated either by phylum Ochrophyta or Pyrrophyta (Figure 3A).

However, certain trends were observed across the different reef

materials. The concrete reefs tend to be dominated by phylum

Ochrophyta which includes diatoms, whereas natural reefs appear

to favor phylum Pyrrophyta (dinoflagellates) over Ochrophyta. Steel

reefs displayed more variability than concrete reefs, as steel reef

number 1 (S1) was dominated by phylum Pyrrophyta but S2 and S3

had a higher proportion of phylum Ocrophyta.

Pyrrophyta and Ochrophyta were further broken down into

genera. Ochrophyta composition varied significantly across the

sites, but frequently observed genera included Cylindrotheca,
Frontiers in Marine Science 06
Licmophora, Navicula and Thalassiosira (Figure 3B). These genera

were also observed via microscopy, which corroborates with the 18s

rRNA analysis. Pyrrophyta composition was more consistent across

sites with Warnowia dominating most samples (Figure 3C).

Although triplicate samples were collected at each site,

constraints in seaweed distributions resulted in certain sites with

different macroalgae types across the triplicates. As such, both

seaweed type and reef material were analyzed. ANOSIM results

indicated that there was no significant influence of reef material on

epiphyte species composition. Seaweed type, however, resulted in

significant differences, with the epiphyte composition of brown alga

Sargassum sp. andDictyota sp. clearly separating from red algae and

other brown alga species (Figure 4).
Ex-situ Gambierdiscus spp. substrate
preference experiment

Gambierdiscus cells incubated with marl and the control

experienced a net increase over the 27-day incubation

(Figure 5A). Cells incubated with concrete increased up to day 20

before decreasing, resulting in a near zero growth rate over the full

27 d experimental period. The steel treatment caused a steady

decrease in Gambierdiscsus cells over the incubation, with no cells

being detected after day 24. Repeated measures ANOVA and Tukey

test indicated significant differences between steel and marl (p =

0.027) and between steel and control (p = 0.045).
A

B

C

FIGURE 3

(A) Taxonomy bar plot showing relative proportions of major phyla identified. Triplicates were collected at each site but are presented in aggregate
for simplicity. C1, C2 and C3 are the three concrete reefs, S1, S2 and S3 are the three steel reefs and N1, N2 and N3 are the three natural reefs.
(B) Taxonomic breakdown of diatoms (Ocrophyta). (C) Taxonomic breakdown of dinoflagellates (Pyrophyta).
frontiersin.org

https://doi.org/10.3389/fmars.2023.1232524
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Lim et al. 10.3389/fmars.2023.1232524
Apart frommarl, all treatments resulted in growth rates lower than

the control (Figure 5B). Average growth rate of Gambierdiscus spp.

ranged from -0.075 day-1 to 0.024 day-1. The highest growth rate was

observed in themarl treatment (0.062 day-1) and the lowest growth rate

was observed in the steel treatment (-0.098 day-1). As with the raw cell

counts, there were significant differences between steel and marl (p =

0.022) and between steel and control (p = 0.018). Marl and control

treatments resulted in very similar average growth rates (p = 0.999).

Discussion

Prevalence of Gambierdiscus spp.

The lack of Gambierdiscus spp. within the samples collected can

likely be attributed to water temperatures at the sampled sites.
Frontiers in Marine Science 07
Throughout the sampling periods, sea surface temperature at the

sampled sites did not reach 27°C (Figure S1). Temperatures at depth

ranged from 25-26°C (Figure S2). As a result, water temperatures at

the sampled sites may not be sufficiently warm to support the

proliferation of Gambierdsicus spp., resulting in no detection of the

toxic dinoflagellate. Notably, sampling was only carried out during

the summertime and does not represent community composition

throughout the year. It is possible that monthly sampling across a

year would result in detection of Gambierdiscus spp. That being

said, artificial and natural reefs located further offshore experience

warmer temperatures as they are closer to the Gulf Stream and may

harbor higher abundances of Gambierdiscus spp. In fact,

Gambierdiscus spp. have been identified from a number of

offshore sites by Litaker et al. (Litaker et al., 2009; Litaker et al.,

2010). It appears that the prevalence of Gambierdiscus spp. is
A B

FIGURE 5

(A) Changes in mean number of Gambierdiscus cells across triplicate control and material treatment over the 27 days of incubation. Error bars
shown are standard deviation. (B) Growth rate (day-1) of Gambierdiscus spp. across different treatments, as represented by the x-axis labels. The
boxplot represents the distribution of growth rate data, with the whiskers indicating minimum and maximum growth rates, the box indicating the
interquartile range and the red line indicating the median growth rate. Dots represent means with standard error bars.
FIGURE 4

Non-metric multidimensional scaling (NMDS) plot by material and seaweed type. The shape of the points corresponds to the material of the reef the
samples were collected from. Stress: 0.237, ANOSIM R = 0.067, significance = 0.103. The color of the points corresponds to the seaweed type the
samples were collected from. Stress: 0.219, ANOSIM R = 0.407, significance = 0.002.
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currently limited to offshore sites closer to the Gulfstream due to

warmer water temperatures compared to shallower, nearshore sites.

Artificial reefs are often created to provide fishing sites and

consequently, many of these sites are popular recreational fishing

spots. Thus, the detection of Gambierdiscus spp. on artificial reefs

will have serious public health implications. With rising ocean

temperatures, the range of Gambierdiscus spp. is expected to

expand and allow them to spread further inshore (Kibler et al.,

2015). Long-term monitoring of artificial and natural reefs will be

necessary to understand the distribution of Gambierdiscus spp. and

manage the risk of CFP.
Trends observed using microscopy

Epiphyte assemblages were dominated by pennate diatoms at all

sites. Pennate diatoms were also the most diverse group observed,

consisting of Navicula spp., Cylindrotheca spp., Licmophora spp.,

Thalassionema sp., Gyrosigma spp., Pleurosigma spp., Striatella sp.

and other unidentified pennate diatoms. Dinoflagellates

(Prorocentrum sp. and Warnowia sp.) and cyanobacteria

(Oscillatoria sp.) were only observed in a few sites and made up a

very small proportion of the total microalgae cells. The low

abundance of dinoflagellates may indicate that these sites are not

optimal environments for epiphytic dinoflagellates and further

explain the lack of Gambierdiscus spp.

Overall, average epiphyte abundance was very similar between

the concrete and the natural sites, whereas the steel sites had the

highest median cell density and diversity of epiphytes. This

indicates that concrete may be better at mimicking a natural

assemblage whereas steel can promote increased biomass.

Intriguingly, this trend was also observed within fish assemblages

by Lemoine et al. (2019) on some of the same sites that we sampled

here. They noted that concrete artificial reefs supported similar fish

assemblages to natural reefs while steel artificial reefs had distinct

assemblages but higher biomass and diversity. The similar trends in

both epiphyte and fish composition suggests a potential relationship

between epiphyte community composition and the resulting fish

populations. On the other hand, both trends could have occurred

independently of each other in response to the characteristics of the

artificial reef materials. However, due to the small sample size

examined, further research and observations are necessary to

understand the mechanisms that drive the trends observed in

this study.
Species composition based on 18S rRNA
gene analysis

Evaluating epiphyte composition using microscopy tends to

favor cells such as diatoms and heterotrophic dinoflagellates as their

large size makes them more easily discernable while smaller cells

tend to be overlooked during this process (Gong et al., 2020).

Molecular analysis of species composition yields a better

understanding of epiphyte assemblages observed at each site.
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DNA samples yielded similar results to cell counts with diatoms

constituting the largest proportion of epiphytes detected, but

dinoflagellates also contributed to a significant fraction.

Dinoflagellates tend to have larger genome sizes and thus high

18S gene copy numbers (Gong and Marchetti, 2019), which would

account for the higher representation of dinoflagellates via 18S

sequencing compared to cell counts. Although epiphyte

composition was relatively consistent across the sampled sites,

notable trends were observed with natural reefs being dominated

by dinoflagellates, while concrete reefs were dominated by

diatoms (Figure 3A).

The NMDS analysis (Figure 4) indicated that seaweed type

plays a more important role on determining epiphyte composition

compared to reef material. Consequently, it is reasonable to infer

that seaweed type might also affect Gambierdiscus spp. abundance.

However, prior research examining the interactions between host

seaweeds and Gambierdiscus spp. present conflicting levels of host

preference. Lee et al. (2020) found that Gambierdiscus spp. were

more common in turf algae and some fleshy macroalgae habitats

whereas Mustapa et al. (2019) observed no specific preference for

macroalgal types. With this in mind, it is difficult to predict which

macroalgae may be more favorable to Gambierdiscus spp., despite

the observed influence of seaweed type on epiphyte composition.

Additionally, reef material and seaweed type do not sufficiently

explain the dissimilarities observed in epiphyte communities. The

outlier point, station C-1-B was collected from concrete reef AR465.

All three macroalgae samples collected from this site were

Sargassum algae, yet C-1-B had a drastically different species

composition compared to the other two replicates. This indicates

that there are other factors which drive epiphyte diversity which

have not been considered in this study.
Gambierdiscus spp. substrate preference

Gambierdiscus cells in the marl treatment had a similar average

growth rate to the control but experienced larger variations. Both

steel and concrete treatments resulted in an average growth rate

lower than that of the control. None of the treatments resulted in a

substantial increase in Gambierdiscus cells, but Gambierdiscus spp.

displayed a slight preference for marl over both concrete and steel.

This implies that natural rocky reefs may harbor more

Gambierdiscus spp. and have a higher risk of CFP. Interestingly,

this aligns with the molecular data showing that natural reefs were

more likely to be dominated by dinoflagellates compared to the steel

and concrete reefs. The experimental results also suggest that the

presence of an artificial substrate may not drive the proliferation of

Gambierdiscus spp., yet additional research is needed to further

explore whether steel and concrete can be utilized as artificial reefs

without concern for increased risk of CFP.

The use of steel to construct artificial reefs may be beneficial in

reducing the abundance of Gambierdiscus spp. should it spread

further inshore with rising ocean temperatures. Given that the steel

treatment resulted in a steady decrease in Gambierdiscus cells over

time, increasing the number of steel artificial reefs may be a
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potential solution to limiting the prevalence of the toxic

dinoflagellate. That said, there are some limitations to the current

experimental design that may interfere with the reliability of the

results. Rusting of the steel materials resulted in a significant

production of rust particles within the steel treatment wells

(Figure 6). Gambierdiscus cells could generally be distinguished

from the rust particles, however it is possible that some cells were

obscured, creating the appearance of fewer cells than were

actually present.

To overcome these challenges, it would be ideal to set up

mesocosm experiments with multiple algae hosts attached to

structures of different materials. Addition of Gambierdiscus cells

into such controlled environments will allow us to better

understand the combined impact of reef substrate material and

macroalgal hosts, while eliminating confounding factors that would

occur in the natural environment.
Conclusion

The lack of Gambierdiscus spp. observed in the artificial and

natural reef samples indicated these sites carry low risk of exposure

to CFP, at the time of our sample collection.However, many popular

fishing sites are located further offshore in deeper waters where

warmer water temperatures may be more favorable to

Gambierdiscus spp. Additionally, rising sea temperatures may

result in range expansion of Gambierdiscus spp., increasing the

occurrence of ciguatoxins in North Carolina waters. It is important

to continue monitoring both artificial and natural reefs to

understand how Gambierdiscus populations are shifting and to

implement proper policies which reduce the risk and minimize

occurrences of CFP in North Carolina.

This study also sheds light on how artificial reef materials relate

to epiphyte composition. The trends in epiphyte assemblage align

with trends observed in fish assemblages by Lemoine et al. (2019),

with concrete artificial reefs supporting similar communities to

natural reefs while steel artificial reefs led to increases in biomass
Frontiers in Marine Science 09
and diversity. This demonstrates a potential relationship between

epiphyte composition and fish populations, but more research is

needed to better understand the interactions between epiphytic

microalgae and pelagic fish populations, as well as how interactions

may be mediated by reef characteristics, such as area and

vertical relief.

Ultimately, it appears that the reef substrate material does not

play as significant of a role in determining epiphyte composition

compared to seaweed type, particularly within the shallow reefs

sampled in this study. Thus, the optimal artificial reef construction

material is dependent on the goal of resource managers. If the goal

is to create habitats that mimic natural rocky reefs, then concrete or

marl should be used. On the other hand, if the goal is to increase

biomass and diversity of the resultant communities, then steel may

be the better option. Steel materials may also be able to limit

Gambierdiscus spp. growth and help manage the risk of CFP.

While deeper reef sites were not sampled, it is reasonable to

assume similar material-based trends would occur at those sites.
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SUPPLEMENTARY FIGURE 1

Sea surface temperatures overlaid with location of sampled sites on 27th

September 2021 (NOAA GOES, n.d.)

SUPPLEMENTARY FIGURE 2

Water temperatures on each sampling day recorded by dive computer during
surveys. Red dashed line indicates 27°C, the optimal growing temperature for

Gambierdiscus spp.

SUPPLEMENTARY TABLE 1

Coordinates (decimal degrees) and reef substrate material of sampled sites.

AR designated artificial reef. NR designates natural reef.
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