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Abstract: The Florida Keys, a delicate archipelago of sub-tropical islands extending from the south-
eastern tip of Florida, host the vast majority of the only coral barrier reef in the continental United
States. Abiotic as well as microbial components of the surrounding waters are pivotal for the health
of reef habitats, and thus could play an important role in understanding the development and trans-
mission of coral diseases in Florida. In this study, we analyzed microbial community structure and
abiotic factors in waters around the Florida Reef Tract. Both, bacterial and eukaryotic community
structure were significantly linked with variations in temperature, dissolved oxygen and total or-
ganic carbon values. High abundances of copiotrophic bacteria as well as several potentially harm-
ful microbes, including coral pathogens, fish parasites and taxa that have been previously associated
with Red Tide and shellfish poisoning were present in our datasets and may have a pivotal impact
on reef health in this ecosystem.
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1. Introduction

Coral reefs around the Florida Keys constitute the main part of the third largest bar-
rier reef ecosystem in the world [1]. In addition to the reefs, the area around the Keys is
comprised of diverse habitats like shallow seagrass meadows and mangrove forests.
These ecosystems are constantly threatened by global climate change (e.g., ocean warming
and ocean acidification), human activities (e.g., fishing and pollution), hurricanes, and
tropical storms. In 1990, the Florida Keys National Marine Sanctuary (FKNMS) was estab-
lished to protect the only coral barrier reef in the continental United States, which provides
essential ecosystem services and represents a very important source of food and income
for coastal communities [2]. FKNMS annually attracts nearly five million visitors who col-
lectively contribute to its $4.4 billion economic value (data from 2017; https://marinesanc-
tuary.org/wp-content/uploads/2019/07/FKNMS-Report-Final-072819.pdf) through ma-
rine-related activities in the sanctuary, including fishing, snorkeling, diving, wildlife
viewing, boating and other activities.

The Florida Keys Reef Tract has experienced several major disease outbreaks over
the past four decades that have drastically changed the reef ecosystems [3]. Therefore, the
preservation of the Florida Keys has become a national priority in the USA [4] and un-
precedented restoration efforts are on the way to restore parts of the nearly 90% of original
coral cover that was lost (https://www fisheries.noaa.gov/southeast/habitat-conserva-
tion/restoring-seven-iconic-reefs-mission-recover-coral-reefs-florida-keys).

Most recently, stony coral tissue loss disease (SCTLD), which was first identified in
2014 off the coast of Virginia Key, has affected at least 23 reef-building coral species, espe-
cially on the outer reef parts [5-8]. The disease often results in whole colony mortality
[5,9,10]. Aquaria studies have shown that disease transmission can occur through direct




contact and through the water column. Additionally, disease lesions are significantly im-
pacted (stopped or slowed) by antibiotic treatment, indicating a bacterial origin of the
disease [7]. So far, however, no single pathogen has been identified as the cause of this
outbreak.

Coral reefs and their well-structured associated microbial communities are extremely
complex and should be seen as parts of an ecosystem with a strong benthic-pelagic
exchange ([11] [12] [13]). Therefore, the impact of abiotic and biotic components of reef
waters on corals and coral health cannot be overestimated. While presumably not related
to the current SCTLD outbreak in Florida, ocean warming, pH decrease, overfishing and
coastal pollution are the main threats to coral reefs worldwide [14-16]. Increases in sea
surface temperatures cause coral bleaching, which is recognized as a main concern over
the coming decades; however, an even greater threat can arise from the increasing fre-
quency and impact of coral diseases [17]. The increased prevalence of potential coral dis-
eases is presumed to be driven by nutrient enrichment in nearshore waters [18,19] and is
usually also correlated to higher temperatures and increased total suspended solids (TSS;
[20]). The FKNMS is directly influenced by water masses with distinct nutrient content,
including the Florida Current, the Gulf of Mexico Loop Current, inshore currents of the
SW Florida Shelf, discharge from the Everglades through the Shark River Slough, as well
as by tidal exchange with both Florida Bay and Biscayne Bay ([21] [22] [23]).

In the present study, abiotic measurements were combined with microbial commu-
nity analyses to analyze water quality in waters around the Florida Reef Tract.

2. Materials and Methods
2.1. Collection of samples and physico-chemical data

Water samples for this study (total of 50), were obtained between February and April
of 2018. Water samples for microbial community analyses were collected at 30 stations
from approximately 0.25 m below the surface and, if the stations were deep enough, also
at approximately 1 m from the bottom, using a Niskin bottle (General Oceanics). The sta-
tions encompassed shore, inshore, and reef locations (Figure 1; Table S1). Water samples
were collected and abiotic data was analyzed by the Southeast Environmental Research
Center at Florida International University (SERC), using standard methodology outlined
in the Quality Assurance Project Plan (QAPP, [24]). R package 'vegan' [25] was used to fit
environmental variables (envfit function) onto ordinations of a detrended correspondence
analysis (DCA) in order to determine their impact on bacterial and eukaryotic community
composition.

2.2. Flow cytometry

Flow cytometry samples were fixed with paraformaldehyde (final concentration 1%;
pH =7.4), incubated at room temperature (RT) for 60 min, and stored at -20 °C until anal-
yses. Flow cytometry analyses were performed on a Guava easyCyte HT (Luminex, USA).
Samples for flow cytometry were incubated with SYBR Green I nucleic acid stain for 30
min at room temperature. Cell populations were discriminated via green fluorescence
(532 nm), side scatter, and forward scatter channels using a blue laser (488 nm) at a flow
rate of 0.24 uL s-1. Distinct microbial clusters, including low nucleic acid (LNA) and high
nucleic acid (HNA) fractions that are often encountered in aquatic samples [26], were an-
alyzed using Guava'’s InCyte software.



Latitude

256

24.4

e 201 - Sands Ke
I\ |
a L
A L 203 Tnumh Reef
= ?06 A ax Reai
=

214 Pon Ellzab eth

'15. Carysfort Channel

.'\._ R { lf;m C‘aluﬂa Park Marmaf

. . J 222 Dixie Shoal
Middle Keys T 223 Mos ik Bank

222~ N‘olasses Reef Channe} '-

Lower Keys [225 - Molasses Reef]
205 - Bullfrog Banks U er Keys
MarquesasKeys [301 S pp Y
(305 - CUdIUM Lo by d? {242 - Long Key Channel]
_1244 Long Key Pass Inshorel . Zone
330 - New Ground L_ 43 Tennessee Reef
. (375~ Calda Channe) 307 - TﬂrU“ Bel Keys 5], {254 - Batia Honda Key o BACK
. S |255 Bahia Honda Channel IMM?Q
P 16 Man of War Harbo . REEF

= 9 Key West Ocean- Intl ain rt SHORE

333 - Half Moon Shoal

y
335 - Sta 335

{256 - Bahia Honda Offshore
276 ~Western Head. 2?4 - Boca Chica Mid

280 - Eastern Dry Rocks

Longitude

Figure 1. Map of the sampling sites (main graph) and location of the Florida Keys (upper left corner). Sampling sites are
color-coded: BACK - Backcountry; INSHORE - Inshore; MARQ - Marquesas Keys; REEF - Reef; SHORE - Shore.

2.3. Phylogenetic profiling

For the microbial community analyzes, 0.5 L of each sample were filtered onto 0.22
pm nitrocellulose membranes (MF-Millipore, Darmstadt, Germany) and stored at -20 °C
until further processing. DNA extractions were carried out with the Qiagen PowerWater
Kit following the manufacturer’s recommended protocol (Qiagen, Hilden, Germany).

DNA extracts were used as templates for the amplification of the V4 hypervariable
region of the 165 rRNA gene (515F-806R primer pair [27]) and V9 hypervariable region of
the 185 rRNA gene (1389F-EukB primer pair [28]). In addition, primers contained se-
quencer adapters and the reverse amplification primer contained a twelve base barcode
sequence for multiplexing. Each 25-uL PCR reaction contained 9.5 uL of MO BIO PCR
Water (Certified DNA-Free), 12.5 pL of QuantaBio’s AccuStart Il PCR ToughMix (2x con-
centration, 1x final), 1 uL Forward Primer (5 uM concentration, 200 pM final), 1 uL Golay
barcode tagged Reverse Primer (5 uM concentration, 200 pM final), and 1 pL of template
DNA. The PCR conditions to amplify the 16S rRNA gene were as follows: 94 °C for 3 min,
35 cycles at 94 °C for 45 s, 50 °C for 60 s, and 72 °C for 90 s; final extension of 10 min at 72
°C to ensure complete amplification.

The PCR conditions to amplify the 18S rRNA gene were as follows: 94 °C for 3
minutes, 35 cycles at 94 °C for 45 s, 57 °C for 60 s, and 72 °C for 90 s; final extension of 10
min at 72 °C. Amplicons were then quantified using PicoGreen (Invitrogen) and a plate
reader (Infinite 200 PRO, Tecan). Once quantified, volumes of each of the products were
pooled into a single tube so that each amplicon is represented in equimolar amounts. This
pooled sample was then cleaned up using AMPure XP Beads (Beckman Coulter), and
quantified using a fluorometer (Qubit, Invitrogen). After quantification, the molarity of
the pool was determined and diluted to 2 nM, denatured, and then diluted to a final con-
centration of 6.75 pM with a 10% PhiX spike. DNA sequence data was generated using
[llumina paired-end sequencing (151 bp - 12 bp - 151 bp MiSeq run) at the Environmental
Sample Preparation and Sequencing Facility at Argonne National Laboratory.

2.4. Bioinformatics

The QIIME 2 microbiome analysis package [29] was used for sequence analyzes.
Quality filtering, chimera identification and merging of paired-end reads was carried out
using the DADA2 plugin [30] as implemented in QIIME2 with default settings, except



forward and reverse reads were truncated to 150 bp. The ‘core-metrics-phylogenetic’
method was used to obtain weighted UniFrac matrices with normalized sampling depths
of 23,615 sequences in the case of 165 rRNA dataset and 39,703 sequences in the case of
18S rRNA dataset. SILVA release 132 (Ref NR 99) taxonomy and g2-feature-classifier were
used for classification of gene sequences [31,32].

Data filtering and statistical analyses were carried out with R version 3.4.0 (R Core
Team). Taxa classified as chloroplasts, mitochondria or Metazoa were discarded from the
datasets. The final 165 rRNA dataset included 2,476,919 sequences, on average 49,538 se-
quences per sample. No sequences were retrieved from sample 224B. The final 185 rRNA
dataset included 1,977,481 sequences, on average 39,549 sequences per sample. Raw data
was submitted to the Sequence Read Archive under accessions SRR14089946-
SRR14089995 (16S rRNA dataset) and SRR14090638-SRR14090687 (185 rRNA dataset).
Dendrograms were constructed using UPGMA hierarchical clustering based on weighted
UniFrac distance analysis. The approximately unbiased (AU) values and probability val-
ues (p-values) were calculated by multiscale bootstrap resampling. Clusters with AU 2
95% are considered to be strongly supported by data.

3. Results
3.1. Physical and chemical parameters

Sampling occurred at the end of the dry season at 30 stations along the Florida Keys
archipelago. The locations were divided into four areas (Marquesas, Lower Keys, Middle
Keys, and Upper Keys) and five zones (shore, inshore, reef, Marquesas Keys and the
(Lower Keys) backcountry; Figure 1). Two shore stations were located at the Calusa Park
Marina (Key Largo; station 501) and near the Key West International Airport (Key West;
station 509). These two locations are arguably under the highest anthropogenic pressures
among the study sites. The salinity ranged from 34.0 to 36.8 PSU (practical salinity units),
and values lower than 36 PSU were observed only in five stations with shore stations
among them (Figure 2; Table S1).

The EPA has developed strategic targets for the Water Quality Monitoring Project
that state that they shall annually maintain the overall water quality of the near shore and
coastal waters of the FKNMS according to the 2005 baseline. The baseline for dissolved
inorganic nitrogen (DIN) has been set to 0.75 puM. Values exceeding this baseline were
observed at one station in the Upper Keys (reef station 215) and at two stations in the
Lower Keys (stations 301, 316; stations 501, 503 and 509 are not considered for the EPA
targets). Higher total phosphorus (TP) concentrations than the 0.25 uM baseline were ob-
served at the Calusa Park Marina (station 501; not considered for EPA targets) and at 10
stations in the Lower Keys. For reef sites, chlorophyll a (Chl a) values exceeding the base-
line of 0.35 g 1! were observed at three reef stations in the Lower Keys (255, 256, and
280).

The water temperature at the stations varied only by 4 degrees between 21.9 °C and
25.9 °C. Samples collected at shore and Lower Keys backcountry stations differed signifi-
cantly by their physicochemical properties, including higher TOC content and increased
turbidity (Figure 2). The highest Chl 2 and ammonium concentrations were also found
among these stations (stations 295 and 509).
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Figure 2. Physicochemical parameters of the water samples: total nitrogen (TN), total organic nitrogen (TON), nitrate,
nitrite, ammonium, total phosphorus (TP), soluble reactive phosphorus (SRP), chlorophyll a (Chl a), diffuse attenuation
coefficient (Kd), Delta Sigma-T (DST), total organic carbon (TOC) and total nitrogen to total phosphorus ratio (TN:TP).
The color code for the stations follows Figure 1.

3.2. Abundance of pico- and nanoplankton

The heterotrophic, non-pigmented, bacterial cell abundances (picoplankton) were
discriminated into low nucleic acid content (LNA) bacteria and high nucleic acid content
(HNA) bacteria. For LNA bacteria, a subdivision was created to discriminate a distinct
cluster containing notably larger cells with higher forward scatter values (LNA-hf; Figure
3).
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Figure 3. Flow cytometric estimates of cell abundances. Non-pigmented prokaryotes are divided between low nucleic acid
(LNA) and high nucleic acid (HNA) fractions. Autofluorescent phytoplankton cells are discriminated into three groups:
chlorophyll a containing picoplankton (Chla small), chlorophyll a containing nano- and microplankton (Chla big) and
phycoerythrin containing pico- to microplankton (Chla+PE). The color coding for the stations follows Figure 1. Lower
Keys sites and site 501 were only sampled at the surface. The analysis of unstained samples from site 225 did not work
because of a failure of the flow cytometer.

The total bacterial abundances ranged from 0.6 x 10¢ to 1.2 x 106 cells ml-'. The fraction
of HNA bacteria varied greatly between 23% and 74% of the total bacterial counts. Highest
bacterial cell counts were observed at inshore stations in the Upper and Middle Keys (214,
223, and 241), and at four stations in the Lower Keys backcountry (301, 305, 307, and 315).
Lowest bacterial counts were found at reef station 280 (Eastern Dry Rocks) and at station
295 (Florida Bay).

Phytoplankton cells were discriminated by their size into pico- and nanoplankton
groups (0.2 - 2.0 pm and 2.0 - 20 yum, Chla-nano). Picoplankton cells were also subdivided
by their pigmentation: only Chl 4 containing cells (Chla-pico) and those additionally pos-
sessing phycoerythrin (Chla-pico+PE; Figure 3). Chla-pico was the most abundant phyto-
plankton group with cell densities between 3.6 x 103 and 6.4 x 10* cells ml'. Chla-pico+PE
abundances varied significantly, reaching 3.3 x 10* cells at inner reef station 278, where it
was the most abundant phytoplankton group. Highest nanophytoplankton (Chla-nano)
abundances were observed at Lower Keys backcountry sites (up to 5.6 x 10% cells ml1),
whereas phytoplankton abundances overall varied drastically between the stations (Fig-
ure 3).

3.3. Prokaryotic Community Composition (PCC)

In general, microbial communities (both prokaryotic and eukaryotic) did not form
many significant clusters based on location or habitat (Figure 4), with few exceptions. PCC
from all three stations in the Marquesas Keys and seven outermost reef stations from the
Upper and Lower Keys formed a statistically significant cluster (edge 42; AU = 98%, Fig-
ure 4A), and shore station 501, inshore station 254, and four Lower Keys backcountry sta-
tions (301, 305, 307, and 316) formed another statistically significant cluster (edge 31, AU
= 99%). The second shore station, 509, also clustered closely with this group (edge 37).
Temperature (r2 = 0.55; p < 0.05), DO (12 = 0.62; p < 0.01) and TOC (r2 = 0.78; p < 0.005)
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Figure 4. Average (UPGMA) cluster dendrograms based on weighted UniFrac distance matrices for prokaryotic (A) and
eukaryotic (B) communities. Significant clusters (approximately unbiased p-values AU > 95%, 1000 iterations) are indi-
cated with by red boxes. The color code for the stations follows Figure 1.

While the 165 rRNA gene amplicon analyzes revealed bacteria-dominated commu-
nities, Marine Group II archaea (Thermoplasmata) were present and had a relative abun-
dance of 2.6% in the Upper Keys (and an average of 1.9% within the whole data set). The
highest relative abundance of archaea was observed in three northernmost stations in the
Upper Keys, where Marine Group II contributed to an average of 4.7% of the prokaryotic
community composition (Figure 5).

Two bacterial classes, alpha- and gammaproteobacteria, together comprised 67.6% of
the analyzed prokaryotic communities (Figure 5). The SAR11 clade (14.1%), Rhodobacter-
ales (9.7%), Puniceispirillales (8.9%), Rhodospirillales (6.6%), and Parvibaculales (1.4%) were
the most abundant orders within the alphaproteobacteria, while the SAR86 clade (12.5%),
Thiomicrospirales (5.0%), Oceanospirillales (3.8%) and Cellvibrionales (2.4%) were the most
abundant orders of Gammaproteobacteria. Together with Flavobacteriales (Bacteroidia;
14.1%), Actinomarinales (Actinobacteria; 5.9%), and Synechococcales (Oxyphotobacteria; 5.2%),
these orders accounted for 87.9% of the prokaryotic diversity.
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Figure 5. Relative abundance of the most abundant prokaryotic taxa at species level (accounted for at least 1% in one
sample).

In the Upper Keys, the SAR11 clade (on average 15.7% of PCC), the SAR86 clade
(11.6%), Flavobacteriales (11.1%), Puniceispirillales (9.7%), and Rhodobacterales (8.3%) were
the most prevalent bacterial orders. Synechococcales accounted for a larger fraction of the
PCC (on average 6.5%) in the Upper Keys compared to other study areas, with a maxi-
mum occurrence of 14% at reef station 222.

In the Middle Keys, Thiomicrospirales was the most abundant bacterial order, contrib-
uting 19.6% of the PCC (up to 31.4% at inshore station 244), whereas in other study areas
its members were significantly less abundant (below 4% of the PCC). Representatives of
Betaproteobacteriales were most commonly found in this study area, accounting for 1.2% of
the PCC, whereas their abundance in other areas remained less than 1%.

In the Lower Keys, members of Flavobacteriales represented around one fifth of the
PCC (20.1%), roughly two-fold higher compared to other study areas. Rhodobacterales
(13.1%) was the second most abundant microbial order, and its relative abundance in the



Lower Keys was around five-fold higher than in the Marquesas Keys (2.4%), where SAR86
and SARI11 clades were the dominant taxa (28.2% and 19.0%, respectively).

SAR11 bacteria were represented by seven relatively abundant species-level taxa be-
longing to four different clades (Ia, Ib, II, IIl and IV) and their occurrence varied between
its ecotypes (Figure 5). Within the cyanobacteria, Synechococcus generally dominate in
coastal waters and Prochlorococcus in offshore oligotrophic regions [33]. This trend is also
reflected in our results as the highest relative abundances of Prochlorococcus were observed
at outer reef stations (203, 206, 222, 243, 256 and 280).

3.4. Eukaryotic Microbial Community

Eukaryotic microbial communities showed little clustering with highly significant
statistical support, neither based on location nor on habitat (Figure 4B). The largest statis-
tically significant cluster (edge 27; AU = 98%) was comprised of the four samples from
stations 242 and 244 (Middle Keys). Similarly to the PCC, TOC (12 = 0.65; p < 0.001), tem-
perature (12 = 0.46; p <0.05) and DO (r2= 0.55; p < 0.05) had the most significant impact on
the EMC (Table S3).

Dinoflagellates represented more than a quarter of the EMC, with Dinophyceae and
Syndiniales comprising 13.8% and 13.0% of the 185 rRNA dataset, respectively (Figure 6).
Dinoflagellates that remained unclassified accounted for an additional 2.1% of the EMC
structure. The second most abundant phytoplankton group were diatoms. Members of
Bacillariophyta accounted for 16.8% of the EMC composition. Other relatively abundant
taxa, that contributed more than 1% of the dataset, were marine Stramenopiles (MAST
group; 8.1%), Mamiellophyceae (Chlorophyta; 7.0%), Spirotrichea (Ciliophora; 5.5%), Prymnesi-
ophyceae (Haptophyta; 3.5%), Fungi (2.1%), Labyrinthulea (Stramenopiles; 2.0%), Chryso-
phyceae (1.8%), Telonemia (1.3%), Ascetosporea (Endomyxa 1.3%), Cryptophyceae (1.3%),
Apicomplexa (1.2%), and Thecofilosea (Cercozoa; 1.0%).

The most abundant genus-level taxa within the EMC varied vastly in their relative
abundance throughout the study area, except for the most prominent dinoflagellate,
Scrippsiella (OTU1), and a raphid-pennate diatom, OTU2, that were commonly found in
all the samples (Figure 6). The most dominant taxon in a single location was OTU3, Syn-
diniales of marine alveolate group I clade I, that comprised about one third (33.1%) of the
EMC at the bottom layer of inner reef station 274.

Within Bacillariophyta, raphid-pennate diatoms were the most abundant group rep-
resented by OTU2 and OTU19 (Figure 6). OTU2 was relatively abundant in all study areas
and contributed to around a quarter of the EMC at reef station 280. Other abundant OTUs
related to diatoms included representatives of the genus Minidiscus (OTU4), which con-
tains species that represent the smallest centric diatoms of the marine phytoplankton [34].
Chaetoceros, which is probably the most diverse genus of marine planktonic diatoms, was
more prevalent at stations in Middle and Marquesas Keys than in the other locations
(OTU14).
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Figure 6. Relative abundance of eukaryotes (genus-level OTUs, clustered at 95% identity) that contributed at least 5% of
community composition in at least one sample.

Several sequences were related to green algae: OTU5, OTU6, and OTU20 were clas-
sified as Micromonas; OTU33 was identified as Ostreococcus.

The most abundant sequences related to ciliates were assigned to the genus Spi-
rotrichea, which includes mixotrophs that can use plastids from their prey as well as retain
chloroplasts from food for photosynthetic nutritional supplements [35]. Another OTU as-
signed to ciliates was closely related to Laboea strobila (OTU34), an organism that se-
questers photosynthetically functional chloroplasts derived from ingested algae [36].

4. Discussion

The waters around the Florida Reef Tract are generally oligotrophic and nutrient-
deplete [23]. Year-long seasonal monitoring of abiotic water quality parameters (including
the dataset presented here) has shown that waters have usually slightly higher turbidity
and nutrient concentrations on the Gulf of Mexico side of the Keys than on the Atlantic
side, along the reef tract [23]. Despite complex water patterns and significant differences
in anthropogenic pressure along the Florida Reef Tract, the microbial community compo-
sition, at least during our sampling event, was not strikingly different in the different wa-
ters around the Keys and no distinct coherent clustering by longitude/latitude or sample
type was apparent.

Elevated organic carbon concentrations can directly impact coral microbiomes and
increase coral mortality [37]. The importance of increased organic carbon for microbial
community structure in reef waters was well demonstrated by our data, as TOC concen-
trations did had a significant impact on both prokaryotic and eukaryotic microbial com-
munity composition, together with temperature and DO concentrations.



The data presented in this study show that the total abundances of unpigmented
cells are not necessarily correlated with organic carbon concentrations, and, even though
higher abundances of HNA bacteria were more likely to be found in areas with elevated
TOC concentrations, this trend was not consistent. More detailed studies on microbial
functions rather than relative abundances of certain microorganisms are necessary to ad-
dress questions related to changes in functional diversity of planktonic microbes near
healthy and unhealthy reefs.

Nevertheless, previous data on microbial community composition in reef environ-
ments have identified potential bioindicator species and their relationship to abiotic
stressors. Existing monitoring data that combine microbial data and abiotic data in reef
habitats demonstrated that high temperatures are usually correlated to an increase of taxa
belonging to Rhodobacteraceae, Cryomorphaceae, Synechococcaeae, Vibrio and Flavobacterium
(which include putative coral pathogens and opportunistic bacteria) [20]. Flavobacteriaceae-
affiliated taxa are significant indicators correlated to high chlorophyll a (Chl a), TSS and
particulate organic carbon (POC) concentrations. Halomonadaceae are significantly corre-
lated with high Chl a and TSS, and representatives of the phylum Verrucomicrobia are sig-
nificant indicators correlated with high TSS levels [20].

Opportunistic copiotrophic taxa, such as Cryomorphaceae, Flavobacteriaceae and Rhodo-
bacteraceae, are usually more prevalent in the higher nutrient nearshore waters (e.g.
[38,39]). Recent studies have found Flavobacteriaceae-affiliated taxa as indicators for in-
creased organic nutrients at the Great Barrier Reef [20,40]. We found that relative abun-
dances of Cryomorphaceae PS008 were significantly correlated with TOC concentrations in
the water (R2 = 0.77, p < 0.001). Interestingly, several bacterial groups within the order
Flavobacteriales, including Cryomorphaceae, are more likely to be present within SCTLD-
diseased coral tissue than within apparently healthy coral tissue [6]. Greater abundances
of Rhodobacteraceae and Cryomorphaceae have been also shown at inlet-influenced coastal
waters of southeast Florida, where the SCTLD outbreak began [41,42]. PS001, classified as
Rhodobacteraceae, was the most abundant prokaryotic species-level taxa in our dataset and
was found relatively abundant throughout the Florida Keys archipelago. Rhodobacterales
have been also detected at higher relative abundances in SCTLD lesion samples [8]. Usu-
ally, bacteria associated with coral disease are rarely detected in seawater due to their low
concentrations [43,44]. In this case, the same taxa that are abundant in corals with SCTLD
symptoms are abundantly found in the water column, which further supports the hypoth-
esis that some these organisms may act as secondary opportunistic pathogens associated
with progression of SCTLD [45].

Terrestrial runoff that leads to organic enrichment of coastal waters and sediments
has been identified as a key process in the degradation of coral reefs [46,47]. Increases in
organic matter result in reduced O2 concentrations, lower pH, and formation of hydrogen
sulfide, a potent toxin to most organisms, which can accelerate the spread of reef colony
mortality [46]. The presence of potentially sulfur-oxidizing Thioglobaceae (PS007) in the
water column indicates high sulfide production in areas where SCTLD had spread at the
time of the study (Upper and Middle Keys; [42]).

Not only prokaryotes, but also microbial eukaryotes are being used to assess water
quality in coral reef ecosystems [48]. Microalgae are generally enriched nearshore due to
high nutrient and resuspension requirements [49]. The most abundant eukaryotic group
in our dataset, Scrippsiella, is a non-toxic, cosmopolitan marine dinoflagellate that can be
found in both cold and tropical waters, where it is known to produce “red tide” events.
Scrippsiella blooms can lead to oxygen depletion resulting in fish kills [50], and have been
reported in the Southern Gulf of Mexico and the coastal United States [51].

Dinoflagellates of the order Suessiales, which also contains the genus Symbiodinium,
the main phototrophic coral symbiont, were also found in the water column. Not only
increased nutrients [52,53] [54] [55], but also the increase of dinoflagellates in reef waters
imposes potential threats to Symbiodinium. Firstly, it may lead to the spread and prolifer-
ation of viruses that could also infect zooxanthellae species [56-58], and secondly, it may
increase activity and impact of algicidal bacteria against dinoflagellates [59]. While Mayali



and Azam [60] initially reported that species belonging to the Bacteroides are the most
abundant and widely isolated algicidal bacteria, a recent study identified culturable algi-
cidal bacteria from a wide range of taxa [61].

Dinoflagellates are known as one of the major components of diverse marine ecosys-
tems (e.g., [62]). They often form red tides or harmful algal blooms that sometimes cause
human illness and large-scale mortality of fin-fish and shellfish [63-65]. Thus, the high
abundance of dinoflagellates in the waters of a region that has a large tourism industry is
of critical concern, not only in relation to SCTLD, but also in relation to other human in-
terests. Our study indicates that dinoflagellate contributed to a larger fraction of the EMC
compared to abundances reported by a study that was carried out in the Florida Keys
three years earlier [66], although this could reflect seasonal variation or differences in the
composition of sampling locations.

Several abundant eukaryotic OTUs were assigned to well-described pathogens. Four
OTUs were classified as Syndiniales, an order of dinoflagellates exclusively composed of
marine parasites that infect a wide range of hosts, from fish larvae to dinoflagellates, in-
cluding Scrippsiella [67,68]. Other parasitic eukaryotes in our dataset included Paradinium
sp. (parasites of various copepod hosts, [69]), Rozella (Cryptomycota), a genus of endopar-
asites of a broad range of hosts [70], including other parasites [71], and Labyrinthula, (en-
dophytic net slime molds, most of which are opportunistic pathogens found in association
with marine vegetation, including seagrasses and mangroves [72,73]). As our dataset only
provides a snapshot of the microbial communities in these waters, establishing a regular
monitoring program would be essential to assess changes in the relative abundances of
these organisms.

5. Conclusions

A growing body of research has introduced the concept of using microorganisms as
bioindicators, which can provide an immediate and sensitive measure of water quality
that can and should supplement abiotic water quality measurements. Waters surrounding
reefs interact with different components of coral reefs and thus may have a strong impact
on reef health. Our survey of the waters around the Florida Keys uncovered a high abun-
dance of copiotrophic microbial taxa, including opportunistic pathogens. This survey rep-
resents only a snapshot of the potential factors in the waters that might influence reef
health in the Florida Keys’ archipelago, and regular monitoring of microbes in conjunction
with abiotic stressors will be pivotal to understand possible threats to reef health and can
thus guide informed ecosystem management.
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Environmental metadata, Table S2: Impact of environmental parameters on 16S rRNA gene dataset,
Table S3: Impact of environmental parameters on 185 rRNA gene dataset.

Author Contributions: Conceptualization, U.S. and H.B.; sample collection, B.B. and M.A.; sample
preparations and DNA extractions, K.U.; formal analysis, P.L.; data curation, P.L.; writing —original
draft preparation, P.L.; writing—review and editing, U.S. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by USDA/NIFA through HATCH project FLA-FTL-005631.
Sampling was supported by the EPA Water Quality Protection Program Award # X7-00D49716.

Data Availability Statement: Raw data was submitted to the Sequence Read Archive under acces-
sions SRR14089946-SRR14089995 (16S rRNA dataset) and SRR14090638-SRR14090687 (185 rRNA
dataset).

Acknowledgments: We want to acknowledge Dr. Seemanti Chakrabarti for help with logistics and
sample preparation.

Conflicts of Interest: The authors declare no conflict of interest.



References

1.

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

Finkl, C.; Andrews, J., Shelf geomorphology along the southeast florida atlantic continental platform: Barrier coral reefs,
nearshore bedrock, and morphosedimentary features. Journal of Coastal Research 2008, 24, 823-849.

Moberg, F.; Folke, C., Ecological goods and services of coral reef ecosystems. Ecological Economics 1999, 29, 215-233.

Porter, J.; Dustan, P.; Jaap, W.; Patterson, K.; Kosmynin, V.; Meier, O.; Patterson, M.; Parsons, M., Patterns of spread of coral
disease in the florida keys. Hydrobiologia 2001, 460, 1-24.

Rohmann, S.; Hayes, J.; Newhall, R.; Monaco, M.; Grigg, R., The area of potential shallow-water tropical and subtropical
coral ecosystems in the united states. Coral Reefs 2005, 24, 370-383.

Rippe, J.; Kriefall, N.; Davies, S.; Castillo, K., Differential disease incidence and mortality of inner and outer reef corals of
the upper florida keys in association with a white syndrome outbreak. Bulletin of Marine Science 2019, 95, 305-316.

Meyer, J.; Castellanos-Gell, J.; Aeby, G.; Hase, C.; Ushijima, B.; Paul, V., Microbial community shifts associated with the
ongoing stony coral tissue loss disease outbreak on the florida reef tract. Frontiers in Microbiology 2019, 10.

Aeby, G.; Ushijima, B.; Campbell, J.; Jones, S.; Williams, G.; Meyer, ].; Hase, C.; Paull, V., Pathogenesis of a tissue loss disease
affecting multiple species of corals along the florida reef tract. Frontiers in Marine Science 2019, 6.

Rosales, S.; Clark, A.; Huebner, L.; Ruzicka, R.; Muller, E., Rhodobacterales and rhizobiales are associated with stony coral
tissue loss disease and its suspected sources of transmission. Frontiers in Microbiology 2020, 11, 681.

Precht, W.; Gintert, B.; Robbart, M.; Fura, R.; van Woesik, R., Unprecedented disease-related coral mortality in southeastern
florida. Scientific Reports 2016, 6, 31374.

Walton, C.; Hayes, N.; Gilliam, D., Impacts of a regional, multi-year, multi-species coral disease outbreak in southeast florida.
Frontiers in Marine Science 2018, 5, 323.

Lesser, M., Benthic-pelagic coupling on coral reefs: Feeding and growth of caribbean sponges. Journal of Experimental Marine
Biology and Ecology 2006, 328, 277-288.

Garren, M.; Azam, F., New directions in coral reef microbial ecology. Environmental Microbiology 2012, 14, 833-844.

Glasl, B.; Webster, N.; Bourne, D., Microbial indicators as a diagnostic tool for assessing water quality and climate stress in
coral reef ecosystems. Marine Biology 2017, 164, 91.

Zaneveld, ].R.; Burkepile, D.E.; Shantz, A.A.; Pritchard, C.E.; McMinds, R.; Payet, ].P.; Welsh, R.; Correa, A.M.; Lemoine,
N.P.; Rosales, S., et al., Overfishing and nutrient pollution interact with temperature to disrupt coral reefs down to microbial
scales. Nat Commun 2016, 7, 11833.

Hernandez-Agreda, A.; Gates, R.; Ainsworth, T., Defining the core microbiome in corals' microbial soup. Trends in
Microbiology 2017, 25, 125-140.

McDevitt-Irwin, J.; Baum, J.; Garren, M.; Thurber, R., Responses of coral-associated bacterial communities to local and global
stressors. Frontiers in Marine Science 2017, 4, 262.

Maynard, J.; van Hooidonk, R.; Eakin, C.; Puotinen, M.; Garren, M.; Williams, G.; Heron, S.; Lamb, J.; Weil, E.; Willis, B., et
al., Projections of climate conditions that increase coral disease susceptibility and pathogen abundance and virulence. Nature
Climate Change 2015, 5, 688-694.

Thurber, R.; Burkepile, D.; Fuchs, C.; Shantz, A.; McMinds, R.; Zaneveld, J., Chronic nutrient enrichment increases
prevalence and severity of coral disease and bleaching. Global Change Biology 2014, 20, 544-554.

Zaneveld, ].; Burkepile, D.; Shantz, A.; Pritchard, C.; McMinds, R.; Payet, J.; Welsh, R.; Correa, A.; Lemoine, N.; Rosales, S.,
et al., Overfishing and nutrient pollution interact with temperature to disrupt coral reefs down to microbial scales. Nature
Communications 2016, 7, 11833.

Glasl, B.; Bourne, D.; Frade, P.; Thomas, T.; Schaffelke, B.; Webster, N., Microbial indicators of environmental perturbations

in coral reef ecosystems. Microbiome 2019, 7, 94.



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Lee, T.; Clarke, M.; Williams, E.; Szmant, A.; Berger, T., Evolution of the tortugas gyre and its influence on recruitment in
the florida-keys. Bulletin of Marine Science 1994, 54, 621-646.

Lee, T.; Smith, N., Volume transport variability through the florida keys tidal channels. Continental Shelf Research 2002, 22,
1361-1377.

Briceno, H.; Boyer, J.; Castro, J.; Harlem, P., Biogeochemical classification of south florida's estuarine and coastal waters.
Marine Pollution Bulletin 2013, 75, 187-204.

Bricefio, H.O.; Boyer, ].N.; Castro, ].; Harlem, P., Biogeochemical classification of south florida's estuarine and coastal waters.
Mar Pollut Bull 2013, 75, 187-204.

Dixon, P., Vegan, a package of r functions for community ecology. Journal of Vegetation Science 2003, 14, 927-930.

Lebaron, P.; Servais, P.; Agogue, H.; Courties, C.; Joux, F., Does the high nucleic acid content of individual bacterial cells
allow us to discriminate between active cells and inactive cells in aquatic systems? Applied and Environmental Microbiology
2001, 67, 1775-1782.

Caporaso, ].; Lauber, C.; Walters, W.; Berg-Lyons, D.; Huntley, J.; Fierer, N.; Owens, S.; Betley, ].; Fraser, L.; Bauer, M., et al.,
Ultra-high-throughput microbial community analysis on the illumina hiseq and miseq platforms. Isme Journal 2012, 6, 1621-
1624.

Amaral-Zettler, L.; McCliment, E.; Ducklow, H.; Huse, S., A method for studying protistan diversity using massively parallel
sequencing of v9 hypervariable regions of small-subunit ribosomal rna genes. Plos One 2009, 4(7), e6372.

Bolyen, E.; Rideout, J.; Dillon, M.; Bokulich, N.; Abnet, C.; Al-Ghalith, G.; Alexander, H.; Alm, E.; Arumugam, M.; Asnicar,
F., et al., Reproducible, interactive, scalable and extensible microbiome data science using qgiime 2. Nature Biotechnology 2019,
37,852-857.

Callahan, B.; McMurdie, P.; Rosen, M.; Han, A.; Johnson, A.; Holmes, S., Dada2: High-resolution sample inference from
illumina amplicon data. Nature Methods 2016, 13, 581-583.

Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, J.; Schweer, T.; Yarza, P.; Peplies, J.; Glockner, F., The silva ribosomal rna gene
database project: Improved data processing and web-based tools. Nucleic Acids Research 2013, 41, D590-D596.

Bokulich, N.; Kaehler, B.; Rideout, J.; Dillon, M.; Bolyen, E.; Knight, R.; Huttley, G.; Caporaso, J., Optimizing taxonomic
classification of marker-gene amplicon sequences with qiime 2 ' s q2-feature-classifier plugin. Microbiome 2018, 6, 90.
Bouman, H.; Ulloa, O.; Scanlan, D.; Zwirglmaier, K.; Li, W.; Platt, T.; Stuart, V.; Barlow, R.; Leth, O.; Clementson, L., et al.,
Oceanographic basis of the global surface distribution of prochlorococcus ecotypes. Science 2006, 312, 918-921.

Leblanc, K.; Queguiner, B.; Diaz, F.; Cornet, V.; Michel-Rodriguez, M.; de Madron, X.; Bowler, C.; Malviya, S.; Thyssen, M.;
Gregori, G., et al., Nanoplanktonic diatoms are globally overlooked but play a role in spring blooms and carbon export.
Nature Communications 2018, 9(1), 953.

Schoener, D.; McManus, G., Plastid retention, use, and replacement in a kleptoplastidic ciliate. Aquatic Microbial Ecology 2012,
67,177-187.

Stoecker, D.; Silver, M.; Michaels, A.; Davis, L., Obligate mixotrophy in laboea-strobila, a ciliate which retains chloroplasts.
Marine Biology 1988, 99, 415-423.

Kline, D.; Kuntz, N.; Breitbart, M.; Knowlton, N.; Rohwer, F., Role of elevated organic carbon levels and microbial activity
in coral mortality. Marine Ecology Progress Series 2006, 314, 119-125.

Polz, M.; Hunt, D.; Preheim, S.; Weinreich, D., Patterns and mechanisms of genetic and phenotypic differentiation in marine
microbes. Philosophical Transactions of the Royal Society B-Biological Sciences 2006, 361, 2009-2021.

Lauro, F.; McDougald, D.; Thomas, T.; Williams, T.; Egan, S.; Rice, S.; DeMaere, M.; Ting, L.; Ertan, H.; Johnson, J., et al., The
genomic basis of trophic strategy in marine bacteria. Proceedings of the National Academy of Sciences of the United States of

America 2009, 106, 15527-15533.



40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

Frade, P.; Glasl, B.; Matthews, S.; Mellin, C.; Serrao, E.; Wolfe, K.; Mumby, P.; Webster, N.; Bourne, D., Spatial patterns of
microbial communities across surface waters of the great barrier reef. Communications Biology 2020, 3, 442.

Campbell, A.M.,; Fleisher, J.; Sinigalliano, C.; White, ].R.; Lopez, ].V., Dynamics of marine bacterial community diversity of
the coastal waters of the reefs, inlets, and wastewater outfalls of southeast florida. Microbiologyopen 2015, 4, 390-408.
Muller, E.; Sartor, C.; Alcaraz, N.; van Woesik, R., Spatial epidemiology of the stony-coral-tissue-loss disease in florida.
Frontiers in Marine Science 2020, 7, 163.

Cooney, R.; Pantos, O.; Le Tissier, M.; Barer, M.; O'Donnell, A.; Bythell, J., Characterization of the bacterial consortium
associated with black band disease in coral using molecular microbiological techniques. Environmental Microbiology 2002, 4,
401-413.

Frias-Lopez, ].; Zerkle, A.; Bonheyo, G.; Fouke, B., Partitioning of bacterial communities between seawater and healthy,
black band diseased, and dead coral surfaces. Applied and Environmental Microbiology 2002, 68, 2214-2228.

Landsberg, J.; Kiryu, Y.; Peters, E.; Wilson, P.; Perry, N.; Waters, Y.; Maxwell, K.; Huebner, L.; Work, T., Stony coral tissue
loss disease in florida is associated with disruption of host zooxanthellae physiology. Frontiers in Marine Science 2020, 7, 1090.
Weber, M.; de Beer, D.; Lott, C.; Polerecky, L.; Kohls, K.; Abed, R.; Ferdelman, T.; Fabricius, K., Mechanisms of damage to
corals exposed to sedimentation. Proceedings of the National Academy of Sciences of the United States of America 2012, 109, E1558-
E1567.

Haas, A.; Fairoz, M.; Kelly, L.; Nelson, C.; Dinsdale, E.; Edwards, R.; Giles, S.; Hatay, M.; Hisakawa, N.; Knowles, B., et al.,
Global microbialization of coral reefs. Nature Microbiology 2016, 1, 16042.

Blanco, A.; Nadaoka, K.; Yamamoto, T., Planktonic and benthic microalgal community composition as indicators of
terrestrial influence on a fringing reef in ishigaki island, southwest japan. Marine Environmental Research 2008, 66, 520-535.
Treguer, P.; Bowler, C.; Moriceau, B.; Dutkiewicz, S.; Gehlen, M.; Aumont, O.; Bittner, L.; Dugdale, R.; Finkel, Z.; Iudicone,
D, et al., Influence of diatom diversity on the ocean biological carbon pump. Nature Geoscience 2018, 11, 27-37.

Hallegraeff, G., Harmful algal blooms in the australian region. Marine Pollution Bulletin 1992, 25, 186-190.

Zinssmeister, C.; Soehner, S.; Facher, E.; Kirsch, M.; Meier, K.; Gottschling, M., Catch me if you can: The taxonomic identity
of Scrippsiella trochoidea (f.Stein) a.R.Loebl. (Thoracosphaeraceae, Dinophyceae). Systematics and Biodiversity 2011, 9, 145-157.
Muscatine, L.; Falkowski, P.; Dubinsky, Z.; Cook, P.; McCloskey, L., The effect of external nutrient resources on the
population-dynamics of zooxanthellae in a reef coral. Proceedings of the Royal Society Series B-Biological Sciences 1989, 236, 311-
324.

Marubini, F.; Davies, P., Nitrate increases zooxanthellae population density and reduces skeletogenesis in corals. Marine
Biology 1996, 127, 319-328.

Cunning, R.; Baker, A., Excess algal symbionts increase the susceptibility of reef corals to bleaching. Nature Climate Change
2013, 3, 259-262.

Shantz, A.; Lemoine, N.; Burkepile, D., Nutrient loading alters the performance of key nutrient exchange mutualisms.
Ecology Letters 2016, 19, 20-28.

Wilson, W.; Francis, I; Ryan, K.; Davy, S., Temperature induction of viruses in symbiotic dinoflagellates. Aquatic Microbial
Ecology 2001, 25, 99-102.

Davy, S.; Burchett, S.; Dale, A.; Davies, P.; Davy, J.; Muncke, C.; Hoegh-Guldberg, O.; Wilson, W., Viruses: Agents of coral
disease? Diseases of Aquatic Organisms 2006, 69, 101-110.

Lohr, J.; Munn, C.; Wilson, W., Characterization of a latent virus-like infection of symbiotic zooxanthellae. Applied and
Environmental Microbiology 2007, 73, 2976-2981.

Roth, P.; Mikulskil, C.; Doucette, G., Influence of microbial interactions on the susceptibility of karenia spp. To algicidal

bacteria. Aquatic Microbial Ecology 2008, 50, 251-259.



60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.
73.

Mayali, X.; Azam, F., Algicidal bacteria in the sea and their impact on algal blooms. Journal of Eukaryotic Microbiology 2004,
51, 139-144.

Dungca-Santos, J.; Caspe, F.; Tablizo, F.; Purganan, D.; Azanza, R.; Onda, D., Algicidal potential of cultivable bacteria from
pelagic waters against the toxic dinoflagellate pyrodinium bahamense (dinophyceae). Journal of Applied Phycology 2019, 31,
3721-3735.

Montero, P.; Perez-Santos, I.; Daneri, G.; Gutierrez, M.; Igor, G.; Seguel, R.; Purdie, D.; Crawford, D., A winter dinoflagellate
bloom drives high rates of primary production in a patagonian fjord ecosystem. Estuarine Coastal and Shelf Science 2017, 199,
105-116.

Jeong, H.; Yoo, Y.; Lee, K;; Kim, T.; Seong, K.; Kang, N.; Lee, S.; Kim, J.; Kim, S.; Yih, W., Red tides in masan bay, korea in
2004-2005: 1. Daily variations in the abundance of red-tide organisms and environmental factors. Harmful Algae 2013, 30,
575-588.

Anderson, D.; Alpermann, T.; Cembella, A.; Collos, Y.; Masseret, E.; Montresor, M., The globally distributed genus
alexandrium: Multifaceted roles in marine ecosystems and impacts on human health. Harmful Algae 2012, 14, 10-35.

Park, M.; Kim, S.; Shin, E.; Yih, W.; Coats, D., Parasitism of harmful dinoflagellates in korean coastal waters. Harmful Algae
2013, 30, S62-574.

Weber, L.; Gonzalez-Diaz, P.; Armenteros, M.; Ferrer, V.; Bretos, F.; Bartels, E.; Santoro, A.; Apprill, A., Microbial signatures
of protected and impacted northern caribbean reefs: Changes from cuba to the florida keys. Environmental Microbiology 2020,
22, 499-519.

Chambouvet, A.; Alves-de-Souza, C.; Cueff, V.; Marie, D.; Karpov, S.; Guillou, L., Interplay between the parasite
Amoebophrya sp. (Alveolata) and the cyst formation of the red tide dinoflagellate Scrippsiella trochoidea. Protist 2011, 162, 637-
649.

Jephcott, T.; Alves-De-Souza, C.; Gleason, F.; Van Ogtrop, F.; Sime-Ngando, T.; Karpov, S.; Guillou, L., Ecological impacts
of parasitic chytrids, syndiniales and perkinsids on populations of marine photosynthetic dinoflagellates. Fungal Ecology
2016, 19, 47-58.

Skovgaard, A.; Daugbjerg, N., Identity and systematic position of paradinium poucheti and other paradinium-like parasites
of marine copepods based on morphology and nuclear-encoded ssu rdna. Protist 2008, 159, 401-413.

Letcher, P.; Powell, M., A taxonomic summary and revision of rozella (cryptomycota). Ima Fungus 2018, 9, 383-399.
Gleason, F.; Lilje, O.; Marano, A.; Sime-Ngando, T.; Sullivan, B.; Kirchmair, M.; Neuhauser, S., Ecological functions of
zoosporic hyperparasites. Frontiers in Microbiology 2014, 5, 244.

Vergeer, L.; den Hartog, C., Omnipresence of Labyrinthulaceae in seagrasses. Aquatic Botany 1994, 48, 1-20.

Bremer, G., Lower marine fungi (Labyrinthulomycetes) and the decay of mangrove leaf-litter. Hydrobiologia 1995, 295, 89-95.



