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ABSTRACT Coral reefs are dynamic ecosystems known for decades to be endangered due, in large part, to anthropogenic impacts from land-based sources of pollution (LBSP). In this study, we utilized an Illumina-based next-generation sequencing approach to characterize prokaryotic and fungal communities from samples
collected off the southeast coast of Florida. Water samples from coastal inlet discharges, oceanic outfalls of municipal wastewater treatment plants, treated wastewater efﬂuent before discharge, open ocean samples, and coral tissue samples (mucus
and polyps) were characterized to determine the relationships between microbial
communities in these matrices and those in reef water and coral tissues. Signiﬁcant
differences in microbial communities were noted among all sample types but varied
between sampling areas. Contamination from outfalls was found to be the greatest
potential source of LBSP inﬂuencing native microbial community structure among all
reef samples, although pollution from inlets was also noted. Notably, reef water and
coral tissue communities were found to be more greatly impacted by LBSP at southern reefs, which also experienced the most degradation during the course of the
study. The results of this study provide new insights into how microbial communities from LBSP can impact coral reefs in southeast Florida and suggest that wastewater outfalls may have a greater inﬂuence on the microbial diversity and structure
of these reef communities than do contaminants carried in runoff, although the inﬂuences of runoff and coastal inlet discharge on coral reefs are still substantial.
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IMPORTANCE Coral reefs are known to be endangered due to sewage discharge

and to runoff of nutrients, pesticides, and other substances associated with anthropogenic activity. Here, we used next-generation sequencing to characterize
the microbial communities of potential contaminant sources in order to determine how environmental discharges of microbiota and their genetic material
may inﬂuence the microbiomes of coral reef communities and coastal receiving
waters. Runoff delivered through inlet discharges impacted coral microbial communities, but impacts from oceanic outfalls carrying treated wastewater were
greater. Geographic differences in the degree of impact suggest that coral microbiomes may be inﬂuenced by the microbiological quality of treated wastewater.
KEYWORDS coral, land-based sources of pollution, microbial ecology, microbial
source tracking, next-generation sequencing
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oral reefs are highly diverse ecosystems that play crucial roles in maintaining
marine biodiversity and productivity and coastal protection, and they serve as a
source of food and recreation (1). Corals exist as holobionts (2) composed of a coral
polyp, endosymbiotic zooxanthellae (Symbiodinium spp.) (3), bacteria (4), fungi (5),
archaea (6), and viruses (7). The interactions of all of the constituents of the coral
microbiome have recently been described as dynamic, changing in response to seasonal variations and with disease state (8). Due to global climate change and other
anthropogenic impacts on the coral microbiome (1, 9), coral reefs have been recognized as endangered ecosystems for the last several decades (10). Estimates are that
20% of coral reefs globally are already lost, while approximately 24% face imminent risk,
and another 26% may be facing severe damage (1).
A core microbiome among corals is deﬁned functionally rather than based on the
presence of speciﬁc taxa (4, 11–13), similar to what is found in humans (14). The coral
microbiome has recently been implicated in the onset of reef diseases, where stresses
on the microbiome (e.g., elevated temperature) disturb normal host resistance and/or
restriction from other members of the microbiome. Consequently, this allows overgrowth of typically commensal taxa and various opportunistic pathogens (11, 15).
Variation in the coral microbiome has also been shown to follow seasonal dynamics (8,
12, 16), with temperature having a more signiﬁcant impact on community composition
than the disease state (8, 12). However, the functional states of the coral microbiome
show some plasticity, adapting to geographical differences and nutrient availability
(13).
Anthropogenic impacts, primarily in the form of terrestrial runoff, also contribute to
nutrient loading, sediment deposition, and the transport of pesticides, pharmaceuticals,
and other harmful chemicals to nearby coral reefs, stressing coral communities (17, 18).
The parameters inﬂuenced by these land-based sources of pollution (LBSP) have been
shown to be dependent on the surrounding land cover (19). Not surprisingly, the
concentration of pollutants and the extent of discharge from LBSP are directly related
to rain events that increase river ﬂows (16, 20, 21). Importantly, LBSP and their
associated changes in water chemistry also inﬂuence proximate marine communities
(16, 22). During periods of high ﬂow (i.e., during rain events), the abundances of
Burkholderiales and Sphingobacteriales, common to river samples, increased in marine
waters and were correlated with changes in physicochemical parameters (16).
It was previously suggested that threats to corals can be broadly divided into global
threats, representing climatic or ecological phenomena that are difﬁcult for resource
managers to control, and local threats, which refer to speciﬁc anthropogenic activities
that can be directly modulated and regulated (1). Probiotic approaches, such as phage
therapy, bioaugmentation, or adaptation of the commensal coral microbiota, have
been suggested as means to combat more global threats (11, 23, 24), but the ethics and
potential consequences of these actions must be carefully considered. Locally, nutrient
runoff, sewage discharge, coastal construction, and overﬁshing represent more manageable stressors to protect coral communities (reviewed in reference 1). While the
negative consequences of these actions have been generally understood for decades,
their impacts on the coral microbiome have only recently received attention (16, 22).
In this study, we used a next-generation sequencing approach to characterize the
microbial communities from LBSP (coastal inlets, oceanic outfalls from wastewater
treatment plants, and wastewater treatment efﬂuent), coral reef waters, and coral
tissues (mucus and polyps) among coral reefs off the southeastern coast of Florida,
offshore of the Miami-Dade and Broward counties. We hypothesized that the impacts
of various LBSP on microbial (prokaryotic and fungal) communities in nearby coral reefs
and tissue samples would vary as a result of demographic and hydrological differences
associated with sampling sites, and that the relative degree of source impacts could be
determined based on exchange between microbial communities from LBSP and reef
waters or coral tissues. Here, potential contributions from LBSP were evaluated using
SourceTracker analysis (25–27), which utilizes a Bayesian approach to assign operational taxonomic units (OTUs) from sink communities to sources. This work is a
aem.asm.org 2

Land-Based Pollution Affecting Florida Corals

Applied and Environmental Microbiology

TABLE 1 Physicochemical parameters measured among water samplesa
Value for sample type
Open ocean
27
36.2 ⫾ 0.2
25.7 ⫾ 2.0
24.0 ⫾ 0.6
1.1 ⫾ 0.8
1.3 ⫾ 0.9
6.6 ⫾ 0.2
0.3 ⫾ 0.0
3.9 ⫾ 1.8
4.2 ⫾ 1.8
0.3 ⫾ 0.1
0.4 ⫾ 0.2

Inlet
25
35.1 ⫾ 1.5
27.1 ⫾ 2.7
22.7 ⫾ 1.5
11.0 ⫾ 11.5
4.1 ⫾ 2.4
6.4 ⫾ 0.3
1.0 ⫾ 0.9
6.6 ⫾ 3.5
7.6 ⫾ 3.9
0.3 ⫾ 0.1
1.0 ⫾ 0.5

Reef water
157
35.9 ⫾ 0.9
26.5 ⫾ 2.2
23.5 ⫾ 1.2
1.6 ⫾ 3.2
1.4 ⫾ 1.5
6.5 ⫾ 0.3
0.4 ⫾ 0.3
4.1 ⫾ 1.8
4.5 ⫾ 1.8
0.2 ⫾ 0.1
0.4 ⫾ 0.3

Outfall
55
35.7 ⫾ 1.0
26.8 ⫾ 2.1
23.3 ⫾ 1.2
2.2 ⫾ 2.2
1.2 ⫾ 0.6
6.5 ⫾ 0.3
0.5 ⫾ 0.5
11.2 ⫾ 16.2
11.7 ⫾ 16.3
0.5 ⫾ 0.5
0.4 ⫾ 0.2
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Parameter
n
Salinity (‰)
Temp (°C)
Density (kg · m⫺3)
CDOM (g · liter⫺1)
Turbidity (NTU)
DO (mg · liter⫺1)
N⫹N (M)
TKN (M)
TN (M)
TP (M)
Chl-a (g · liter⫺1)

are means ⫾ standard deviations among all samples. Parameters measured include salinity,
temperature, density, colored dissolved organic matter (CDOM), turbidity, dissolved oxygen (DO), nitrate ⫹
nitrite (N⫹N), total Kjeldahl nitrogen (TKN), total nitrogen (TN), total phosphorus (TP), and chlorophyll a
(Chl-a).

aValues

component of a larger Florida Area Coastal Environment (FACE) program study (http://
www.aoml.noaa.gov/themes/CoastalRegional/projects/FACE/faceweb.htm). The goals
of this program are to investigate nutrient concentration and transport from LBSPs,
perform coral benthic surveys of coral cover and health, and monitor microbiological
water quality of the southeast Florida sentinel coral reef sites used in this study. The
results of these other source tracking investigations from the broader FACE study are
primarily reported elsewhere (28, 29), and the work we report here focuses on the
characterization of microbial communities and potential sources of contamination
using next-generation sequencing.
RESULTS
Monitoring nutrients and microbiological qualities of water. Water samples (i.e.,
inlet, reef water, open ocean water, and outfall samples) differed signiﬁcantly in all
physiochemical parameters measured (Table 1), except for temperature (P ⫽ 0.114) and
dissolved oxygen (P ⫽ 0.157), when grouped by sample type. Inlet samples had greater
colored dissolved organic matter, turbidity, nitrate plus nitrite N, and chlorophyll a
concentrations and lower salinity than all other sample types (P ⬍ 0.0001 for all
parameters). Outfall samples had signiﬁcantly greater concentrations of nitrogen, total
nitrogen, and total phosphorus (P ⬍ 0.0001). Water density also varied signiﬁcantly
among sample types (P ⫽ 0.001), with reef water and outfall samples having intermediate densities between those observed for open ocean and inlet samples.
As reported previously (29), pepper mild mottle virus (PMMoV) and human polyomavirus (HPyV) were quantiﬁed at inlet and outfall sites in 2014 (see Table S1 in the
supplemental material). Due to the low frequency of quantiﬁable results, HPyV data
were treated as binary (presence/absence) data. Pepper mild mottle viruses were
generally on the order of 104 gene copies · liter⫺1 at outfalls and 102 gene copies ·
liter⫺1 at inlet sites. Human polyomavirus was similarly detected more frequently at
outfalls, with nearly two-thirds of the samples positive at the Miami Central outfall,
compared to only about one-third (38.9%) at the Miami North outfall, with 16.7 to
33.3% of inlet samples testing positive for HPyV.
Alpha diversity of prokaryotic community. Sequence analysis found a range of
119 to 3,943 OTUs among all samples, with a mean ⫾ standard deviation Good’s
coverage of 98.8% ⫾ 0.8%. When measured by the Shannon index, samples collected
from inlets had signiﬁcantly lower alpha diversity (Table 2) than did the ocean and reef
sites, while the outfall and wastewater treatment plant (WWTP) efﬂuent samples had
intermediate Shannon diversity values. Prokaryotic communities associated with corals
(mucus and polyps) had signiﬁcantly lower diversity than did all water samples.
However, no signiﬁcant differences (P ⬎ 0.05) were observed in abundance-based
May 2017 Volume 83 Issue 10 e03378-16
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TABLE 2 Coverage and alpha diversity indices for bacterial communities among all
samples collected, consolidated by sample typea
Indexc
n
25
27
147
53
9
87

Coverage (%)
98.7 ⫾ 0.4
98.9 ⫾ 0.7
98.8 ⫾ 0.6
99.0 ⫾ 0.7
99.0 ⫾ 0.9
98.7 ⫾ 1.1

Sobs
1,095 ⫾ 208
765 ⫾ 396
968 ⫾ 395
875 ⫾ 541
821 ⫾ 643
1,184 ⫾ 838

Shannon
4.42 ⫾ 0.22
3.57 ⫾ 0.67
4.19 ⫾ 0.60
3.99 ⫾ 0.79
3.66 ⫾ 1.10
3.31 ⫾ 1.39

A
B,C
A
A,B
A,B,C
C

ACE
2,243 ⫾ 804
2,070 ⫾ 1,386
2,001 ⫾ 1,144
1,774 ⫾ 1,180
1,765 ⫾ 1,569
1,999 ⫾ 1,629
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Sample type
Open ocean
Inlet
Reef water
Outfall
WWTP
Coral tissue

b

are means ⫾ standard deviations among all samples.
number of OTUs observed.
cFor Shannon index, sample groups sharing the same letter did not differ signiﬁcantly in alpha diversity by
Tukey’s post hoc test (P ⬎ 0.05). Overall P values for Shannon’s index and ACE index are ⬍0.0001 and 0.734,
respectively.
aValues
bS

obs,

coverage estimate (ACE) richness among sample types. Within a given sample type,
differences in alpha diversity did not differ signiﬁcantly by site, except among coral
tissues, where ACE richness tended to increase at reef sites as follows: Barracuda ⫽
Emerald ⬍ Oakland Ridge ⬍ Pillars (P ⫽ 0.034, Tukey’s post hoc P ⱖ 0.093).
Prokaryotic community composition. Prokaryotic community composition was
similar among all environmental water sample types (reef, open ocean water, inlet, and
outfall water), with high relative abundances of Alphaproteobacteria and Cyanobacteria
(Fig. 1). In contrast, the WWTP efﬂuent samples, before oceanic discharge, were
predominantly composed of Betaproteobacteria. Coral mucus and polyp samples had
greater relative abundances of Gammaproteobacteria, with a greater relative abundance of Bacilli among polyps than that with mucus samples. At higher taxonomic
resolution, coral tissue communities primarily consisted of Endozoicomonas and Bacillus, with a relatively greater percentage of the community that could not be assigned
to the genus level (Fig. S1). The percentage of Endozoicomonas was signiﬁcantly
different among tissue samples from each reef (P ⫽ 0.038), and tended to be higher at
the Oakland Ridge reef. The abundances of Bacillus and Paenibacillus also differed
signiﬁcantly (P ⫽ 0.008 and 0.004, respectively) and tended to be greater among polyps
collected from Barracuda and Emerald reefs. Among all tissue samples, the percentage
of unclassiﬁed reads was lower for polyp samples (P ⬍ 0.0001).
Beta diversity of prokaryotic communities. The prokaryotic composition, as
evaluated by analysis of similarity (ANOSIM), did not differ signiﬁcantly between open
ocean and reef water sample types when grouped by northern or southern sampling
areas (P ⫽ 0.911 to 0.914). Prokaryotic communities in inlet and WWTP samples
generally differed signiﬁcantly from every other sample type (P ⱕ 0.024 and ⱕ0.005,
respectively), except for the inlet and coral mucus samples collected from the southern
area, which did not differ signiﬁcantly (P ⫽ 0.329). Community composition of open
ocean sites also did not differ from outfall samples in the northern region (P ⫽ 0.104),
but community composition was signiﬁcantly (P ⫽ 0.015) different among sampling
sites in the southern sampling area. Reef communities differed from those of outfalls in
either region (P ⱕ 0.002). Generally, the prokaryotic communities in coral mucus and
polyp samples were signiﬁcantly different from all the other sample types (P ⱕ 0.009),
except as noted above. Communities from mucus and polyps did not differ from each
other in the northern sampling region (P ⫽ 0.225), but they were signiﬁcantly different
among samples collected in the southern region (P ⫽ 0.001). Samples from different
sites of the same sample type did not harbor signiﬁcantly different prokaryotic communities (P ⱖ 0.119).
Ordination of Bray-Curtis distances by principal-coordinate analyses (PCoA; Fig. 2)
revealed clustering by sample type, and this separation was supported by analysis of
molecular variance (AMOVA) (P ⬍ 0.001) for both sampling areas. Water samples
tended to cluster together, apart from coral tissue and WWTP efﬂuent samples. Similar
to the ANOSIM results, in the southern region, post hoc tests revealed no signiﬁcant
May 2017 Volume 83 Issue 10 e03378-16
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FIG 1 Distribution of abundant bacterial classes among sample types collected from the northern (A) and
southern (B) cruise regions.

separation of inlet from coral mucus samples (P ⫽ 0.225). Differences in sample type
were primarily attributable to the families Cyanobacteria group IIa (GpIIa), Flavobacteriaceae, “Candidatus Pelagibacter,” Rhodospirillaceae, and Rhodobacteraceae among
water samples, and these families were less abundant in outfall samples (Fig. S1). The
WWTP samples showed taxonomic variability between sampling areas, with the WWTP
samples associated with the northern region (Miami North) primarily composed of
Burkholderiaceae, while those associated with the southern region (Miami Central) were
predominantly composed of a large number of less abundant families. Coral tissue
samples had signiﬁcantly greater abundances of Bacillaceae and Hahellaceae.
Redundancy analysis (RDA) generally supported the results of the Kruskal-Wallis test
(Fig. S2 and S3). Coral tissue samples were more strongly associated with increased
abundances of Bacillaceae and Hahellaceae, while inlet samples were associated with
greater abundances of Flavobacteriaceae and Rhodobacteraceae. Abundances of Cyanobacteria group II were also associated with reef water samples. Little separation was
May 2017 Volume 83 Issue 10 e03378-16

aem.asm.org 5

Staley et al.

Applied and Environmental Microbiology

Downloaded from http://aem.asm.org/ on September 13, 2017 by University of Michigan Library

FIG 2 Principal-coordinate analyses of bacterial communities collected from the northern (r2 ⫽ 0.818) (A)
and southern (r2 ⫽ 0.787) (B) sampling regions.

observed between open ocean and outfall samples, which clustered with ubiquitous
marine families. Of note, water samples from the Pillars reef site were more closely
related to inlet samples than were samples from other reefs.
Fungal community diversity and composition. Fungal community coverage was
estimated at 97.9% ⫾ 1.5% among all samples, with between 62 and 1,125 OTUs in
individual samples. Differences in alpha diversity among fungal communities (Table 3)
generally corresponded to those observed for prokaryotic communities and are described in detail in the supplemental results. A large portion of the fungal community
among all samples could not be assigned to a phylum (Fig. 3). Among the genera that
could be classiﬁed, Dictyocatenulata and Bullera spp. were predominantly found in
water and WWTP samples, while Dictyocatenulata was among the only genus that could
be classiﬁed from coral tissue samples. Aspergillus was also somewhat abundant among
samples collected in the northern region, especially in ocean and reef water samples.
Differences in beta diversity among fungal communities from LBSP (i.e., inlets and
outfalls), reef water, and open ocean samples were similar to those described for
May 2017 Volume 83 Issue 10 e03378-16
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TABLE 3 Coverage and alpha diversity indices for fungal communities among all samples
collected, consolidated by sample typea
Indexc
n
17
24
110
45
10
117

Coverage (%)
97.1 ⫾ 1.1
96.6 ⫾ 1.0
97.2 ⫾ 1.1
97.1 ⫾ 1.1
96.0 ⫾ 0.6
99.5 ⫾ 0.2

Sobs
614 ⫾ 238
630 ⫾ 184
558 ⫾ 212
540 ⫾ 208
743 ⫾ 125
106 ⫾ 27

Shannon
3.74 ⫾ 1.08
3.27 ⫾ 0.95
3.33 ⫾ 1.02
3.06 ⫾ 1.10
4.33 ⫾ 0.54
1.26 ⫾ 0.55

A,B
B
B
B
A
C

ACE
1457 ⫾ 560 A
2,012 ⫾ 759 B,C
1,536 ⫾ 624 A
1,691 ⫾ 665 A,B
2,376 ⫾ 566 C
352 ⫾ 180 D
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Sample type
Open ocean
Inlet
Reef water
Outfall
WWTP
Coral tissue

b

are means ⫾ standard deviations among all samples.
number of OTUs observed.
cSample groups sharing the same letter did not differ signiﬁcantly in alpha diversity by Tukey’s post hoc test
(P ⬎ 0.05). Overall P values for Shannon’s index and ACE index are both ⬍0.0001.
aValues
bS

obs,

prokaryotic communities (described in detail in the supplemental results). In both
northern and southern sampling areas, coral mucus and polyp communities differed
signiﬁcantly in community composition from those of other sample types (P ⱕ 0.006
and ⱕ0.040, with respect to sampling area), but communities characterized from
mucus and polyps were not signiﬁcantly different (P ⫽ 0.478 and 0.091, respectively).
In both sampling regions, no differences in beta diversity were observed among
samples of the same type between sampling sites (P ⱖ 0.113). Ordination of samples
by PCoA showed poor correlations to distance matrices (r2 ⱕ 0.113) and did not show
any trends in sample clustering (data not shown).
Inﬂuence of land-based sources of pollution. Physicochemical parameters were
presumed to vary primarily as a result of inputs from LBSP associated with changes
between wet and dry seasons (30), with the exception of temperature. In order to
determine which physicochemical factors and sampling locations best explained the
variation in phylogenetic structure, RDA relating sampling site (independent variables,
n ⫽ 10), physiochemical parameters (independent variables, n ⫽ 11), and the relative
abundance of bacterial families (dependent variable, n ⫽ 15) among water samples was
conducted (Fig. 4). The abundances of only a few prokaryotic families were related to
physicochemical parameters, while the majority clustered near the origin. Based on the
position in the same quadrant of the RDA, salinity appeared to be positively related with
abundances of “Candidatus Pelagibacter,” Oceanospirillaceae, and Rhodospirillaceae and
negatively associated with Flavobacteriaceae and Rhodobacteraceae. The abundance of
Cyanobacteria group II was also positively associated with water temperature, based on
similar direction and positioning in the RDA. Similar to the analysis of variance (ANOVA)
results (described above), the Miami Central outfall was associated with increased
nutrient concentrations, water density, and dissolved oxygen, while inlet samples were
associated with higher concentrations of nitrate plus nitrite N, chlorophyll a, turbidity,
and colored dissolved organic matter (CDOM).
Binary logistic regression analysis revealed that prokaryotic community composition, determined using abundant families, was not signiﬁcantly related to HPyV
detection (P ⱖ 0.998), as determined previously (29). However, the abundances of
Bacillaceae and Methanomassiliicoccaceae were signiﬁcantly positively correlated
with the concentration of PMMoV (r ⫽ 0.366 and 0.413, P ⫽ 0.015 and 0.006,
respectively). In contrast, abundances of Flavobacteriaceae, Rhodospirillaceae, Rhodobacteraceae, and Micromonasporaceae were negatively correlated with PMMoV
concentrations (r ⫽ ⫺0.335 to ⫺0.708, P ⱕ 0.027).
Source contributions. Evaluation of prokaryotic source contributions using the
SourceTracker sequence analysis software revealed that communities were predominantly composed of bacteria ubiquitous in marine samples, as well as host-speciﬁc
OTUs among coral tissue samples (Fig. 5A). Among the LBSPs, outfall communities had
the greatest inﬂuence on the designated sources on community composition among
reef water and mucus samples, followed by the inﬂuence of communities from inlet
May 2017 Volume 83 Issue 10 e03378-16
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FIG 3 Distribution of fungal genera in samples collected from the northern (A) and southern (B) sampling
regions.

samples. Among reef water samples, the contribution from outfall communities was
signiﬁcantly greater at sites collected from the southern region than others (Emerald
and Pillars reefs, P ⫽ 0.007), although other source contributions did not differ
signiﬁcantly by site (P ⱖ 0.052). The contribution of bacteria from source communities
to those of reef water and polyps also showed temporal variability (Table S2) and were
generally greater in samples collected in 2014 than those in 2015. Mucus communities
did not show temporal variability in source inﬂuence (P ⱖ 0.553, Table S2).
Fungal communities showed a lower proportion of ubiquitous marine taxa (open
ocean water source) than did bacterial communities (Fig. 5B). The outfall contribution
was predominant among reef water samples, with some inﬂuence from inlet communities, while coral mucus and polyp samples were predominantly composed of hostspeciﬁc OTUs. Reef water samples collected in the northern region (Oakland Ridge and
Barracuda reefs) had signiﬁcantly higher percentages of the fungal communities associated with those from open ocean samples (P ⫽ 0.012), while reef communities in the
May 2017 Volume 83 Issue 10 e03378-16
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FIG 4 Redundancy analysis relating physicochemical parameters, sample site locations, and distributions
of the 15 most abundant bacterial families among water samples. Families that clustered around the
origin are not shown for clarity. Colors denote sample type: purple, reef water; blue, open ocean; black,
inlets; gray, outfalls. Chl-a, chlorophyll a.

southern region had signiﬁcantly greater proportions of the community from unknown
sources (P ⫽ 0.004). Similar to bacterial communities, no differences in source contributions by site were observed among mucus samples (P ⱖ 0.083), although polyp
communities differed signiﬁcantly by site for all source categories (P ⱕ 0.046), except
that from WWTP (P ⫽ 0.114). Fungal source contributions showed less temporal
variation than did those from prokaryotic communities (Table S3). Fungal contributions
from inlets to reef water communities were greater in 2014, while outfall contributions
to reef communities tended to be greater from May to November in both 2014 and
2015. Fungal contributions from outfall communities to polyp communities also tended
to be higher in 2014.
DISCUSSION
The prokaryotic communities characterized in this study using Illumina-based sequence technology were similar to those previously characterized in marine coastal
waters in this area using 454 pyrosequencing technology (28). The marine water
communities were primarily composed of Proteobacteria and Cyanobacteria, and members of the families Flavobacteriaceae and Rhodobacteraceae were found to vary in
abundance between inlet and ocean/reef samples due, in part, to changes in salinity.
Communities from coral tissue samples showed some variation from previous
reports (4, 5, 12). While Alphaproteobacteria, Gammaproteobacteria, and Cyanobacteria
were the most abundant phyla, members of the Bacteroidetes and Firmicutes, previously
reported to be associated with Porites astreoides (12), were detected here at low
abundances. Instead, members of the class Bacilli, including the genera Bacillus and
Paenibacillus, were abundant. Furthermore, the genus Endozoicomonas, previously
reported to be an important member of a core coral microbiome (4), was abundant in
samples at only at the Oakland Ridge reef, lying farthest north in the sampling area.
Differences in taxonomic composition among studies may be due to the characterization method, including differences in primers used for next-generation sequencing (31),
as well as geographic and physicochemical differences affecting coral communities
(13).
Fungal communities in open ocean environments are only beginning to receive the
May 2017 Volume 83 Issue 10 e03378-16
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FIG 5 Percent prokaryotic community composition (A) and fungal community composition (B) attributable to source communities, as determined by SourceTracker.

same attention as prokaryotes and remain largely uncharacterized (32). While the
majority of fungal community sequences were unclassiﬁed in this study, a previous
report found members of class Sordariomycetes to be abundant in Porites astreoides
near Panama (5). Among the genera classiﬁed, Bullera has recently been reported from
marine seaﬂoor sediment (33), but much less is known about the genus Dictyocatenulata, a stilbellaceous fungal group associated with bark and wood (34), which was
among the only genus classiﬁed among coral samples. The fungal results, especially
taxonomic classiﬁcations, presented here should be considered cautiously due to a
number of issues that have recently received attention regarding the use of nextgeneration sequencing for ecological studies of fungi, including incomplete taxonomic
databases and lack of a control mock community, sequencing target, and alignment
and clustering methods (35, 36). Nevertheless, OTU-based analyses tended to agree
well with those from prokaryotic community characterization (discussed below), sugMay 2017 Volume 83 Issue 10 e03378-16
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gesting that unclassiﬁed sequences may simply represent unexplored marine fungal
diversity (32). Further analyses must await new sequencing technologies, bioinformatics approaches, and further development of taxonomic databases. Culture-based approaches may also beneﬁt these analyses.
The prokaryotic and fungal communities were shown to differ signiﬁcantly as a
result of sample type (i.e., ocean, reef water, WWTP outfalls, and inlets). A previous
study also characterized prokaryotic communities from ocean, reef, outfall, and inlet
samples off the southeastern Florida coast and similarly found signiﬁcant differences in
the phylogenetic structures of communities associated with different sample types (28).
This prior study, done using 454 technology, also noted that differences in community
composition were associated with seasonal changes in rainfall (28). Seasonal variation
of bacterial communities in coastal marine waters has been well established using
next-generation sequencing approaches, with shifts in community structure associated
with temperature, daylight, rainfall, and nutrient concentrations (28, 37). While seasonal
changes in rainfall likely effect the magnitude of inputs from LBSP (30), this variation
was presumed to affect sampling sites similarly in the current study.
Importantly, the differences in prokaryotic communities among types of water
samples varied based on the area of the study region sampled. In the northern area, no
differences were observed between outfall and ocean communities, suggesting minimal impacts from treated wastewater. However, this was not the case in the southern
region, where the outfall communities differed signiﬁcantly from those in both ocean
and reef samples. Similarly, coral mucus communities could not be signiﬁcantly differentiated from inlet communities in the southern region but were distinct from those of
water samples in the northern area. Analyses of fungi generally agreed with prokaryotic
results, although outfall samples differed from ocean samples in the northern area, and
reef fungal communities were not signiﬁcantly different from fungal communities
among samples collected in the southern area. Taken together, these results suggest
that there is a greater amount of anthropogenic input from both treated wastewater
and LBSP from inlets into the southern area, as well as potentially different distribution
dynamics between bacterial and fungal communities.
SourceTracker analysis (38) revealed that outfall communities had a greater inﬂuence on
those in reef water than did inlet communities among both among prokaryotes and fungi.
This result is not surprising given the greater similarity in physicochemical parameters
between reef and outfall samples versus reef and inlet chemistries. It should also be noted
that differences in source contribution may also be affected by salinity, temperature,
oxygen, and nutrient gradients, which have previously been shown to inﬂuence the
composition of both prokaryotic and fungal communities (32, 39, 40). Therefore,
inﬂuence from outfall communities may possibly be exaggerated to some extent due
to species sorting dynamics rather than community exchange. Not surprisingly, communities from coral mucus showed greater susceptibility to source inﬂuence than did
the polyp communities, most likely due to a more intimate association of the coral
mucus with the surrounding waters (41). Among prokaryotic communities, those of
coral polyps at the Pillars reef site showed the greatest inﬂuence from WWTP, and both
sites sampled in the southern region (i.e., Emerald and Pillars Reefs) showed higher
fungal contributions from outfall. Taken together with the overall prokaryotic community analyses, these data suggest that anthropogenic sources have a greater
impact on coral communities at the Emerald and Pillars reef sites than at Oakland
Ridge and Barracuda reefs. Furthermore, viral microbial source tracking marker
concentrations were more frequently detected (with HPyV) and found at higher
concentrations (with PMMoV) from Miami Central outfall than from Miami North,
suggesting a stronger inﬂuence of human fecal contamination in the southern
sampling area.
In this study, it was found that microbial communities primarily from WWTP outfalls
were the predominant inﬂuence from LBSP sources on communities in reef water and
coral tissues. Furthermore, temporal variation was observed in source contributions, as
expected based on seasonal dynamics (30), but geographic variation was also observed
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and corresponded to previously reported differences in human microbial source tracking markers (29). Previous studies have shown that the WWTP discharge plumes from
these oceanic outfalls tend to rise to the surface, where they dilute out within a few
kilometers of the outfalls and typically do not descend to the reefs themselves (42).
However, an examination of the microbial community exchanges presented here
suggests that microbial contaminants can and do reach the actual reef corals and may
inﬂuence the community structure of reef microbiota (and thus presumably inﬂuence
the health status and resiliency of reef ecosystems). While runoff contamination from
LBSP has been well characterized (18), this study highlights the importance of the
contribution of WWTP outfalls to reef contamination.
As corals face increasing environmental stressors in an era of climate change, the
reduction of individual stressors that can be mediated, such as LBSP exposures,
becomes ever more critical. Future research will be necessary to better inform how
these variations in coral and coastal water microbial community structure inﬂuence the
progression of diseases in order to better protect these dynamic ecosystems.
MATERIALS AND METHODS
Sample collection. Water and coral samples were collected during 2014 and 2015 from three coastal
inlets (Port of Miami, Baker’s Haulover, and Port Everglades), two treated wastewater efﬂuents (Miami
Central and Miami North), two surface boil expressions of oceanic outfalls from treated wastewater
(Miami Central and Miami North), 16 coral reef water sites (four reefs with three sites each for surface
water and four reefs with one site each for bottom), 12 coral polyp tissue extracts (four reefs with three
sites each), and 12 coral mucus extracts (Fig. 6; described in detail in supplemental methods). Water
samples were collected on 12 bimonthly 2-day sampling cruises as part of the FACE program Numeric
Nutrient Criteria (NNC) cruises aboard the 41-foot National Oceanic Atmospheric Administration (NOAA)
research vessel Hildebrand (described in detail in the supplemental methods). Coral tissue (polyps) and
mucus samples were collected on a quarterly basis from 2014 to 2015 from two different coral species
(Porites asteroids and Siderastrea siderea) from the same three reef sites at each of the same four sentinel
reefs (Emerald, Pillars, Barracuda, and Oakland), described in detail in the supplemental methods.
Sample processing and DNA extraction. Water samples were processed and extracted as previously described (28). In brief, 1-liter water samples were aseptically ﬁltered through 0.2-m-pore-size
47-mm-diameter sterile mixed cellulose ester membrane ﬁlters (EMD Millipore, Billerica, MA, USA). Filters
were aseptically transferred with sterile forceps to Lysing Matrix “A” bead-beating tubes (MP Biomedicals,
LLC, Santa Ana, CA, USA), and stored frozen at ⫺80°C until DNA extraction. DNA was extracted from ﬁlters
using the FastDNA spin kit (MP Biomedicals), as per the manufacturer’s directions, and stored frozen
at ⫺80°C until further analysis.
Coral mucus samples (60 ml) were aseptically ﬁltered onto polycarbonate membrane ﬁlters (0.2-m
pore size, 47 mm diameter), aseptically transferred to Lysing Matrix “E” tubes (MP Biomedicals), and then
extracted with the FastDNA spin kit for soil (MP Biomedicals), using the Lysing Matrix “E,” as per the
manufacturer’s directions. The coral polyp tissues were preserved in 95% ethanol and collected by
aseptically ﬁltering the material onto sterile polycarbonate membrane ﬁlters (0.2-m pore size, 47 mm
diameter). Large pieces of tissue were transferred from the ﬁlter into Lysing Matrix “E” tubes (MP
Biomedicals) using sterile forceps. The ﬁlter was rolled using sterile forceps and aseptically placed into
the same Lysing Matrix “E” tube with the rest of its tissue. DNA was then extracted using the FastDNA
spin kit for soil (MP Biomedicals).
Next-generation Illumina sequencing. Prokaryotic sequencing was performed using the 515F/806R
primer set targeting the V4 region (43), and fungal sequencing was performed using the ITS1F/ITS2
primer set targeting the internal transcribed spacer 1 (ITS1) region (44). Ampliﬁcation and sequencing
were performed using the dual-index method by the University of Minnesota Genomics Center (Minneapolis, MN, USA) (45), and each sample plate included a sterile-water negative control that was carried
through ampliﬁcation and sequencing. Sequencing was performed on the Illumina HiSeq 2500 and
MiSeq platforms, and the results have been shown to be comparable across platforms (43).
Bioinformatics. All sequence processing, unless otherwise noted, was performed using mothur
software version 1.34.0 (46). Prokaryotic sequence data were trimmed to the ﬁrst 160 nucleotides (nt) and
paired-end joined using the fastq-join software (25). Sequences were trimmed for quality, as described
previously for V5 and V6 data (26). Global alignment was performed against the SILVA database version
119 (27), sequences were subjected to a 2% preclustering step to remove sequence errors (47), and
chimeric sequences were identiﬁed and removed using UCHIME (48). Operational taxonomic units were
assigned at ⱖ97% identity by complete-linkage clustering. Taxonomic assignments were made against
Ribosomal Database Project version 14 (49) at a bootstrap cutoff of 60%, as described previously (50).
Fungal sequence data were trimmed to the ﬁrst 150 nt and processed in the same way as the prokaryotic
data, with the exception that sequences with homopolymers of ⬎9 nt were removed, and fungal
assignments were made using the UNITE database version 6 (51). For statistical comparisons, the
prokaryotic data set was rareﬁed by random subsample to 35,000 sequence reads per sample, prior to
OTU calling, and the fungal data set was rareﬁed to 10,000 reads per sample (52).
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FIG 6 Map of sites sampled. Green, ocean; blue, reef; pink, outfall; red, inlet. Base map created with
ArcMap (ArcGIS, version 9.1); shape ﬁles used were downloaded from NOAA’s National Geodetic Survey
website (https://www.ngs.noaa.gov/NSDE/).

To evaluate potential contributions from LBSP, the software SourceTracker version 0.9.8 was used to
analyze the sequencing data, with the default parameters (38). This software utilizes a Bayesian algorithm
to identify OTUs from source communities found in sink communities at rarefaction to 1,000 sequence
reads. The microbial communities from (i) treated wastewater efﬂuent before oceanic discharge, (ii)
treated wastewater oceanic outfalls (at the surface), (iii) coastal inlet discharge waters, and (iv) open
ocean surface water communities were designated the sources for analysis by this SourceTracker
algorithm. The open ocean background communities were included as sources to reduce noise associated with outfall samples, due to high community similarity between these sample types.
Statistical analysis. Since samples were collected on adjacent sampling dates, representing a
northern sampling area and a southern sampling area, analyses were performed separately with respect
to sampling region to take into account temporal and geographic differences among samples. Statistics
were calculated using mothur, unless otherwise stated. The Shannon index and abundance-based
coverage estimate (ACE) parameters were calculated as parametric and nonparametric measures of
diversity, respectively. Differences in beta diversity were evaluated using analysis of similarity (ANOSIM)
(53) based on Bray-Curtis dissimilarity distances (54). Nonparametric differences in OTU abundances were
May 2017 Volume 83 Issue 10 e03378-16

aem.asm.org 13

Staley et al.

Applied and Environmental Microbiology

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/AEM
.03378-16.
SUPPLEMENTAL FILE 1, PDF ﬁle, 0.5 MB.
ACKNOWLEDGMENTS
This work was primarily supported by the U.S. National Oceanic and Atmospheric
Administration’s Coral Reef Conservation Program (CRCP project 1114). The ﬁeld sample collection was also supported in part by Brown and Caldwell as per the 2013
Memorandum of Understanding (MOU) #1 between NOAA-AOML and Brown and
Caldwell for support of the NOAA-AOML Numeric Nutrient Criteria Study (NNCS). This
research was carried out in part under the auspices of the Cooperative Institute for
Marine and Atmospheric Studies (CIMAS), an institute of the University of Miami and
NOAA, cooperative agreement NA10OAR4320143.
The content and views expressed in this paper are solely those of the authors and
do not necessarily reﬂect any ofﬁcial policy or views of NOAA nor any of the other
funding entities for this research. Any mention of any particular commercial products
or vendors does not constitute endorsement nor recommendation for use by either the
authors or any funding agency, including the NOAA or U.S. EPA.
We give a special thank you to the managers and staff of the Miami Central
District and Miami North District municipal wastewater treatment plants, who
graciously helped in providing treated plant efﬂuent before oceanic discharge to
use in microbial community comparison studies and SourceTracker sequence analysis. We give a special acknowledgment of gratitude to coauthor Paul R. Jones, who
provided his expertise and labor as a coral research diver in the collection of all
coral tissue samples utilized in this study, and to Tom Carsey, who oversaw the
NNCS ﬁeld program. Finally, we gratefully acknowledge the efforts of several NOAA
research interns in the processing and extraction of a large number of water and
coral samples, including Elizabeth Kelly, Ben Vandine, Michael Goldberg, Daniel
Morales, Casey Almendarez, and Kristina Thoren.

REFERENCES
1. Riegl B, Bruckner A, Coles SL, Renaud P, Dodge RE. 2009. Coral reefs:
threats and conservation in an era of global change. Ann N Y Acad Sci
1162:136 –186. https://doi.org/10.1111/j.1749-6632.2009.04493.x.
2. Rosenberg E, Koren O, Reshef L, Efrony R, Zilber-Rosenberg I. 2007. The
role of microorganisms in coral health, disease and evolution. Nat Rev
Microbiol 5:355–362. https://doi.org/10.1038/nrmicro1635.
3. Baker AC. 2003. Flexibility and speciﬁcity in coral-algal symbiosis: diversity, ecology, and biogeography of Symbiodinium. Annu Rev Ecol Evol
Syst 34:661– 689. https://doi.org/10.1146/annurev.ecolsys.34.011802
.132417.
4. Ainsworth TD, Krause L, Bridge T, Torda G, Raina J-B, Zakrzewski M, Gates
RD, Padilla-Gamiño JL, Spalding HL, Smith C, Woolsey ES, Bourne DG,
Bongaerts P, Hoegh-Guldberg O, Leggat W. 2015. The coral core microbiome identiﬁes rare bacterial taxa as ubiquitous endosymbionts. ISME
J 9:2261–2274. https://doi.org/10.1038/ismej.2015.39.
5. Wegley L, Edwards R, Rodriguez-Brito B, Liu H, Rohwer F. 2007. Metagenomic analysis of the microbial community associated with the coral
Porites astreoides. Environ Microbiol 9:2707–2719. https://doi.org/10
.1111/j.1462-2920.2007.01383.x.
May 2017 Volume 83 Issue 10 e03378-16

6. Olson JB, Kellogg CA. 2010. Microbial ecology of corals, sponges, and
algae in mesophotic coral environments. FEMS Microbiol Ecol 73:17–30.
https://doi.org/10.1111/j.1574-6941.2010.00862.x.
7. Thurber RLV, Correa AMS. 2011. Viruses of reef-building scleractinian
corals. J Exp Mar Biol Ecol 408:102–113. https://doi.org/10.1016/j.jembe
.2011.07.030.
8. Kimes NE, Johnson WR, Torralba M, Nelson KE, Weil E, Morris PJ. 2013.
The Montastraea faveolata microbiome: ecological and temporal inﬂuences on a Caribbean reef-building coral in decline. Environ Microbiol
15:2082–2094. https://doi.org/10.1111/1462-2920.12130.
9. Burge CA, Eakin CM, Friedman CS, Froelich B, Hershberger PK, Hofmann
EE, Petes LE, Prager KC, Weil E, Willis BL, Ford SE, Harvell CD. 2014.
Climate change inﬂuences on marine infectious diseases: implications
for management and society. Annu Rev Mar Sci 6:249 –277. https://doi
.org/10.1146/annurev-marine-010213-135029.
10. Hoegh-Guldberg O, Mumby PJ, Hooten AJ, Steneck RS, Greenﬁeld P,
Gomez E, Harvell CD, Sale PF, Edwards AJ, Caldeira K, Knowlton N,
Eakin CM, Iglesias-Prieto R, Muthiga N, Bradbury RH, Dubi A, Hatziolos
ME. 2008. Coral reefs under rapid climate change and ocean acidiﬁaem.asm.org 14

Downloaded from http://aem.asm.org/ on September 13, 2017 by University of Michigan Library

evaluated using the Kruskal-Wallis test (55). Ordination of Bray-Curtis dissimilarities was performed using
principal-coordinate analysis (PCoA) (56), and signiﬁcance of clustering was evaluated using analysis of
molecular variance (AMOVA) (57). ANOVA with Tukey’s post hoc test, Spearman correlation, binary logistic
regression, and redundancy analyses were performed using XLSTAT software version 2015.1.01 (Addinsoft, Belmont, MA, USA). All statistics were evaluated at an ␣ value of 0.05. For redundancy analysis (RDA),
the 15 most abundant families were included in the analysis, normalized as percentage of total sequence
reads per sample. Physicochemical variables were transformed to a number between 0 and 1 in XLSTAT
for RDA.
Accession number(s). The sequence data are deposited in the Sequence Read Archive of the
National Center for Biotechnology Information under BioProject accession number SRP076111.

Land-Based Pollution Affecting Florida Corals

11.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

May 2017 Volume 83 Issue 10 e03378-16

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

the reefs, inlets, and wastewater outfalls of southeast Florida. Microbiologyopen 4:390 – 408. https://doi.org/10.1002/mbo3.245.
Symonds EM, Sinigalliano C, Gidley M, Ahmed W, McQuaig-Ulrich SM,
Breitbart M. 2016. Faecal pollution along the southeastern coast of
Florida and insight into the use of pepper mild mottle virus as an
indicator. J Appl Microbiol 121:1469 –1481. https://doi.org/10.1111/jam
.13252.
Banks KW, Riegl BM, Richards VP, Walker BK, Helmle KP, Jordan LKB,
Phipps J, Shivji MS, Spieler RE, Dodge RE. 2008. The reef tract continental
southeast Florida (Miami-Dade, Broward and Palm Beach Counties, USA),
p 175–220. In Riegl B, Dodge RE (ed), Coral reefs of the USA. Springer
Netherlands, Dordrecht, the Netherlands.
Youssef N, Sheik CS, Krumholz LR, Najar FZ, Roe BA, Elshahed MS. 2009.
Comparison of species richness estimates obtained using nearly complete fragments and simulated pyrosequencing-generated fragments in
16S rRNA gene-based environmental surveys. Appl Environ Microbiol
75:5227–5236. https://doi.org/10.1128/AEM.00592-09.
Jeffries TC, Curlevski NJ, Brown MV, Harrison DP, Doblin MA, Petrou K,
Ralph PJ, Seymour JR. 2016. Partitioning of fungal assemblages across
different marine habitats. Environ Microbiol Rep 8:235–238. https://doi
.org/10.1111/1758-2229.12373.
Rédou V, Navarri M, Meslet-Cladière L, Barbier G, Burgaud G. 2015.
Species richness and adaptation of marine fungi from deep-subseaﬂoor
sediments. Appl Environ Microbiol 81:3571–3583. https://doi.org/10
.1128/AEM.04064-14.
Morris EF, Finley DE. 1967. Two new genera of stilbellaceous fungi. Am
Midl Nat 77:200 –204. https://doi.org/10.2307/2423439.
Lindahl B, Nilsson RH, Tedersoo L, Abarenkov K, Carlsen T, Pennanen T,
Stenlid J, Kauserud H. 2013. Fungal community analysis by highthroughput sequencing of ampliﬁed markers–a user’s guide. New Phytol
199:288 –299. https://doi.org/10.1111/nph.12243.
Nguyen NH, Smith D, Peay K, Kennedy P. 2015. Parsing ecological signal
from noise in next generation amplicon sequencing. New Phytol 205:
1389 –1393. https://doi.org/10.1111/nph.12923.
Gilbert JA, Steele JA, Caporaso JG, Steinbrueck L, Reeder J, Temperton B,
Huse S, McHardy AC, Knight R, Joint I, Somerﬁeld P, Fuhrman JA, Field D.
2012. Deﬁning seasonal marine microbial community dynamics. ISME J
6:298 –308. https://doi.org/10.1038/ismej.2011.107.
Knights D, Kuczynski J, Charlson ES, Zaneveld J, Mozer MC, Collman RG,
Bushman FD, Knight R, Kelley ST. 2011. Bayesian community-wide
culture-independent microbial source tracking. Nat Methods 8:761U107. https://doi.org/10.1038/nmeth.1650.
Fortunato CS, Crump BC. 2011. Bacterioplankton community variation
across river to ocean environmental gradients. Microb Ecol 62:374 –382.
https://doi.org/10.1007/s00248-011-9805-z.
Fortunato CS, Herfort L, Zuber P, Baptista AM, Crump BC. 2012. Spatial
variability overwhelms seasonal patterns in bacterioplankton communities across a river to ocean gradient. ISME J 6:554 –563. https://doi.org/
10.1038/ismej.2011.135.
Wild C, Huettel M, Klueter A, Kremb SG, Rasheed MYM, Jorgensen BB.
2004. Coral mucus functions as an energy carrier and particle trap in the
reef ecosystem. Nature 428:66 –70. https://doi.org/10.1038/nature02344.
Carsey T, Stamates SJ, Featherstone CM, Amornthammarong N, Bishop
JR, Brown CJ, Campbell A, Casanova HL, Gidley ML, Kosenko M, Kotkowski RM, Lopez JV, Sinagalliano CD, Visser LA, Zhang J-Z. 2015.
Broward County coastal ocean water quality study, 2010 –2012. NOAA
technical report OAR-AOML-44. National Oceanic and Atmospheric Administration, Silver Spring, MD.
Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Huntley J, Fierer N,
Owens SM, Betley J, Fraser L, Bauer M, Gormley N, Gilbert JA, Smith G,
Knight R. 2012. Ultra-high-throughput microbial community analysis on
the Illumina HiSeq and MiSeq platforms. ISME J 6:1621–1624. https://
doi.org/10.1038/ismej.2012.8.
Smith DP, Peay KG. 2014. Sequence depth, not PCR replication, improves
ecological inference from next generation DNA sequencing. PLoS One
9:e90234. https://doi.org/10.1371/journal.pone.0090234.
Gohl DM, Vangay P, Garbe J, MacLean A, Hauge A, Becker A, Gould TJ,
Clayton JB, Johnson TJ, Hunter R, Knights D, Beckman KB. 2016. Systematic improvement of amplicon marker gene methods for increased
accuracy in microbiome studies. Nat Biotechnol 34:924 –949. https://doi
.org/10.1038/nbt.3601.
Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB,
Lesniewski RA, Oakley BB, Parks DH, Robinson CJ, Sahl JW, Stres B,
Thallinger GG, Van Horn DJ, Weber CF. 2009. Introducing mothur: openaem.asm.org 15

Downloaded from http://aem.asm.org/ on September 13, 2017 by University of Michigan Library

13.

cation. Science 318:1737–1742. https://doi.org/10.1126/science
.1152509.
Krediet CJ, Ritchie KB, Paul VJ, Teplitski M. 2013. Coral-associated microorganisms and their roles in promoting coral health and thwarting
diseases. Proc Biol Sci 280:20122328. https://doi.org/10.1098/rspb.2012
.2328.
Meyer JL, Paul VJ, Teplitski M. 2014. Community shifts in the surface
microbiomes of the coral Porites astreoides with unusual lesions. PLoS
One 9:e100316. https://doi.org/10.1371/journal.pone.0100316.
Kelly LW, Williams GJ, Barott KL, Carlson CA, Dinsdale EA, Edwards RA,
Haas AF, Haynes M, Lim YW, McDole T, Nelson CE, Sala E, Sandin SA,
Smith JE, Vermeij MJA, Youle M, Rohwer F. 2014. Local genomic adaptation of coral reef-associated microbiomes to gradients of natural
variability and anthropogenic stressors. Proc Natl Acad Sci U S A 111:
10227–10232. https://doi.org/10.1073/pnas.1403319111.
Lozupone CA, Stombaugh JI, Gordon JI, Jansson JK, Knight R. 2012.
Diversity, stability and resilience of the human gut microbiota. Nature
489:220 –230. https://doi.org/10.1038/nature11550.
Lesser MP, Bythell JC, Gates RD, Johnstone RW, Hoegh-Guldberg O.
2007. Are infectious diseases really killing corals? Alternative interpretations of the experimental and ecological data. J Exp Mar Biol Ecol
346:36 – 44. https://doi.org/10.1016/j.jembe.2007.02.015.
Angly FE, Heath C, Morgan TC, Tonin H, Rich V, Schaffelke B, Bourne DG,
Tyson GW. 2016. Marine microbial communities of the Great Barrier Reef
lagoon are inﬂuenced by riverine ﬂoodwaters and seasonal weather
events. PeerJ 4:e1511. https://doi.org/10.7717/peerj.1511.
Fabricius KE. 2005. Effects of terrestrial runoff on the ecology of corals
and coral reefs: review and synthesis. Mar Pollut Bull 50:125–146. https://
doi.org/10.1016/j.marpolbul.2004.11.028.
Brodie JE, Kroon FJ, Schaffelke B, Wolanski EC, Lewis SE, Devlin MJ,
Bohnet IC, Bainbridge ZT, Waterhouse J, Davis AM. 2012. Terrestrial
pollutant runoff to the Great Barrier Reef: an update of issues, priorities
and management responses. Mar Pollut Bull 65:81–100. https://doi.org/
10.1016/j.marpolbul.2011.12.012.
Bainbridge ZT, Brodie JE, Faithful JW, Sydes DA, Lewis SE. 2009. Identifying the land-based sources of suspended sediments, nutrients and
pesticides discharged to the Great Barrier Reef from the Tully-Murray
Basin, Queensland, Australia. Mar Freshw Res 60:1081–1090. https://doi
.org/10.1071/MF08333.
Brodie J, Schroeder T, Rohde K, Faithful J, Masters B, Dekker A, Brando V,
Maughan M. 2010. Dispersal of suspended sediments and nutrients in
the Great Barrier Reef lagoon during river-discharge events: conclusions
from satellite remote sensing and concurrent ﬂood-plume sampling.
Mar Freshw Res 61:651– 664. https://doi.org/10.1071/MF08030.
Moreno-Madriñán MJ, Rickman DL, Ogashawara I, Irwin DE, Ye J, AlHamdan MZ. 2015. Using remote sensing to monitor the inﬂuence of
river discharge on watershed outlets and adjacent coral reefs:
Magdalena River and Rosario Islands, Colombia. Int J Appl Earth Obs
Geoinf 38:204 –215. https://doi.org/10.1016/j.jag.2015.01.008.
Polónia ARM, Cleary DFR, de Voogd NJ, Renema W, Hoeksema BW,
Martins A, Gomes NCM. 2015. Habitat and water quality variables as
predictors of community composition in an Indonesian coral reef: a
multi-taxon study in the Spermonde Archipelago. Sci Total Environ
537:139 –151. https://doi.org/10.1016/j.scitotenv.2015.07.102.
Teplitski M, Ritchie K. 2009. How feasible is the biological control of coral
diseases? Trends Ecol Evol 24:378 –385. https://doi.org/10.1016/j.tree
.2009.02.008.
Slavov C, Schrameyer V, Reus M, Ralph PJ, Hill R, Büchel C, Larkum AWD,
Holzwarth AR. 2016. “Super-quenching” state protects Symbiodinium
from thermal stress–implications for coral bleaching. Biochim Biophys
Acta 1857:840 – 847. https://doi.org/10.1016/j.bbabio.2016.02.002.
Aronesty E. 2013. Comparison of sequencing utility programs. Open
Bioinforma J 7:1– 8. https://doi.org/10.2174/1875036201307010001.
Staley C, Gould TJ, Wang P, Phillips J, Cotner JB, Sadowsky MJ. 2015.
Evaluation of water sampling methodologies for amplicon-based characterization of bacterial community structure. J Microbiol Methods 114:
43–50. https://doi.org/10.1016/j.mimet.2015.05.003.
Pruesse E, Quast C, Knittel K, Fuchs BM, Ludwig WG, Peplies J, Glockner
FO. 2007. SILVA: a comprehensive online resource for quality checked
and aligned ribosomal RNA sequence data compatible with ARB. Nucleic
Acids Res 35:7188 –7196. https://doi.org/10.1093/nar/gkm864.
Campbell AM, Fleisher J, Sinigalliano C, White JR, Lopez JV. 2015. Dynamics of marine bacterial community diversity of the coastal waters of

Applied and Environmental Microbiology

Staley et al.

47.

48.

50.

51.

May 2017 Volume 83 Issue 10 e03378-16

52.

53.

54.

55.

56.

57.

K, Saag L, Saar I, Schüßler A, Scott JA, Senés C, Smith ME, Suija A, Taylor
DL, Telleria MT, Weiss M, Larsson K-H. 2013. Towards a uniﬁed paradigm
for sequence-based identiﬁcation of fungi. Mol Ecol 22:5271–5277.
https://doi.org/10.1111/mec.12481.
Gihring TM, Green SJ, Schadt CW. 2012. Massively parallel rRNA gene
sequencing exacerbates the potential for biased community diversity
comparisons due to variable library sizes. Environ Microbiol 14:285–290.
https://doi.org/10.1111/j.1462-2920.2011.02550.x.
Clarke KR. 1993. Non-parametric multivariate analyses of changes in
community structure. Aust J Ecol 18:117–143. https://doi.org/10.1111/j
.1442-9993.1993.tb00438.x.
Bray JR, Curtis JT. 1957. An ordination of the upland forest communities
of southern Wisconsin. Ecol Monogr 27:325–349. https://doi.org/10.2307/
1942268.
Acar EF, Sun L. 2013. A generalized Kruskal-Wallis test incorporating
group uncertainty with application to genetic association studies. Biometrics 69:427– 435. https://doi.org/10.1111/biom.12006.
Anderson MJ, Willis TJ. 2003. Canonical analysis of principal coordinates:
a useful method of constrained ordination for ecology. Ecology 84:
511–525. https://doi.org/10.1890/0012-9658(2003)084[0511:CAOPCA]2.0
.CO;2.
Excofﬁer L, Smouse PE, Quattro JM. 1992. Analysis of molecular variance
inferred from metric distances among DNA haplotypes–application to
human mitochondrial DNA restriction data. Genetics 131:479 – 491.

aem.asm.org 16

Downloaded from http://aem.asm.org/ on September 13, 2017 by University of Michigan Library

49.

source, platform-independent, community-supported software for describing and comparing microbial communities. Appl Environ Microbiol
75:7537–7541. https://doi.org/10.1128/AEM.01541-09.
Huse SM, Welch DM, Morrison HG, Sogin ML. 2010. Ironing out the
wrinkles in the rare biosphere through improved OTU clustering. Environ Microbiol 12:1889 –1898. https://doi.org/10.1111/j.1462-2920.2010
.02193.x.
Edgar RC, Haas BJ, Clemente JC, Quince C, Knight R. 2011. UCHIME
improves sensitivity and speed of chimera detection. Bioinformatics
27:2194 –2200. https://doi.org/10.1093/bioinformatics/btr381.
Cole JR, Wang Q, Cardenas E, Fish J, Chai B, Farris RJ, Kulam-SyedMohideen AS, McGarrell DM, Marsh T, Garrity GM, Tiedje JM. 2009. The
Ribosomal Database Project: improved alignments and new tools for
rRNA analysis. Nucleic Acids Res 37:D141–D145. https://doi.org/10.1093/
nar/gkn879.
Wang Q, Garrity GM, Tiedje JM, Cole JR. 2007. Naive Bayesian classiﬁer
for rapid assignment of rRNA sequences into the new bacterial taxonomy. Appl Environ Microbiol 73:5261–5267. https://doi.org/10.1128/AEM
.00062-07.
Kõljalg U, Nilsson RH, Abarenkov K, Tedersoo L, Taylor AFS, Bahram M,
Bates ST, Bruns TD, Bengtsson-Palme J, Callaghan TM, Douglas B, Drenkhan T, Eberhardt U, Dueñas M, Grebenc T, Grifﬁth GW, Hartmann M, Kirk
PM, Kohout P, Larsson E, Lindahl BD, Lücking R, Martín MP, Matheny PB,
Nguyen NH, Niskanen T, Oja J, Peay KG, Peintner U, Peterson M, Põldmaa

Applied and Environmental Microbiology

