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Terrestrial runoff can negatively impact marine ecosystems through stressors including
excess nutrients, freshwater, sediments, and contaminants. Severe storms, which are
increasing with global climate change, generate massive inputs of runoff over short
timescales (hours to days); such runoff impacted offshore reefs in the northwest Gulf
of Mexico (NW GoM) following severe storms in 2016 and 2017. Several weeks
after coastal flooding from these events, NW GoM reef corals, sponges, and other
benthic invertebrates ∼185 km offshore experienced mortality (2016 only) and/or sub-
lethal stress (both years). To assess the impact of storm-derived runoff on reef filter
feeders, we characterized the bacterial communities of two sponges, Agelas clathrodes
and Xestospongia muta, from offshore reefs during periods of sub-lethal stress and
no stress over a three-year period (2016—2018). Sponge-associated and seawater-
associated bacterial communities were altered during both flood years. Additionally, we
found evidence of wastewater contamination (based on 16S rRNA gene libraries and
quantitative PCR) in offshore sponge samples, but not in seawater samples, following
these flood years. Signs of wastewater contamination were absent during the no-flood
year. We show that flood events from severe storms have the capacity to reach offshore
reef ecosystems and impact resident benthic organisms. Such impacts are most
readily detected if baseline data on organismal physiology and associated microbiome
composition are available. This highlights the need for molecular and microbial time
series of benthic organisms in near- and offshore reef ecosystems, and the continued
mitigation of stormwater runoff and climate change impacts.

Keywords: Agelas clathrodes, coral reef, flood, Flower Garden Banks National Marine Sanctuary, Gulf of Mexico,
Hurricane Harvey, bacterial community, Xestospongia muta
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INTRODUCTION

Tropical coral reef ecosystems have evolved in the context of
nutrient-poor (oligotrophic) waters. Thus, when nutrient-laden
(eutrophic) terrestrial runoff mixes with reef-associated waters,
this can directly or indirectly stress or kill reef organisms
(Knight and Fell, 1987; Kerswell and Jones, 2003; Fabricius,
2005; Humphrey et al., 2008). Terrestrial runoff exposes
reef organisms to decreased salinity, and increased levels of
turbidity and contaminants (e.g., microbial pathogens, chemical
pollutants) (Fabricius, 2005). Terrestrial runoff can also reduce
dissolved oxygen levels in reef-associated waters through several
mechanisms (Nelson and Altieri, 2019). Terrestrial runoff can
constitute a chronic stress in areas with developed coastlines or
at river outflows, or an acute stress when floodwaters generated
by extreme storms move offshore. Floodwaters originating in
urban areas may constitute a greater threat, if they contain high
nutrient and contaminant loads due to overflows of wastewater
management systems (Chen et al., 2019; Humphrey et al., 2019).
Storm-associated runoff is increasingly recognized as a threat to
reefs since the intensity and precipitation associated with tropical
storms is increasing with climate change (Knutson et al., 2010;
Emanuel, 2017).

Although various studies document the impacts of terrestrial
runoff on coral reefs, few works specifically address runoff
derived from floodwaters; all of these latter works focus on
nearshore, shallow water reefs (Ostrander et al., 2008; Lapointe
et al., 2010). It has been assumed that offshore or deep (e.g.,
mesophotic) reefs are unlikely to interact with terrestrial runoff
(Szmant, 2002). For example, reefs within the Flower Garden
Banks (FGB) National Marine Sanctuary (northwest Gulf of
Mexico, Figure 1A) occur ∼185 km offshore in relatively deep
water (20–30 m), boast some of the highest coral cover (∼55%)
in the wider Caribbean and have been generally presumed to be
protected from land-based stressors (Johnston et al., 2016). Low
salinity 33 parts per thousand) water from terrestrial runoff has
been detected within surface waters of the FGB for the past several
decades (Dodge and Lang, 1983; Deslarzes and Lugo-Fernandez,
2007; Kealoha, 2019); however, the impact of these waters on reef
ecosystem health has not been directly studied.

Since 2015, the Texas coast has experienced several flooding
events related to extreme storms: Memorial Day Flood of 2015;
Tax Day Flood of 2016, Hurricane Harvey in 2017, and Hurricane
Imelda in 2019. Each of these floods impacted Central Texas
nearshore ecosystems, including salt marshes (Congdon et al.,
2019; Oakley and Guillen, 2019) and oyster beds (Kiaghadi and
Rifai, 2019). It has been assumed that floodwaters would not
impact the benthic reef ecosystem at 20–30 m depth; however,
three months after Tax Day flooding in 2016, a localized mortality
event occurred on a portion of the East Bank (EB) of the FGB.
During the mortality event, approximately 82% of corals in a
0.06 km2 area experienced partial or full mortality (Johnston
et al., 2019), and mortality in many other benthic invertebrates,
such as sponges, was also observed. Although data on abiotic
conditions on the reef at EB during the 2016 mortality event
are not available, measurements from nearby sites suggest that
poor water quality from floodwaters moving offshore and low

dissolved oxygen levels played a role in the mortality event (Le
Hénaff et al., 2019; Kealoha et al., 2020). Then, in late August
of 2017, Hurricane Harvey released more than one meter of
rainfall over the course of six days in some areas of southeastern
Texas (Blake and Zelinsky, 2018). Although surface salinity was
slightly depressed near the FGB following Hurricane Harvey,
much of the water mass diverted southwest along the coast
(Roffer et al., 2018), and no mass mortality was observed on the
reef (Wright et al., 2019).

Benthic reef invertebrates, such as sponges, harbor a diversity
of microbial symbionts (e.g., bacteria, archaea, protists, fungi
and viruses) that contribute to their health and nutrition.
Yet, these microbial communities can be disrupted (change in
richness, alpha- or beta-diversity, or community composition)
by environmental stress, including terrestrial runoff, leading
to microbial dysbiosis (Zaneveld et al., 2016; Ziegler et al.,
2016; Slaby et al., 2019). For example, the ‘Anna Karenina
Principle’ or AKP (Zaneveld et al., 2017) predicts that dysbiotic
host individuals are more dissimilar in microbial community
composition than healthy host individuals. The AKP has
previously been detected in corals (Zaneveld et al., 2016; Claar
et al., 2020; Howe-Kerr et al., 2020) as well as reef sponges
(Lesser et al., 2016). Previous work has shown the utility
of using filter-feeding sponges as monitoring tools for fecal-
coliform contamination in near-shore environments (Longo
et al., 2010; Maldonado et al., 2010). Therefore, we tested
whether changes to microbial symbioses in offshore reef sponges
were detectable following storm-derived coastal flood events.
We leverage the Tax Day Flood (2016) and Hurricane Harvey
(2017) as natural ‘experimental treatments’ applied to two high-
microbial-abundance sponge species (Xestospongia muta and
Agelas clathrodes; Figures 1B,C) at the EB and West Bank
(WB) of the FGB. Bacterial communities were sampled from
sponges and seawater at four time points: August 2016 (two
weeks after the localized mortality event at EB), September 2017
(immediately after Hurricane Harvey), October 2017 (one month
after Hurricane Harvey), and October 2018 (approximately
one year following Hurricane Harvey) (Figure 1D). No flood
events occurred in southeast central Texas during 2018, and
thus samples from this time point function as an ‘experimental
baseline.’ We hypothesized that: (1) sponge-associated bacterial
communities shift during flood years (relative to the no-flood
year) and (2) flood year bacterial communities contain genetic
signatures of terrestrial-derived bacteria. Understanding how
and when environmental stressors influence sponge-microbe
associations, and the subsequent implications for sponge health
and function, is important as sponges increase in abundance and
in ecological importance on Caribbean reefs (Bell et al., 2013;
Pawlik and McMurray, 2020).

RESULTS

Reduced Surface Salinity at the FGB
Following Floods
In the vicinity of the FGB, mean surface salinity is generally
variable, ranging between 28.5 ppt and 36 ppt, from early June
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FIGURE 1 | Summary of study site, host taxa and local abiotic conditions associated with this study. (A) map of Flower Garden Banks National Marine Sanctuary
(northwest Gulf of Mexico) with sites of sponge and seawater collection indicated as black shapes. Filled circles represent seawater column sample collection sites;
filled squares represent Buoy 2 and Buoy 4 (sponge, seawater column, and near reef seawater collection) and open circle represents location of TABS Buoy V
(surface salinity data collection); (B) representative Xestospongia muta sponge; (C) representative Agelas clathrodes sponge; (D) surface Salinity (ppt) at buoy V
spanning the months April through October in which sampling occurred for this study. Black lines represent daily means from 2006–2018 and gray shaded areas
encompass minimum and maximum values from 2006–2018. Red lines represent daily means for 2015–2018, individually. Dashed lines with storm icon represent
dates of terrestrial flooding. Dotted lines with symbols represent mean daily values on each sample collection date: dark red circle = 6 August 2016, orange
circle = 16 September 2017, green circle = 21 October 2017, and blue circle = 23 October 2018.

through late-August (shaded gray areas in Figure 1D). In early
spring and in fall, however, surface salinity is more consistent
(∼33–36 ppt). Approximately 30 days after the 2016 Tax Day
Flood impacted Texas, a period of depressed mean surface
salinity (relative to the mean surface salinity for a thirteen-
year period: 2006–2018) was recorded from 16 May 2016 to
12 August 2016 at Texas Automated Buoy System (TABS) Real
Time Ocean Observations, Buoy V (located within the sanctuary

boundaries of EB, open circle Figure 1A). Average surface salinity
was 1.2 ppt lower than the thirteen-year mean during this period;
the most significant deviation occurred around 2 July 2016 when
mean surface salinity reached a minimum of 29.1 ppt (3.8 ppt
below the thirteen-year mean). In 2017, surface salinity remained
>35 ppt until early June. TABS Buoy V data are unavailable
for much of June to August 2017, so it is unclear how surface
salinity changed in the months preceding Hurricane Harvey. Two
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abrupt reductions in surface salinity (to 32.6 ppt and 32.7 ppt)
were recorded near the FGB during mid-to-late September 2017
following Hurricane Harvey, before surface salinity returned to
>35 ppt in October. In contrast, no significant influence of
freshwater was recorded in 2018 and surface salinity remained
above 35 ppt after mid-June.

When the 2016 mortality event was discovered on 25 July
2016, recreational divers reported ‘low visibility and green
coloration in the water column’ at EB (Johnston et al., 2019); on
this date, mean surface salinity had been lower than the thirteen-
year mean for 44 days. Collections of live but visually impacted
sponges as well as healthy sponges were collected on 6 August
2016, approximately four days after surface salinity had returned
to 35 ppt (Figure 1D). Sampling immediately post-Hurricane
Harvey on 16 September 2017 occurred when mean surface
salinity was 34.6 ppt, or 1.3 ppt lower than the thirteen-year
mean (Figure 1D). During sampling that occurred approximately
one-month post-hurricane Harvey (on 21 October 2017), mean
surface salinity had been >35 ppt for 19 days prior to sampling
(Figure 1D). Samples during the no-flood year were collected on
23 October 2018, which had a mean surface salinity of 35.7 ppt;
surface salinity had been >35 ppt for 94 days (Figure 1D).

Acute Shifts in Sponge- and Seawater-
Associated Bacterial Communities
Following Flood Events
Paired-end Illumina MiSeq sequencing of the V4 region of the
bacterial 16S rRNA gene yielded 5,350,216 high quality sequences
from a total of 139 samples that included healthy and impacted
sponges (A. clathrodes, n = 54; X. muta, n = 45) as well as
seawater (n = 40) (Table 1, Supplementary Table 1). After
removal of Mitochondrial, Chloroplast, and Unassigned reads,
the total pool of bacterial sequences were assigned to 11,828
Amplicon Sequence Variants (ASVs). Samples clustered into 4
distinct groups (Figure 2), which were all significantly different
from each other (Analysis of Similarities (ANOSIM): p < 0.001;
Supplementary Table 2). These groups were: (1) seawater
samples; (2) diseased sponges of both species; (3) visually healthy
A. clathrodes; and (4) visually healthy X. muta. Because each
sponge species and the seawater samples had distinct bacterial
communities, subsequent analyses were conducted on each group
individually. Additionally, within each sponge species and within
seawater samples, there were no differences between EB and WB
sites (ANOSIM: p > 0.05; Supplementary Table 3); therefore,
sites were grouped for subsequent beta-diversity analyses.

Bacterial communities of X. muta, A. clathrodes, and seawater
samples were all significantly disrupted during both flood years,
relative to the no-flood year. Within X. muta samples, bacterial
communities in Aug. 2016 and Sept. 2017 shifted in a similar way
and Oct. 2017 shifted in another; all three flood-associated dates
were significantly different than the no-flood year (Figure 3A;
ANOSIM: p < 0.05, Supplementary Table 4). In A. clathrodes,
bacterial communities associated with flood years shifted in
different ways (Figure 3B; ANOSIM: p < 0.05, Supplementary
Table 4). In seawater samples, bacterial communities were also
distinct in both flood years, and, interestingly, samples taken

directly above the reef bottom (‘Reef Water’) differed from
samples taken from higher in the water column on the same
date (Oct. 2017) (Figure 3C; ANOSIM: R = 0.516, p = 0.002;
Supplementary Table 4).

Disruption of bacterial communities during both flood years
included significant increases in community dispersion (or
variation) as well as significant increases in community (or ASV)
richness. Within X. muta samples, bacterial communities in Aug.
2016 and Sept. 2017 had significantly higher dispersion compared
to the no-flood year, but the variability of bacterial communities
in Oct. 2017 was lower than other flood-associated dates as well as
the no-flood year (ANOVA with Tukey’s comparisons: p < 0.01,
Figure 3D). In X. muta, there was a significant difference in ASV
richness across Date (GLM: F = 6.00, p = 0.002) and Health
State (GLM: F = 11.19, p = 0.002), but not by Site (GLM:
F = 2.29 p = 0.139). Communities from Aug. 2016 and Sept.
2017 had higher ASV richness than communities from the no-
flood year, and diseased X. muta communities had higher ASV
richness than visually healthy X. muta communities. Bacterial
communities in A. clathrodes also displayed higher dispersion
during both flood years compared to the no-flood year (ANOVA:
p < 0.05; Figure 3E). There was also a significant difference
in ASV richness across Date (GLM: F = 9.49, p = 0.0001) and
Health State (GLM: F = 43.14, p = 0.0001), but not by Site
(GLM: F = 0.13 p = 0.724). Communities from both flood
years had higher ASV richness than communities from the no-
flood year, and affected A. clathrodes communities had higher
ASV richness than visually healthy A. clathrodes communities.
Seawater bacterial communities also displayed higher dispersion
during both flood years compared to the no-flood year (ANOVA:
p < 0.05; Figure 3F). However, in the 2017 flood year, Reef
Water, but not Seawater Column samples had higher dispersion
compared to the no-flood year. There was a significant difference
in ASV richness across Date (GLM: F = 48.03, p = 0.0001) and
Sample Type (GLM: F = 72.95, p = 0.0001), but not by Site
(GLM: F = 1.32 p = 0.258). Communities from both flood years
had higher ASV richness than the no-flood year. In X. muta,
A. clathrodes, and seawater samples, Shannon Diversity was not
impacted by Date, Health Status/Sample Type, or Site (GLM:
p > 0.05).

Disruptions to bacterial communities of X. muta,
A. clathrodes, and seawater samples during flood years are
also reflected in significant changes in the relative abundance
of several bacterial taxa (as assessed by DESeq2 analysis).
X. muta bacterial communities during the no-flood year were
dominated by Chloroflexi (21.4 ± 1.2%), Gammaproteobacteria
(14.3 ± 1.0%), Acidobacteria (13.1 ± 1.6%), and Actinobacteria
(10.1 ± 1.3%) (Supplementary Figure 1a). In X. muta,
Flavobacteriaceae, Poribacteria, SAR86 clade, and Cyanobiaceae
were enriched in both Aug. 2016 and Sept. 2017, but no
bacterial Family was enriched or depleted across all three flood-
associated dates (Supplementary Table 5). In A. clathrodes,
bacterial communities during the no-flood year were also
dominated by Chloroflexi (22.7 ± 1.2%), Gammaproteobacteria
(15.3 ± 1.0%), Actinobacteria (15.1 ± 1.6%), and Acidobacteria
(13.6 ± 0.6%) (Supplementary Figure 1b). Numerous (35)
bacterial Families were enriched in Aug. 2016 as compared to
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TABLE 1 | Summary of sample collections from two reef sponge species and seawater at the East Bank (EB) and West Bank (WB) of the Flower Garden Banks National
Marine Sanctuary (northwest Gulf of Mexico) and amplicon sequencing results of the V4 region of the 16S rRNA gene from sponge-associated bacterial communities.

Sequence Analysis Summary

Species Date Site Health Status/
Sample Type

N High Quality
Sequences#

Observed
ASVs∧

Shannon H’

Agelas clathrodes Aug. 2016 EB Diseased 4 82301 (6770) 566 (155) 5.63 (1.05)

EB Healthy 8 87281 (5447) 256 (18) 5.35 (0.10)

WB Healthy 5 61383 (8044) 228 (27) 4.78 (0.34)

Oct. 2017 EB Healthy 9 24524 (2381) 108 (9) 4.92 (0.29)

WB Healthy 8 23624 (1176) 117 (7) 4.69 (0.35)

Oct. 2018 EB Healthy 10 27019 (1076) 161 (6) 5.71 (0.07)

WB Healthy 10 27064 (940) 150 (4) 5.47 (0.11)

Xestospongia muta Aug. 2016 EB Diseased 5 61714 (13840) 472 (42) 6.37 (0.23)

EB Healthy 2 99128 (851) 383 (59) 6.39 (0.68)

WB Healthy 3 96607 (9213) 270 (52) 5.19 (0.95)

Sept. 2017 EB Healthy 10 30765 (5108) 295 (25) 6.35 (0.15)

Oct. 2017 EB Healthy 2 26604 (576) 260 (12) 6.92 (0.06)

WB Healthy 3 26935 (589) 194 (32) 5.63 (0.67)

Oct. 2018 EB Healthy 10 28151 (2510) 209 (9) 6.27 (0.12)

WB Healthy 10 27609 (1686) 201 (11) 6.08 (0.16)

Seawater Aug. 2016 EB Water Column 2 100423 (27637) 334 (35) 6.47 (0.05)

WB Water Column 2 101348 (12277) 355 (25) 5.57 (0.59)

Oct. 2017 EB Reef Bottom 5 11449 (1518) 253 (41) 6.75 (0.25)

WB Reef Bottom 8 15487 (1572) 228 (10) 6.26 (0.07)

EB Water Column 7 39965 (5434) 409 (18) 6.66 (0.05)

WB Water Column 5 43300 (6047) 401 (10) 6.53 (0.15)

Oct. 2018 EB Water Column 7 19396 (816) 224 (13) 6.08 (0.14)

WB Water Column 4 13174 (4077) 184 (26) 5.66 (0.20)

Richness (Observed ASVs∧) and diversity (Shannon H’) were calculated from rarefied ASV tables. Data are presented as mean ± (sem). #quality filtering included removal
of low quality, short, Mitochondrial, Chloroplast, and Unassigned reads. ∧Amplicon Sequence Variants (ASVs) after rarefying to equal depth (9,000 reads).

the no-flood year; in contrast, only 5 Families were enriched
in Oct. 2017 (Supplementary Table 5). In A. clathrodes,
bacterial Families with potential human and marine pathogens
(Enterobacteriaceae and Vibrionaceae) were enriched in
Aug. 2016, and one Family (Stappiaceae) was enriched in
both flooding years (Supplementary Table 5). For both
sponge species, seven Families (Cyanobiaceae, Clostridiaceae,
Desulfovibrionaceae, Halieaceae, Poribacteria, Vibrionaceae,
and Vicinamibacteraceae) were enriched during flood-
associated dates. For Aug. 2016, Desulfovibrionaceae was
the most enriched bacterial Family in both sponge species.
Seawater bacterial communities during the no-flood year
were dominated by Alphaproteobacteria (36.9 ± 0.9%),
Cyanobacteria (31.2 ± 2.4%), and Gammaproteobacteria
(14.1 ± 0.9%) (Supplementary Figure 1c). Many (95) diverse
seawater-associated bacterial Families were enriched in each
flood year, but only Burkholderiaceae, Pseudomonadaceae,
SAR86 clade were enriched in both flood years (Supplementary
Table 5). One bacterial Family (Halieaceae) was enriched during
flood-associated dates in all three sample types.

Over 322 ASVs (198, 123, and 212 ASVs in X. muta,
A. clathrodes, and seawater communities, respectively) were
significantly associated with flooding events as detected by

Indicator Species Analysis (Indicator Value > 0.3, p < 0.05;
Supplementary Table 6). Eleven Indicator ASVs were detected
in both sponge species in Aug. 2016, and one Indicator ASV
was detected in both Aug. 2016 and Sept. 2017 (Table 2). No
ASVs were significantly associated with Oct. 2017 in both sponge
species. ASVs classified as Halodesulfovibrio or Desulfovibrio
(sulfate-reducing taxa) were associated with the Aug. 2016
flooding event in both sponge species. Additionally, 5 ASVs
classified as Prochlorococcus and Synechococcus (photosynthetic
marine Cyanobacteria) were associated with flood years in both
sponge species. An increase in one Indicator ASV, classified as
Synechococcus spongarium, was the largest driver of differences
in healthy X. muta-associated communities in Aug. 2016 and
Sept. 2017 compared to the no-flood year (as assessed by
Similarity Percentages (SIMPER) analysis). This Synechococcus
spongarium ASV was not present in any A. clathrodes or
seawater samples. Eight ASVs classified as Prochlorococcus
and Synechococcus were also Indicator ASVs associated with
flood years in seawater samples (Supplementary Table 6);
however, none of these seawater-associated Cyanobacterial
Indicator ASVs were present in any sponge samples. No
Indicator ASV identified for seawater was also identified for
a sponge species.
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FIGURE 2 | Principle Coordinate Analysis of the weighted UniFrac distance matrix for bacterial communities analyzed in this study. Empty symbols = Agelas
clathrodes samples; filled symbols = Xestospongia muta samples. Black symbols = samples from diseased sponges (August 2016); Red symbols = visually healthy
sponge samples (August 2016). Orange symbols = samples collected immediately following Hurricane Harvey (Sept. 2017) from visually healthy sponges; Green
symbols = samples collected one month following Hurricane Harvey (Oct. 2017) from visually healthy sponges. Blue symbols = samples collected in a no-flood
(baseline) year from visually healthy sponges (Oct. 2018). Circles = samples collected from East Bank (EB); squares = samples collected from West Bank (WB) of the
Flower Garden Banks National Marine Sanctuary (northern Gulf of Mexico).

FIGURE 3 | Sponge-associated bacterial communities differed in composition and variability following extreme storm-derived floods. Principle Coordinate Analysis of
the weighted UniFrac distance matrices for (A) visually healthy Xestospongia muta, (B) visually healthy Agelas clathrodes, and (C) seawater bacterial communities.
Mean (with individual value dots) pairwise dissimilarity values for (D) X. muta, (E) A. clathrodes, and (F) seawater bacterial communities. Red = August 2016.
Orange = September 2017; Green = October 2017. Blue = October 2018 associated with no flooding stress. Bars represent mean (±sem). Within a species, bars
that do not share a letter are significantly different based on ANOVA with Tukey’s multiple comparisons (p < 0.05).
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TABLE 2 | Bacterial taxa unique to both X. muta and A. clathrodes-associated bacterial communities following recent flooding events* according to Indicator
Species Analysis.

Date Amplicon Sequence Variant ID Taxonomy (Phylum_Class_Family_Genus) Host Indicator
Value

P-value

Aug. 2016 64805be33440e427c18e31e0d5e6094b Bacteroidota_ Bacteroidia_ Saprospiraceae_ Phaeodactylibacter X. muta 0.577 0.028

A. clathrodes 0.379 0.004

ccd8d5e31ad9bfa58066251ea1138225 Bacteroidota_ Bacteroidia_ Flavobacteriaceae_NA X. muta 0.577 0.028

A. clathrodes 0.343 0.002

e09f2d58d292332880fe9e37607469e1 Desulfobacterota_ Desulfovibrionia_ Desulfovibrionaceae_
Halodesulfovibrio

X. muta 0.573 0.028

A. clathrodes 0.385 0.000

e4a5985be454d1e8a3d50a2ab6ea7a8b Desulfobacterota_ Desulfovibrionia_ Desulfovibrionaceae_
Halodesulfovibrio

X. muta 0.525 0.003

A. clathrodes 0.386 0.000

e51947121c608cf15031596f9d0c09eb Desulfobacterota_ Desulfovibrionia_ Desulfovibrionaceae_NA X. muta 0.461 0.028

A. clathrodes 0.397 0.000

0261a50c7edb68abf5e65bb5094ce011 Desulfobacterota_ Desulfovibrionia_ Desulfovibrionaceae_NA X. muta 0.426 0.028

A. clathrodes 0.524 0.000

5546361caf3e42e50fb56d85a11571f2 Proteobacteria_ Alphaproteobacteria_Clade I_Clade Ia X. muta 0.533 0.025

A. clathrodes 0.511 0.001

2ef8937fcfef105310d9aae9f65c08ab Proteobacteria_ Gammaproteobacteria_ Kangiellaceae_
Aliikangiella

X. muta 0.577 0.028

A. clathrodes 0.341 0.004

b47b6e5813cfd4b7690b522531f10aa4 Proteobacteria_ Gammaproteobacteria_ Thioglobaceae_ SUP05
cluster

X. muta 0.826 0.000

A. clathrodes 0.393 0.015

efa28eb526ec0c3caa54fd35809774e1 SAR324 clade_Marine group B_ NA_NA X. muta 0.577 0.027

A. clathrodes 0.393 0.015

9442980515ce7f911bb4cc9c372db4e8# Proteobacteria_ Gammaproteobacteria_ SAR86_clade_NA X. muta 0.805 0.000

A. clathrodes 0.669 0.001

Aug. 2016
and Sept.
2017

4bf34e939f3102402abec9deab0319b3 Proteobacteria_ Gammaproteobacteria_ Nitrosococcaceae_ AqS1 X. muta
(Sept.
2017)

0.489 0.036

A. clathrodes
(Aug. 2016)

0.382 0.016

Analysis was conducted on each sponge species individually. *No ASVs associated with Oct. 2017 (1 month post-Hurrricane Harvey) flooding were present in both
X. muta and A. clathrodes-associated bacterial communities.

Sponge Bacterial Communities Show
Signs of Wastewater Contamination
After Flooding
Thirty bacterial ASVs were classified as Family
Enterobacteriaceae and were recovered from most samples
of both sponge species. Of these 30 Enterobacteriaceae ASVs, 23
were further classified as Escherichia coli. In X. muta, bacterial
communities had low abundances (<0.1%) of Enterobacteriaceae
(Figure 4A), displaying no significant differences across Date
(GLM: H = 0.52, p = 0.674), Site (GLM: F = 1.01, p = 0.321),
or Health Status (GLM: F = 0.59, p = 0.445). In contrast,
A. clathrodes bacterial communities had a significantly higher
abundance of Enterobacteriaceae in diseased samples compared
to visually healthy samples (GLM: F = 66.11, p = 0.0001)
and in Aug. 2016 samples compared to other dates (GLM:
F = 5.24, p = 0.009). For example, diseased and visually healthy
A. clathrodes samples in Aug. 2016 contained 7.91 (±1.83)%
and 1.44 (±0.64)% Enterobacteriaceae, respectively, whereas in

Oct. 2017 and the no-flood year, Enterobacteriaceae abundance
was <0.1% (Figure 4B, Supplementary Figure 1d). No
Enterobacteriaceae ASVs were detected in any seawater samples,
and no Enterobacteriaceae ASVs were identified in Indicator
Species Analysis as being significantly associated with either
flood year (Supplementary Table 6).

To test the hypothesis that FGB sponges were exposed to
wastewater-derived bacteria from storm generated floodwaters,
seawater and sponge samples were screened for seven human
pathogens using quantitative PCR. Diseased and visually healthy
sponge samples collected in both flood years yielded positive
detection for 2 out of 7 human pathogens screened: Escherichia
coli and Klebsiella pneumoniae (Figures 4C,D). No human
pathogens were detected in sponges sampled during the no-flood
year (Figures 4C,D). In X. muta, E. coli abundance was highest
in visually healthy samples from Aug. 2016, with a mean of
1.96 × 103 (± 1.40 × 103) gene copies per g tissue, compared
to a mean of 8.96 × 101 (± 8.54 × 101) and 6.90 × 101

(± 2.18 × 101) gene copies per g tissue for diseased samples
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FIGURE 4 | Relative abundance of sequences in the Family Enterobacteriaceae (A,B) and to specific human pathogens (Escherichia coli and Klebsiella pneumoniae)
(C,D) across sites and years. Data in (A,B) are based on Illumina MiSeq amplicon sequencing of the V4 region of the bacterial 16S rRNA gene. Data in (C,D) are
quantitative PCR amplification of the bacterial ybbW and phoE genes for E. coli and K. pneumoniae, respectively. All data are presented as mean with individual
value dots. Black bars = affected sponges in 2016; red bars = healthy sponges in 2017; green bars = healthy sponges in 2017; blue bars = healthy sponges in 2018
(no flood, baseline year). Groups that share a letter in (A,B) are not significantly different based on a Generalized Linear Model with Tukey’s multiple comparisons
across groups within a species. ND = not detected.

from Aug. 2016 and visually healthy sponges from Sept. 2017,
respectively (Figure 4C). However, E. coli was detected in only
one X. muta sample in Sept. 2017. In X. muta, K. pneumoniae
abundance was similar across groups, averaging 1.08 × 102

(±5.78 × 101), 7.84 × 101 (±7.27 × 101), and 1.06 × 102

(± 6.74× 101) gene copies per g tissue for diseased samples from
Aug. 2016, visually healthy sponges from Aug. 2016, and visually
healthy sponges from Sept. 2017, respectively (Figure 4C). In
A. clathrodes, E. coli was more abundant in samples from Aug.
2016, with means of 6.47 × 104 (±5.76 × 104) and 2.85 × 104

(±1.79 × 104) gene copies per g tissue for diseased and visually
health sponges, respectively, compared to Oct. 2017, with a mean
of 6.26× 102 (±4.17× 102) gene copies per g tissue (Figure 4D).
In A. clathrodes, K. pneumoniae was less abundant (>2 orders
of magnitude difference) compared to E. coli, displaying similar
abundance across groups where it was detected, averaging
8.22 × 101 (± 7.65 × 101), 8.36 × 101 (± 5.68 × 101),

and 4.61 × 101 (± 3.29 × 101) gene copies per g tissue
for diseased samples from Aug. 2016, visually healthy sponges
from Aug. 2016, and visually healthy sponges from Oct. 2017,
respectively (Figure 4D). No seawater samples tested positive for
E. coli or K. pneumoniae. No sponge samples tested positive for
Enterococcus spp., Pseudomonas aeruginosa, Salmonella enterica,
Serratia marcescens, and Staphylococcus aureus (data not shown).

DISCUSSION

Bacterial Communities of Offshore Reef
Sponges Are Disrupted Following Major
Flooding Events
It has been assumed that remote benthic marine ecosystems
(>100 km from land) are not significantly affected by terrestrial
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runoff. Our findings, however, suggest that floodwaters can
reach and impact offshore benthic reef organisms. Bacterial
communities of both X. muta and A. clathrodes showed
disruptions to their community structure following two flood
events in 2016 and 2017, relative to sponges collected during
the same season in a no-flood year in 2018. Furthermore, we
quantified an increased relative abundance of Enterobacteriaceae
and two known human pathogens (E. coli and K. pneumoniae)
in post-flood sponge samples, indicating that bacteria of
terrestrial origin may interact with offshore reefs following
extreme storm events.

Bacterial communities associated with the two sponge species
in this study exhibited some differences in the strength and
duration of their response to flood water stress, likely because
they harbored distinctive bacterial communities during the no-
flood year. Bacterial communities associated with other sponge
species have similarly exhibited variation in their resistance
to some flood-associated stressors, such as elevated nutrients
(Simister et al., 2012; Luter et al., 2014; Baquiran and Conaco,
2018) and/or reduced salinity (Glasl et al., 2018b). Larger shifts
in X. muta bacterial communities were associated with the 2016
flood year. In contrast, X. muta bacterial communities were
relatively resilient following the sub-lethal stress associated with
the 2017 flood year, with Oct. 2017 communities being more
similar to the no-flood year. Interestingly, A. clathrodes sponges
exhibited larger shifts in its microbiota in 2017 compared to
2016. Wright et al. (2019) similarly found that interspecific
differences were the strongest driver of host gene expression
changes in two coral species at these same sites, in response
to the same 2017 flood event (Hurricane Harvey, Oct. 2017).
Host-specific differences of sponge microbiomes have also
been demonstrated for other environmental disturbances, such
as sedimentation and ocean acidification (Ribes et al., 2016;
Pineda et al., 2017). Differences in host resistance/resilience to
environmental changes or differences in a hosts’ ability to regulate
its bacterial community may explain why X. muta showed more
ephemeral changes (and more dispersion) in response to the
2017 flood, whereas shifts in A. clathrodes bacterial communities
lingered. This finding of increased dispersion in X. muta bacterial
communities exposed to human disturbance is consistent with
the AKP; however, direct tests of the AKP in would require
sampling of the same individual through time to test for increases
in bacterial dispersion with declines in host health.

Bacterial community shifts documented in both sponge
species after these floods could be driven by a combination
of several mechanisms including: (a) invasion of floodwater-
derived bacteria into host tissues, (b) invasion of seawater-
derived bacteria into host tissues, and/or (c) shifts in the
abundance of sponge-associated bacteria already present in
hosts. It is plausible that all three mechanisms contributed,
albeit to different degrees, following each flood event. Invasion
of floodwater-derived bacteria into host tissues is supported
by the presence of human pathogens in sponge-tissue in
Aug. 2016. Invasion of seawater-derived bacteria into sponge
tissue is supported by the enrichment of Synechococcus and
Prochlorococcus, generally free-living marine Cyanobacteria, in
both sponge species. However, sponge-associated and seawater

associated bacterial communities were distinct across all dates,
with few shared ASVs across all dates. Furthermore, relevant
changes to X. muta bacterial communities in Aug. 2016 and
Sept. 2017 were driven primarily by the relative increase of
a resident sponge-associated Cyanobacterium (Synechococcus
spongarium), which was not present in any seawater samples.
This suggests that shifts in the abundance of bacterial taxa already
present in sponges drove much of the bacterial community shift
documented after these floods. To confirm the mechanism(s)
underlying such microbial shifts on reefs, robust manipulative
experiments or ‘before flood’ environmental samples of seawater
and benthic host tissues would be required.

Changes in environmental parameters during and after flood
events potentially drive shifts in the structure and composition
of sponge- and seawater-associated bacterial communities by
promoting or inhibiting growth of particular bacterial taxa
and/or reducing the capacity of the animal host to regulate its
microbiome (Zaneveld et al., 2017; Pita et al., 2018). For example,
floodwaters over the FGB in 2016 contained higher ammonium
concentrations (Kealoha et al., 2020), which may be contributing
to enrichment of Synechococcus which generally occurs in
higher abundance in the more mesotrophic environments near
coasts (Partensky et al., 1999). Surface salinity decreased at
the FGB following both flood events, but salinity at depth
(24 m), reported from instruments at the WB, was unchanged
preceding and during the flood event in 2016 (Johnston et al.,
2019), suggesting that changes in salinity did not directly
impact sponge-associated communities. Measurements for other
environmental parameters associated with terrestrial runoff, such
as turbidity, nutrient content, and pH, are not available for waters
at the collection sites within FGB following these flood events.

Wastewater Contamination of Sponges
After Severe Flooding Reaches Offshore
Marine Ecosystems
The increased abundance of Enterobacteriaceae in reef sponges
185 km offshore in the 2016 flood year, and, particularly, the
detection of two fecal coliforms (E. coli and K. pneumoniae) in
both flood years strongly suggest that FGB reefs were exposed
to wastewater contamination after severe storms. Although the
Family Enterobacteriaceae is ubiquitous in nature, occupying
terrestrial, aquatic, and marine habitats, especially the intestine
of homeothermic animals (Whitman, 2015), members of this
group are not common or abundant members of the bacterial
communities of sponges (Moitinho-Silva et al., 2017; Cleary et al.,
2019). Other sources of Enterobacteriaceae, such as excreted
waste from reef fish and marine mammals (Wallace et al.,
2013) could explain the presence of this bacterial family across
flood year sponge samples. Although the GoM has high ship
traffic, it is unlikely that ship wastewater discharge represents
a significant source of fecal coliforms to these reef organisms
because it is prohibited for ships to discharge untreated human
waste within the boundaries of the FGB National Marine
Monument1. If any of these other potential sources drove

1https://flowergarden.noaa.gov/about/regulations.html
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the Enterobacteriaceae patterns in this study, then similar
detections would be expected in all years. Other members of
the Enterobacteriaceae, besides those screened for via qPCR, do
not explain the presence of Enterobacteriaceae reads in samples
across all sampling years because most Enterobacteriaceae ASVs
were classified as E. coli. Given that no human pathogens
were detectable from samples during the no-flood, the most
parsimonious explanation for the Enterobacteriaceae detections
in this study is that FGB reefs were exposed to land-based
human wastewater via terrestrial runoff following the 2016
and 2017 floods.

We expected to find Enterobacteriaceae in seawater samples
during one or both flood years; however, no members of this
Family were observed in sequencing data or detected via qPCR.
The dynamic, transient nature of seawater masses and the ability
of sponges to filter feed, and thus, concentrate bacterial cells,
may explain why Enterobacteriaceae was observed in sponge
samples but not seawater samples. Fine-scale time series sampling
of the seawater above FGB in the weeks following each flood
event could have further resolved potential interactions among
bacterial communities in near-reef seawater and benthic reef
organisms. Unfortunately, logistical challenges stemming from
the offshore location of the FGB precluded the collection of
these samples. Although X. muta is larger and thus likely
has a higher filtration rate (McMurray et al., 2008; Parra-
velandia et al., 2014; Morganti et al., 2019), A. clathrodes had
a higher frequency of detection of E. coli and contained this
bacterial taxa at higher abundances. Interspecific differences in
the digestion of filtered material (Lynch and Phlips, 2000) may
have contributed to differences in the abundance of human
pathogens between these two sponges. Regardless, this work
demonstrates that sponge species can be effective tools for
monitoring wastewater contamination in offshore, as well as
nearshore, marine ecosystems, and that the species selected for
monitoring requires consideration.

It is unclear whether wastewater-derived bacteria contributed
to mortality at EB in July of 2016, but detection of wastewater
contamination at FGB (especially in diseased A. clathrodes
samples) raises the question: do fecal coliforms pose health risks
to offshore reefs? Human or animal wastewater contamination
is linked to negative impacts on coral communities, particularly
based on the input of excess nutrients, but chemical, bacterial,
and pharmaceutical contamination are also potential issues
(Wear and Thurber, 2015). The wastewater-derived bacteria,
Serratia marcescens, is a coral pathogen (Sutherland et al.,
2010, 2011), and in Hawaii, fecal coliforms colonized coral
tissues after exposure, potentially contributing to a major disease
outbreak (Beurmann et al., 2018). There is little information
on the effect of fecal coliform exposure on marine sponge
health, but some sponges may be relatively tolerant, using
bacterial cells as a source of nutrition (Chaves-Fonnegra
et al., 2007). The surprisingly far reach of contaminated
floodwaters observed here underscores the urgent need to
understand how floodwaters impact the health and function
of offshore reef environments. A key question to address is
whether detection of E. coli and K. pneumoniae represent
detection of DNA from dead wastewater-derived bacterial cells

or whether living wastewater-derived bacteria are potentially
interacting with sponges (and other marine life) following
extreme storms. If wastewater-derived bacteria contaminating
sponges are metabolically active, then we must determine
how long they persist within the sponge microbiome and the
extent to which these microbes impact sponge physiology and
function. A better understanding of the interactions between
benthic reef hosts and terrestrial-derived bacteria will support
effective management and protection of offshore reef ecosystems,
such as the FGB.

Comparisons of FGB Sponge Bacterial
Communities to Those in the Wider
Caribbean
This study is the first to characterize sponge-associated microbial
communities from the northwest Gulf of Mexico (and the
FGB), offering the opportunity for comparisons of sponge
microbial communities across regions of the GoM and the
Caribbean. X. muta-associated bacterial communities at the FGB
in 2018 (no storm condition) were similar between EB and WB
and were dominated by Phyla also commonly reported from
X. muta in the Florida Keys, Bahamas, and greater Caribbean
(i.e., Proteobacteria, Chloroflexi, Cyanobacteria, Poribacteria,
and to a lesser extent, Acidobacteria, Actinobacteria, and
Crenarchaeota (Schmitt et al., 2012; Olson and Gao, 2013;
Montalvo et al., 2014; Fiore et al., 2015; Morrow et al., 2016;
Villegas-Plazas et al., 2019). These previous studies report
regional differences due to changes in relative abundance
of these shared Phyla (Fiore et al., 2015; Morrow et al.,
2016). X. muta bacterial communities from the FGB may
also be regionally distinct, in particular containing a high
abundance of Crenarchaeota archaea (∼10%) compared
to what has been reported from other regions (<5%)
(Fiore et al., 2013). Ammonia oxidizing Archaea, such as
Nitrosomopumilaceae, play an important role in nitrogen
cycling in X. muta (López-Legentil et al., 2010). Ammonia-
oxidizing archaea are outcompeted in environments with
higher levels of ammonium (Erguder et al., 2009), so the
greater abundance of Nitrosomopumilaceae likely reflects the
oligotrophic environment of the offshore FGB reefs during no
storm conditions.

Bacterial communities of A. clathrodes at the FGB contained
Phyla (i.e., Proteobacteria, Firmicutes, Actinobacteria,
Chloroflexi, and Crenarchaeota) also present in other Agelas spp.
from the Florida Keys, Belize, and Central Amazon Shelf (Olson
and Gao, 2013; Deignan et al., 2018; Rua et al., 2018; Gantt
et al., 2019). However, higher abundances of Archaea, especially
Euryarchaeota and Crenarchaeota, and Firmicutes were found in
other Agelas spp. (Deignan et al., 2018; Rua et al., 2018). Diseased
sponges (both A. clathrodes and X. muta) sampled after the
2016 mortality event were dominated by Alphaproteobacteria,
especially Rhodobacteraceae. Alphaproteobacteria were also
enriched in sponges affected by Agelas Wasting Syndrome
(Deignan et al., 2018), suggesting that this group of bacteria
could play a role in pathogenesis and/or serve as a biomarker of
disease risk for FGB sponge communities.
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Mitigating the Impacts of Future Storms
on Offshore Reefs
This study demonstrates that floodwaters following extreme
storms can reach the vicinity of offshore reefs and may contribute
to shifts and increased heterogeneity in the bacterial communities
of sponges and other benthic reef organisms. Detection of
bacteria typically associated with wastewater within these sponge
samples illustrates that marine-terrestrial interactions, and thus,
the potential impacts of human land and waste management
practices, extend far beyond the shoreline. The GoM is regularly
impacted by hurricanes, and thus marine communities in the
region have evolved in a disturbance regime that includes bursts
of storm-generated terrestrial runoff. However, the ongoing
expansion of impermeable surfaces (e.g., concrete, pavement)
that reduce water absorption by soil in Texas and other
coastal areas, as well as changing extreme storm patterns
(e.g., slower moving hurricanes with greater precipitation) are
increasing the frequency and intensity of floodwater influx into
marine environments.

This study of the potential impacts of the 2016 and 2017 floods
was catalyzed because a mortality event affected the East Bank
following the Tax Day Flood. We hypothesize that flood waters
associated with other recent extreme storm events (e.g., 2015
Memorial Day Flood, flooding generated by Hurricane Imelda in
September 2019) in the region likely also caused sub-lethal stress
at the FGB. However, targeted sampling of FGB did not occur
following these storms. Our findings clearly demonstrate the
urgent need for: (1) continued mitigation of stormwater runoff
and climate change impacts; and (2) establishment of surface and
benthic microbial and water quality time series for near- and
offshore reefs using standardized protocols. This latter program
will ideally generate baseline data on the gene expression and
microbiomes of key benthic reef taxa under normal conditions,
providing critical context (Glasl et al., 2018a) in which to detect
and mitigate floodwater-derived stress on reefs in order to
understand their impact on benthic invertebrate physiology and
reef ecosystem functions.

MATERIALS AND METHODS

Pelagic Water Properties During Sample
Collection Periods
The Flower Garden Banks National Marine Sanctuary (northwest
Gulf of Mexico) is comprised of three banks: East Bank (EB),
Stetson Bank and West Bank (WB) (Figure 1A). Surface salinity
data, available from the Texas Automated Buoy System (TABS)
Real Time Ocean Observations system archive2 were used to
assess the potential of flood waters to reach the vicinity of the
FGB reef surface waters following recent severe storm events. To
characterize local surface salinity (sensor depth of 2 m) in parts
per thousand (ppt) representative for the FGB before, during, and
after each sampling period, water property data collected each
half hour for April - October for the years 2006 - 2018 were

2http://tabs.gerg.tamu.edu

downloaded for TABS Buoy V (27◦53.7960′N, 93◦35.8380′W),
which is located approximately 3 km from EB and 25 km from
WB. Data were filtered to remove all timepoints containing no
data and to exclude outlier data (i.e., measurements where salinity
abruptly changed to <1 ppt or >70 ppt from 35 ppt). Data
were not available (due to instrumentation failure) in 2007 and
between the dates of 6 June 2017 through 30 August 2017. The
remaining data were then plotted with ggplot2 package version
3.3.2 using code from https://github.com/rachelwright8/TagSeq_
FGB_HurricaneHarvey. Data were summarized in Figure 1D as
means (black line) and daily ranges (gray shading) for April to
October over the thirteen-year period. To assess the lags between
continental flooding (associated with an extreme storm) and
changes in water quality at the FGB, daily salinity means and
range data for April to October of individual years 2016–2018
(red lines and shading, respectively) were overlaid on surface
salinity averages for the thirteen-year summary data. Daily means
for each sponge sampling date were also calculated and plotted
on top of the thirteen-year summary data with colored icons
(Figure 1D). For sampling campaigns that spanned more than
one day, only the first day of sampling was plotted (the maximum
length of a sampling campaign was 5 days).

Sample Collections
Sponge samples were collected at four timepoints spanning
2016–2018 from two locations within the FGB; Buoy 4 at
East Bank (27◦52′54.84,” 93◦37′41.84”) and Buoy 2 at West
Bank (27◦54′28.8,” 93◦36′0.72,” Figure 1A, Table 1). At all
sampling timepoints, fragments were collected from individual
A. clathrodes and X. muta sponges. The same individual
sponges were not repeatedly sampled across timepoints due to
time constraints in available ship and dive time. In August
2016, samples were collected from ‘diseased sponges’ that were
exhibiting progressive tissue loss, as well as from visually healthy
sponges. Diseased sponges were sampled at the interface between
lesion ad healthy tissue. Representative photos of diseased
sponges are presented in Johnston et al. (2019). For all other
timepoints, samples were collected from visually healthy sponges
as diseased sponges were not observed. Samples were clipped
from sponge individuals using health status and species-specific
cutting shears that were wiped clean between samples. Each
sample was placed in an individual sterile bag for transport to the
surface. Once topside, each sample was immediately transferred
to liquid nitrogen and stored at −20◦C until further processing.
In total, 109 sponge samples, collected from depths ranging 18–
27 m, were analyzed in this study (individual sample metadata
provided in Supplementary Table 1).

Seawater samples were collected at three locations over EB
(Buoy 4, Grid site 43 and Grid Site 42) and 2 locations over
WB (Buoy 2 and Grid Site 23) (Figure 1A, Supplementary
Table 1). ‘Grid’ sites refer to sampling sites along a 10 × 10 km
grid over the FGB which was established in response to the
localized mortality event detected in July 2016 and is described
further in Kealoha et al., 2020. In Aug. 2016, Oct. 2017, and
Oct. 2018, seawater samples were collected from surface waters
(<2 m depth) as well as within the water column (10–30 m
depth) using a Niskin bottle rosette on a Seabird Electronic (SBE)
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25 CTD profiler. For August 2016, seawater collection preceded
sponge collection by 4–6 days. For October 2017 and October
2018, seawater column samples were collected across the same
dates as the sponges. Additionally, in Oct. 2017, seawater samples
were collected by divers directly above the reef benthos at Buoys
4 and 2 (sites of sponge collection) over the same dates as the
sponges. All CTD collected water samples were sieved with a 100-
µm nylon net to exclude zooplankton. For each sample, 1000 mL
of sieved seawater was then vacuum filtered (≤20 cm Hg)
through a 47 mm, 0.22 µm Supor PES filter membrane (Pall) and
immediately stored at −20◦C. After returning to port, samples
were transported on dry ice to Texas A&M University and stored
at−80◦C until DNA extraction.

Bacterial Community Analysis
DNA was extracted from 250 mg of sponge sample using
the Nucleospin Soil DNA extraction kit (Takara Bio) and
was submitted to the Baylor College of Medicine’s Alkek
Center for Metagenomics and Microbiome Research for high-
throughput sequencing. High-throughput sequencing of the
V4 hypervariable region of the 16S gene was conducted
with 515f: 5′ GTGYCAGCMGCCGCGGTAA 3′ and 806rb: 5′
GGACTACNVGGGTWTCTAAT 3′ primers (Apprill et al., 2015)
using the Illumina Mi-Seq (Paired-end 2 × 250 read) platform.
DNA extraction blanks were not performed during extraction
of the sponge samples; however, work on these samples was
conducted in a lab in which no human wastewater, nor sponge
(or reef) samples had ever been processed previously. Total
DNA from seawater samples was extracted from filters using
FastDNA Spin kits (MP Biomedical) with a BioSpec Mini-
Beadbeater-24. Each sample was amplified in triplicate 25 µL
reactions with the following cycling parameters: 95◦C for 3 min,
30 cycles of 95◦C for 45 s, 50◦C for 60 s, and 72◦C for
90 s, and a final elongation step at 72◦C for 10 min. All
amplifications were performed using the 515F-806R primer pair
modified with barcodes and Illumina MiSeq adapters. DNA
extraction blanks were performed on seawater samples and did
not yield any amplification products. Following amplification,
the triplicate products were combined together and run on a
1.5% agarose gel to assess amplification success and relative band
intensity. Amplicons were then quantified with the QuantiFluor
dsDNA System (Promega, Madison, WI, United States), pooled
at equimolar concentrations, and purified with an E.Z.N.A.
Cycle Pure PCR Clean-Up Kit (Omega Bio-Tek). The purified
library was sequenced on the Illumina MiSeq platform (v2
chemistry, 2× 250 bp) at the Georgia Genomics Facility (Athens,
GA, United States).

Sequence analysis was conducted using QIIME2 v. 2019.10
pipeline (Bolyen et al., 2019). Pair-end, demultiplexed reads
for all samples were combined, quality filtered, trimmed of
poor-quality bases, de-replicated, chimera filtered, pair merged,
and identified as amplicon sequence variants (ASVs) using the
DADA2 plug-in (Callahan et al., 2016). Taxonomy was assigned
by training a naïve-Bayes classifier on the V4 region of the
16S gene in the SILVA version 138 database (Quast et al.,
2013) using the feature-classifier plugin (Bokulich et al., 2018).
A 90% confidence threshold was used to retain classifications at

each level of taxonomy. Low abundance ASVs (<2 occurrences
over all samples) and non-prokaryotic ASVs (i.e., mitochondria,
chloroplast, eukaryote, and unknown sequences) were removed.
Rarefied ASV tables (rarefied to 9,000 reads per sample) were
used to calculate alpha diversity metrics and to conduct beta
diversity analyses using weighted UniFrac distance matrices.

Quantitative PCR for Human Pathogens
Associated With Hurricane
Harvey-Derived Floodwaters
Species-specific functional genes were chosen as biomarkers
to detect and quantify fecal indicator bacteria (Escherichia
coli and Enterococcus spp.), putative pathogenic bacteria in
the Family Enterobacteriaceae (Klebsiella pneumoniae, Serratia
marcescens, and Salmonella enterica), and other putative
pathogenic bacteria (Pseudomonas aeruginosa and Staphylococcus
aureus, Supplementary Table 7). These bacterial species were
targeted because they were identified in qPCR screening and
in high-throughput sequencing of terrestrial floodwater and
sediment samples collected immediately following Hurricane
Harvey (Yu et al., 2018). Sponge samples were screened
for all seven bacterial species. Seawater samples were then
screened for the bacterial species found in sponges (E. coli
and K. pneumoniae).

Target gene amplicons were used to establish the standard
curve between the threshold cycle (Ct) value and log10 (gene
copies) for each pathogenic bacterium individually. To generate
amplicons for target gene quantitation, genomic DNA of pure
cultures of each bacterial strain was extracted using DNeasy
PowerSoil Kit (Qiagen, Hilden, Germany) and target genes
were amplified by conventional PCR (50 µL reactions) with
EmeraldAmp GT PCR Master Mix (Takara Bio, thermocycler
conditions listed in Supplementary Table 7). Five µL of each
PCR product was visualized via gel electrophoresis to confirm
amplification, and the remaining PCR product was cleaned
using GeneJET PCR Purification Kit (Thermo Fisher Scientific,
Waltham, MA, United States). Amplicon concentration was
quantified using a Qubit 3 Fluorometer (Invitrogen) with
dsDNA Broad Range Assay (Invitrogen), amplicon quality was
assessed using a NanoDrop One (Thermo Scientific), and
amplicon sequences were confirmed via Sanger sequencing.
Verified amplicons were then serially diluted to create a set of
standards of known concentrations, calculated by the Thermo
Fisher DNA Copy Number Calculator3. Each standard curve
was established by linear regression of the threshold cycle
(CT) values versus the log-normal (10 base) abundance of
gene copies (108, 107, 106, 105, 104, 103, 102) from technical
triplicates. R2 values of least square fit ranged from 0.995–0.999
for all the standard curves. The qPCR amplification efficiency
for all the biomarkers ranged from 92–105%, calculated by
plotting average CT vs. amplicon concentration (copies/µL) on
a log10 scale. To assess gene copy number in a given sample,
CT values of samples were compared to a prepared standard

3https://www.thermofisher.com/us/en/home/brands/thermo-scientific/
molecular-biology/molecular-biology-learning-center/molecular-biology-
resource-library/thermo-scientific-web-tools/dna-copy-number-calculator.html
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curve that was included in triplicate with each qPCR run.
Calculated copy number was normalized to g of wet sponge
tissue and normalized to input DNA concentration of each
sample as conducted previously (Radax et al., 2012; Moeller
et al., 2019). The limit of quantification ranged from 20–
100 gene copies.

Quantitative PCR reaction mix consisted of 5 µL 2x Power
SYBR Green Master Mix (Applied Biosystems, Foster City, CA,
United States), 1 µL DNA, 1.3 µL of each primer (10 µmol
stock), and molecular-grade water, for a final volume of 10 µL.
Primer specifications and thermocycler conditions for each
pathogen are listed in Supplementary Table 2. All samples were
run in triplicate on a QuantStudio 3 Real-Time PCR System
(Thermo Fisher Scientific, Waltham, MA, United States) and
were screened for all seven pathogens (Supplementary Table 7).
Negative controls (no template) were run in triplicate for each
qPCR experiment to monitor for potential contamination. The
temperature profile for SYBR Green qPCR involved 95◦C for
10 min, 45 cycles of 95◦C for 15 sec and annealing/extension
temperature of 54 – 65◦C for 1 min. Melt curve analysis was
conducted after PCR completion to ensure non-specific PCR
products were not generated. Specificity of each qPCR assay was
confirmed by testing for amplification in all pathogen strains used
in this study as well as in four environmental isolates (Vibrio
sp., Alteromonas sp., Pseudoalteromonas sp., and Shewanella
sp.) previously cultured from FGB coral. No non-target strains
amplified below a threshold cycle (CT) of 30. Amplifications were
considered positive if all three replicates amplified at a threshold
cycle (CT) less than 28 and melt curve analysis showed similar
patterns to the standard.

Statistics
A weighted UniFrac distance matrix was used to calculate beta-
diversity and to assess within group dispersion in bacterial
communities and to construct Principle Coordinates Analysis
(PCoA) plots to visualize differences in bacterial community
structure between groups using QIIME2. PCoA was conducted
for all samples (both sponge species), as well as for healthy
samples of each species individually. Pairwise Analysis of
Similarities (ANOSIM), conducted with 999 permutations, was
used to test for significant differences in bacterial communities
among categorical variables including species, health state,
site, and collection date. To assess differences in bacterial
abundance at the Family level, the unrarefied ASV table
for each species was first summarized to Family level using
tax_glom in phyloseq (v1.30.0). A negative binomial model was
then fitted with the R package DESeq2 (v1.26.0) and Wald
tests were used to test for differences in taxon abundance
within each comparison of Date versus the ‘baseline’ Date
(October 2018). Benjamini-Hochberg FDR tests were used to
account for multiple comparisons, and Families with p-values
less than 0.05 were identified as significantly differentially
abundant. Indicator species analysis was performed to test
the association between bacterial community and collection
date, using indicspecies (v1.7.9) package in R. Significance
was assessed with 9999 permutations, and ASVs with p-values
less than 0.05 selected. PRIMER-E v6 (Primer-E Ltd) was

used to conduct Similarity Percentages (SIMPER) analysis,
which identified ASVs that contributed to differences between
bacterial communities across Dates. Differences in ASV richness,
Shannon Diversity, relative abundance of bacterial taxa, and
quantified bacterial abundance data were analyzed within the
three sample types (X. muta, A. clathrodes, and Seawater)
individually using generalized linear models (GLM) with Site,
Health State (healthy vs. affected sponge), Seawater sample
type (water column vs. reef water), and Date as categorical
predictors. If significant differences were detected, then a Tukey’s
HSD post hoc test was performed to examine the differences
between the levels of the independent variables. Differences
in mean community variability (mean pairwise dissimilarity)
across Dates was assessed using ANOVA with Tukey’s pairwise
comparisons. All data are represented as mean (±SEM), unless
otherwise stated.
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