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Abstract

Picoplankton foster essential recycling of nutrients in the oligotrophic waters sustaining coral reef ecosys-

tems. Despite this fact, there is a paucity of data on how the specific interactions between corals and plank-

tonic bacteria and archaea (picoplankton) contribute to nutrient dynamics and reef productivity. Here, we

utilized mesocosm experiments to investigate how corals and coral mucus influence picoplankton and

nutrients in reef waters. Over 12 days, we tracked nutrient concentrations, picoplankton abundances and tax-

onomic composition of picoplankton using direct cell-counts, sequencing of SSU rRNA genes and fluorescent

in situ hybridization-based abundances of dominant lineages in the presence or absence of Porites astreoides

corals and with mucus additions. Our results demonstrate that when corals are present, Synechococcus, SAR11

and Rhodobacteraceae cells are preferentially removed. When corals were removed, their exudates enhanced

the growth of diverse picoplankton, including SAR11 and Rhodobacteraceae. A seven-fold increase in nitrate

concentration, possibly caused by nitrogen remineralization (ammonification coupled to nitrification) within

the coral holobiont, may have further facilitated the growth of these taxa. In contrast, the addition of mucus

resulted in rapid initial growth of total picoplankton and Rhodobacteraceae, but no measurable change in

overall community structure. This study presents evidence of the multifaceted influences of corals on pico-

plankton, in which the coral holobiont selectively removes and promotes the growth of diverse picoplankton

and remineralizes nitrogen.

Coral reefs support diverse communities of fish and inver-

tebrates as well as rich communities of microorganisms

(Knowlton 2001; Rohwer et al. 2002; Dinsdale et al. 2008).

While reef habitats subsist at tropical latitudes generally con-

taining oligotrophic waters, they are one of the most pro-

ductive marine ecosystems (Crossland et al. 1991). Reef-

building corals form the structural basis for this ecosystem,

and they rely on a partnership with endosymbiotic

dinoflagellates (Symbiodinium spp.) for significant energy sup-

plementation (Muscatine et al. 1981). Corals and reef habi-

tats are threatened by a number of climate-related and

anthropogenic impacts, including ocean warming, ocean

acidification, eutrophication and sedimentation (Szmant

2002; Fabricius 2005; Carpenter et al. 2008; Doney et al.

2009). As a result, abundances of coral have decreased sub-

stantially on reefs worldwide (Carpenter et al. 2008), result-

ing in major shifts in the balance and stability of reef

ecosystems (Mumby et al. 2007). Thus, there is significant

motivation to better understand the fundamental processes

that corals provide to sustain reef ecosystems.

The microorganisms in reef waters form the basis of the

coral reef food web, and their activities are central to the

biogeochemistry and productivity of reefs (Ducklow 1990;

Sorokin 1995). Reef water picoplankton (planktonic bacteria

and archaea) are responsible for recycling more than half of

the net productivity on reefs (Ducklow 1990). The microbial

biogeochemistry of the waters surrounding coral-rich reefs

appear unique, with reef waters depleted in dissolved organic

carbon (DOC) and picoplankton compared to adjacent
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coastal waters (Apprill and Rapp�e 2011; Nelson et al. 2011),

despite the fact that corals excrete substantial DOC and dis-

solved organic nitrogen (DON), as well as particulate mucus

(Bythell 1988; Wild et al. 2004; Tanaka et al. 2011). Waters

with longer residence time on the reef contain more produc-

tive microorganisms (Apprill and Rapp�e 2011), further sug-

gesting that the presence of corals stimulates reef water

microbial dynamics and selects for a distinct picoplankton

community.

While corals do appear to influence reef picoplankton,

the specific microbial lineages influenced by corals are not

well resolved. Some bacterioplankton have been shown to

respond to mucus additions from corals, including Alteromo-

nadaceae and Vibrionaceae growth from Fungia mucus (Allers

et al. 2008) as well as Rhodobacterales, Oceanospirillales, Vibrio-

nales, Alteromonadales and Bacteroidetes growth on Acropora

mucus (Taniguchi et al. 2015). In the case of coral excretion,

it appears that certain members of the picoplankton commu-

nity respond to coral exudates, especially the Alphaproteo-

bacteria families Erythrobacteraceae, Kordiimonadaceae,

Hyphomonadaceae and Sneathiellaceae, the Bacteriovoraceae

family of the Deltaproteobacteria and the Planctomycetes

clade OM190 (Nelson et al. 2013). In field surveys, Synecho-

coccus positively correlated with hard coral cover while Alter-

mononadales negatively correlated with hard coral cover and

was associated with algae-dominated reefs (Kelly et al. 2014).

In both of the previously mentioned studies, it appears that

the heterotrophic bacteria associated with reefs are generally

members of faster-growing or copiotrophic lineages (Brown

et al. 2014). Corals can also influence the picoplankton com-

munity by actively feeding on these cells (Sorokin 1973).

Although the specificity of feeding on picoplankton has not

yet been addressed, it is possible that corals have a finely-

tuned, positive feedback-type influence on the reef water

microbial community. In fact, studies have shown that bac-

terioplankton were depleted over reef systems in Moorea

(Nelson et al. 2011) and directly over corals and within reef

crevices (Gast et al. 1998; Seymour et al. 2005). In this sce-

nario, coral exudates preferentially support the growth of

nutrient-rich, fast-growing copiotrophic-type cells, which

they in turn feed upon. Uncovering these covert interactions

in field settings is challenging because natural reefs harbor

diverse and abundant types of life, each with unique influen-

ces on the picoplankton community.

The aim of this study was to examine if the presence of

Porites astreoides corals or mucus originating from

P. astreoides results in measurable alterations in the pico-

plankton community composition and nutrient dynamics of

reef waters. P. astreoides is an ideal coral for this study

because its high recruitment success has increased its relative

abundance on Caribbean reefs (Green et al. 2008). The bacte-

rial community associated with both the mucus and tissues

of P. astreoides is relatively well-described (Rowher et al.

2002; Morrow et al. 2012; Rodriguez-Lanetty et al. 2013).

Lastly, corals belonging to the Porites genus are dominant

and long-lived species among diverse habitats in worldwide

reefs (Stoddart 1969), and these results may therefore be

informative for other reef environments.

In this study, we used mesocosm-based experiments to

investigate dynamics in total picoplankton abundance and

specific taxonomic groups of cells, as well as nutrients,

when exposed to colonies of P. astreoides or P. astreoides

mucus, compared to control conditions. Our results reveal

that the immediate presence of P. astreoides influences the

abundance and composition of reef water picoplankton,

which is partially attributed to holobiont grazing, and fuels

a surprisingly high rate of nitrogen remineralization. These

findings highlight the significant, multifaceted influences

that corals have on their surrounding picoplankton

community.

Methods

Experimental overview

Colonies of P. astreoides (5–20 cm diameter, 30–90 g wet

weight) were removed from 3 m to 9 m depth on the Bermu-

dian reefs Hog Breaker (N 328 27.50 W 648 49.80), an

unnamed reef (N 328 26.0420 W 648 49.2480), and Three Hills

Shoal (N 328 410 W 648 73.30) in July 2013. Ten colonies were

taken from each site in compliance with the Bermuda Insti-

tute of Ocean Sciences (BIOS) Collection and Experimental

Ethics Policy and were considered Limited Impact Research

and as such a collection permit was not required. The colo-

nies were immediately placed in collection bags at depth,

sealed and transported in a large collection cooler (<1 h) to

the laboratory. At BIOS, the colonies were allowed to accli-

mate to a mesocosm housing and held in aerated, outdoor

fiberglass mesocosms with a flow-through seawater system

fed with reef water for two (Three Hills Shoal Reef colonies)

or 15 days (all other colonies) prior to the start of the experi-

mental period.

For the experiment, the mesocosms consisted of nine,

30 L static aquaria that were set up as previously described

(de Putron et al. 2010). Inshore water from 20 m off shore

and one meter in depth was used to fill the aquaria and was

pumped through a BIOS flow-through sample system that

consisted of a coarse mesh filter and holding tanks followed

by a step filtration system of 50 lm, then 5 lm, to remove

larger organisms including some planktonic grazers. Meso-

cosms were then left static for the 12-day experiment. Meso-

cosms were randomly arranged to consist of three control,

three mucus addition, and three coral mesocosms, with arti-

ficial lights providing 61 lmol quanta m22 s21 photosyn-

thetically active radiation during sunlight hours consistent

with the low end of known compensation ranges (3–233

lmol quanta m22 s21 according to Mass and colleagues

(2007)) to minimize bleaching. Mesocosms were covered

with a transparent plastic film cover and aerated with an air
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wand bubbler (de Putron et al. 2010). Water was collected

from the mesocosms via a syringe-siphon system using sili-

con tubing. Inline, combusted GF/F filters (Whatman, Maid-

stone, UK) were attached for samples intended for dissolved

organic carbon (DOC) analysis. The reef water temperature,

salinity, and conductivity in all mesocosms was monitored

daily throughout the experiment using a YSI Professional

Plus probe (Yellow Springs, Ohio).

Over the course of 12 days, the mesocosms were subjected

to one of three conditions: coral (presence/absence of colo-

nies), mucus additions or control (no additions) (Table 1).

For the coral mesocosms, the experimental corals (four colo-

nies per mesocosm, three mesocosms) were placed within

the mesocosms on days 0 through 4 and removed after water

sampling on day 4. Corals were removed for 48-h until after

the sampling procedure on day 6, where they were held in

running seawater similarly filtered as in the mesocosms, and

reintroduced back into their respective mesocosms from days

6 to 10 and removed again after the sampling procedure on

day 10. P. astreoides colonies were not fed over the course of

the 12-day experimental period. For the mucus addition

mesocosms, mucus was extracted from P. astreoides colonies

(n 5 18) that were not utilized in the experiment and were

maintained in a separate, flow-through seawater tank. These

corals (n 5 18) were taken into the lab and inverted on a fun-

nel to collect mucus for 2 h, a timeframe determined from a

preliminary experiment, and the corals returned to the hold-

ing aquaria with flow through seawater. Mucus from the

additional colonies was pooled and 5 mL was added to each

mucus addition mesocosm on days 0.2, 2, 6, and 8 (Table 1).

Mucus from the experimental corals (n 5 12; named corals

A-L from coral tanks 4, 5, and 6) was sampled for communi-

ty composition prior to day 0, as well as at the end of day 4

and at the end of day 10 of the experiment. For the latter

two timepoints, the corals were removed from the experi-

mental mesocosms for 48 hs.

Picoplankton abundances and specific lineage abundance

as determined by FISH

Seawater samples (50 mL) for cell counts and fluorescence

in situ hybridization (FISH) analyses were taken daily from

all mesocosms, fixed with formalin to a final concentration

of 10% in the dark for 20 min, and stored at 2808C. Samples

were thawed and 3–5 mL were filtered onto Irgalan Black

stained 25 mm, 0.2 lm polycarbonate filters (Nucleopore,

Whatman) under gentle vacuum (�100 mm Hg) and stained

with 1 mL of 6, 6-diamidino-2-phenyl dihydrochloride (5 lg

mL21, DAPI, SIGMA-Aldrich, St. Louis, MO) (Porter and Feig

1980). The filters were mounted onto slides with Resolve

immersion oil (high viscosity) (Resolve, Richard-Allan Scien-

tific, Kalamazoo, MI) and stored at 2208C. Slides were then

enumerated using an AX70 epifluorescent microscope

(Olympus, Tokyo, Japan) under ultraviolet excitation at 100x

magnification. At least 500 cells (10 fields) were counted for

picoplankton abundance.

FISH was utilized to quantify the abundance of the major

picoplankton phylotypes present in the seawater and mucus,

and was conducted using previously published protocols and

Cy3 labeled probes (Parsons et al. 2014). The bacterial and

archaeal groups quantified included the SAR11 clade (152R,

441R, 542R, 732R probes), Alteromonas spp. (AC137R), Vibrio

spp. (127R), Rhodobacteraceae (536R), Euryarchaeota

(Eury806), and Thaumarchaeota (Cren537). Fixed seawater

samples (3–5 mL) were filtered onto 25 mm, 0.2 lm polycar-

bonate filters and stored at 2208C with desiccant. Quarter fil-

ters were washed in 95% ethanol and then probed according

to previous protocols (Morris et al. 2002; Parsons et al. 2011,

2014). The cell abundances of the picoplankton phylotypes

mentioned above were then determined using image analysis

(Parsons et al. 2011, 2014). Detection of Cy3-positive cells

and their ratio to DAPI-positive cells was aided by image

analysis using an Olympus AX70 microscope (Olympus,

Japan) equipped with a Toshiba 3CCD video camera (IK-

TU40A Toshiba, Japan), a computer assisted frame grabber

and appropriate dichroic filters (Morris et al. 2002; Carlson

et al. 2010). Brief exposure times of 1 and 5 s were used for

DAPI and Cy3 image channels, respectively. Cy3 images

were segmented with Image Pro Plus software (Media Cyber-

netics, Bethesda, MD) and overlaid onto corresponding seg-

mented DAPI images (Parsons et al. 2014). Objects with

overlapping signals in both Cy3 and DAPI images were

counted as probe positive. The negative control was deter-

mined similarly and subtracted from the positive probe

counts to correct for autofluorescence and non-specific

binding.

Apparent growth and grazing rates

Here, we use the term ‘grazing’ to refer to the combina-

tion of direct ingestion by P. astreoides and/or grazing by

coral-associated protista. Specific rates (units of d21) were

calculated for total picoplankton cells (from DAPI counts),

Synechococcus (from flow cytometry), and the SAR11 clade

and Rhodobacteraceae (from FISH counts). Grazing rates were

calculated using the standard equations of Frost (1972). The

growth constant (k), or net apparent growth rate for each

microbial group was calculated from each mesocosm as:

C25C1ekðt22t1Þ (1)

where C1 and C2 are the cell concentrations (cells mL21) at

t1 and t2. Grazing coefficients (g) were then calculated as the

difference in k between the control and the coral addition

mesocosms. Uncertainty in g was calculated using uncertain-

ty propagation (Kline and McClintock 1953). The ANOVA

and Tukey ad hoc statistics were done using the aov and

tukeyHSD functions in the stats package within the R pro-

gramming language. The Honesty Significant Difference is
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tabled as the mean HSD value with its associated p value for

significance at 95% confidence for all time points (n 5 3) and

for the four groups—picoplankton, Synechococcus, SAR11 and

Rhodobacteraceae.

Taxonomic composition of picoplankton using amplicon

sequencing

Seawater picoplankton biomass for nucleic acids was tak-

en from all experimental mesocosms on days 0, 2, 4, 6, 8,

10, and 12 of the experiment, and from coral mucus

extracted from the experimental corals on days 2, 4, and 10

and processing followed a method modified from Giovan-

noni and colleagues (1990, 1996). 500 mL of water or 1 mL

of coral mucus was filtered through a 47 mm, 0.2 lm pore

filter under gentle vacuum (�100 mm Hg), placed into a

4 mL cryovial and stored in 1 mL of sterile sucrose lysis buff-

er (20 mM EDTA, 400 mM NaCl, 0.75 M sucrose, 50 mM

Tris.HCl) at 2808C. For DNA extractions of the tissue, mucus

and coral samples, sodium dodecyl sulfate to 1% and pro-

teinase K to 200 lg mL21 were added to the sample and

incubated at 378C for 30 min and then at 558C for 30 min.

The lysates were extracted with an equal volume of phenol:i-

soamylalcohol:chloroform (25:1:24) followed by two subse-

quent equal volumes of isoamylalcohol:chloroform (1:24).

The DNA was purified by precipitation using sodium acetate

(3M) and isopropanol (100%) for at least 1 h at 2208C and

centrifuged at room temperature for 30 min at 20,000 3 g.

The resulting pellet was washed with 80% ethanol, vortexed

for 30 s and centrifuged at 16,000 3 g for 10 min. The pellet

was dried and stored at 2208C.

The microbial composition of the DNA was assessed by

targeting the V4 region of the SSU rRNA gene using modified

primers, 515F and 806RB, as outlined by Apprill and col-

leagues (2015). Triplicate 25 lL PCR reactions were con-

ducted per sample, and contained 1.25 U of GoTaq Flexi

DNA Polymerase (Promega Cooperation, Madison, WI), 5X

Colorless GoTaq Flexi Buffer, 2.5 mM MgCl2, 200 lM dNTP

mix, 200 nM of each barcoded primer, and 1–4 ng of geno-

mic template. The reaction conditions consisted of an initial

denaturation step at 958C for 2 min, followed by 27–34

cycles of 958C for 20 s, 558C for 15 s, and 728C for 5 min,

concluding with an extension at 728C for 10 min. Reactions

were carried out on a Bio-Rad thermocycler (Bio-Rad Labora-

tories, Inc., Hercules, CA). Reaction products (5 lL) were

screened on a 1% agarose/TBE gel using a HyperLadder 50

bp standard (generally 5 ng ul21) (Bioline, London, UK).

Samples were optimized for the lowest number of cycles that

resulted in an amplified PCR product detected on a gel. The

three replicate reactions were purified using the QIAquick

Purification Kit (Qiagen, Valencia, CA), and quantified using

the Qubit fluorescent broad range dsDNA assay (Life Tech-

nologies, Grand Island, NY).

Amplicons were pooled in equimolar ratios and shipped

to the University of Illinois W.M. Keck Center for Compara-

tive and Functional Genomics and sequenced using 2x250

bp paired-end MiSeq (Illumina, San Diego, CA), as detailed

Table 1. Overview of the mesocosm treatment conditions (n 5 3 per treatment; bolded text indicates when corals were removed).

Treatment Analyses

Time (days) Corals Mucus Control Nut* DOC

Cell

counts

FISH &

sequencing

0 Corals out NA† NA x‡ x x x

0.2 Corals in§ Mucus added§ NA x x

1 Corals in (24 h total) NA NA x

2 Corals in (48 h total) Mucus added§ NA x x

3 Corals in (72 h total) NA NA x

4 Corals in (96 h total) NA NA x x x x

5 Corals out (24 h total) NA NA x

6 Corals out (48 h total)§ Mucus added§ NA x x x x

7 Corals in (24 h total) NA NA x

8 Corals in (48 h total) Mucus added§ NA x x

9 Corals in (72 h total) NA NA x

10 Corals in (96 h total) NA NA x x x x

11 Corals out (24 h total) NA NA x

12 Corals out (48 h total) NA NA x x x x

*Nut, Nutrients.
†NA, not applicable.
‡x, analysis was performed.
§Corals and mucus added immediately after sampling.
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previously (Kozich et al. 2013). Sequence analyses were con-

ducted using mothur v.3.3.3 (Schloss et al. 2009) and includ-

ed assembly of the paired ends, amplicon size selection (253

bp median size) and alignment to the SSU rRNA gene. Chi-

mera detection was also conducted via UCHIME (Edgar et al.

2011) using mothur, and chimeric sequences (7–18% of

sequences per sample) were removed. Taxonomic classifica-

tion of sequences was conducted with the SILVA SSU Ref

database (release 119) using the k-nearest neighbor algo-

rithm. Sequences were grouped into operational taxonomic

units (OTUs) using minimum entropy decomposition (MED)

(Eren et al. 2015). Statistical analysis of these data was con-

ducted using Primer (v.7, Primer-E Ltd, Ivybridge, UK). Bray

Curtis similarity data was used to create Non-metric Multidi-

mensional Scaling (NMDS) and Principle Coordinate (PCO)

analyses, ANOSIMS and PERMANOVA tests with the OTU

data. Significant differences between sequence percentages

were compared using two-way ANOVA with Tukey’s post

hoc tests per time point using Prism 7 (GraphPad Software,

Inc., La Jolla, CA). Additionally, the data were tested to

determine if PCR cycle number impacted the representation

of any OTUs using the BEST analysis with Primer, and did

not identify any OTUs correlated with PCR cycles. Sequence

data are available at NCBI’s SRA under accession PRJNA

312300.

Identification of putatively ammonia-oxidizing bacteria

and archaea

Quantitative PCR (qPCR) was used to identify betaproteo-

bacterial and archaeal ammonia monooxygenase subunit a

genes (amoA) in seawater samples from the inflow, control

and coral mesocosms (n 5 39), and combined coral tissue

plus mucus extracts from a subset of coral colonies in the

coral mesocosms (n 5 6). qPCR protocols were as described

previously (Santoro et al. 2010), with minor modifications.

Briefly, 20 lL reactions contained 10 lL mastermix (Bio-Rad

ssoAdvanced SYBR), 200 nM of each primer, 1 lL of genomic

DNA template, and 8.4 lL of nuclease- free water. Samples

and no template controls were analyzed in triplicate along

with duplicate sets of standards containing 10 to 105 tem-

plates, on a CFX96 real-time PCR machine (Bio-Rad Labora-

tories). The betaproteobacterial amoA qPCR assay used the

1F/2R primer set (Rotthauwe et al. 1997). The archaeal amoA

assay used the Arch-amoAF/Arch-amoAR set (Francis et al.

2005) with an additional 2 mM MgCl2. The detection limit

for each assay was approximately 10 genes per reaction, cor-

responding to a detection limit of 2 genes mL21 seawater.

amoA detection from coral tissue samples was analyzed in

undiluted and 1:10 diluted samples; detection is reported as

presence/absence.

Nutrient, DOC and flow cytometry analyses

Seawater samples were analyzed for macronutrients

(nitrate 1 nitrite, nitrite, ammonium, ortho phosphate, and

silicic acid) were measured at Oregon State University using

a continuous segmented flow system consisting of a Tech-

nicon AutoAnalyzer II (SEAL Analytical) and an Alpkem

RFA 300 Rapid Flow Analyzer (Alpkem) as conducted previ-

ously (Apprill and Rapp�e 2011). DOC was determined via

high temperature combustion on a modified Shimadzu

TOC-V (Shimadzu Scientific Instruments, Columbia, MD)

(Carlson et al. 2010). Flow cytometry was performed on

1 mL seawater preserved to a final concentration of 4%

paraformaldehyde to enumerate pigmented picoeukaryotes,

Synechococcus, and non-pigmented picoplankton using

methods described in Apprill and Rapp�e (2011). High and

low DNA-containing cells were enumerated following Sybr-

Green staining. The ANOVA and Tukey’s HSD statistics

were conducted as described above. Project data are avail-

able through the Biological and Chemical Oceanography

Data Management Office (BCO-DMO; http://www.bco-

dmo.org/dataset/652849).

Results

Nitrate production associated with corals

Inorganic nitrogen concentrations varied substantially

over the course of the experiment, particularly in the coral-

inhabited mesocosms (Fig. 1). NO2
3 and NO2

2 concentra-

tions increased seven- and three-fold in the mesocosms

containing P. astreoides, with NO2
3 as high as 10 lM at T12

(Fig. 1a,b; Supporting Information Table 1). The largest

increase in NO2
3 occurred at T10 when the corals were

placed back into the tank after being absent for 48 h, and

this was significantly higher than the controls and the

mucus addition (Fig. 1a, ANOVA and Tukey HSD p<0.01,

Supporting Information Table 2). Compared to controls, no

significant differences in NO2
3 or NO2

2 were observed for

the mucus addition treatments (Fig. 1a,b, Supporting Infor-

mation Table 2). NH1
4 also increased in the mesocosm

experiments at the end of the experiments, but this was

not significant compared to controls (Fig. 1c, Supporting

Information Table 2). In all mesocosms, PO3
4

2 decreased

over the course of the experiment, from 0.14 to 0.04–0.06

lM, and PO3
4

2 was significantly higher than controls in the

coral mesocosms after the corals were removed for 48-h

(T6; Fig. 1d, ANOVA and Tukey HSD p<0.05, Supporting

Information Table 2). DOC was variable between the repli-

cates of each treatment, but concentrations in most meso-

cosms, regardless of treatment, increased 10–20 lM over

the 12 days and there was no significant increases in DOC

in the coral or mucus treatment compared to controls (Fig.

1d, Supporting Information Table 2). The mesocosms were

generally consistent at 25.88C with ca. 18C variation over

the experiment, and salinity was similarly consistent at

37.2 ppt with a slight increase towards the end of the

experimental period due to evaporation (Supporting Infor-

mation Fig. 1).
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Corals cause a decrease in picoplankton cells and

preferentially graze on Synechococcus and SAR11 clade

bacteria

Over the course of the experiment, picoplankton abun-

dances repeatedly declined in the presence of corals. Over

T0-2 total picoplankton (pigmented and non-pigmented

cells) in the coral mesocosms were significantly reduced in

abundance compared to the controls (4.9 3 105 compared to

1.3 3 106 cells mL21; Fig. 2a; ANOVA and Tukey HSD

p<0.01, Supporting Information Table 3), with a grazing

constant of 20.50 6 0.12 d21 during this period (Fig. 3). In

particular, Synechococcus declined 87% over T0-2, and were

significantly different compared to controls (Fig. 2b, Tukey

HSD p<0.01, Supporting Information Table 3), and grazing

on Synechococcus occurred at the highest rate of any pico-

plankton groups measured, 21.16 6 0.31 d21 (Fig. 3). Simi-

larly, SAR11 clade bacteria declined in the presence of corals

over T0-2, and were significantly lower than controls (Fig.

2b, Tukey HSD p<0.01, Supporting Information Table 3),

and with a specific grazing constant of 20.90 6 0.20 d21

(Fig. 3). There was a smaller decline in Rhodobacteraceae (a

family encompassing the Roseobacter clade) and abundances

were significantly lower than controls at T2, T4, and T6

(Tukey HSD p<0.05, Supporting Information Table 3).

At T6 and following a 48-h period when corals were

removed from the coral mesocosms, total picoplankton

increased in abundance (Fig. 2a). Picoplankton growth (0.50

d21) was significantly greater over T4-T6 than observed in

the controls over the same time period (Fig. 3, ANOVA and

Tukey HSD p<0.01, Supporting Information Table 4). SAR11

were one of the fastest growing cells during this period, with

a growth rate of 1.2 d21, and this was significantly higher

than growth in the controls (Fig. 2c, ANOVA and Tukey

HSD p<0.01, Supporting Information Table 4). Rhodobactera-

ceae cells also grew during this period (T4-T6) when the cor-

als were removed from the aquaria at a rate significantly

greater than the controls (0.86 d21; ANOVA and Tukey HSD

p<0.01, Supporting Information Table 4).

Re-addition of the corals to the mesocosms during T6-

8 again resulted in reduction of picoplankton (g 5 20.60 6

0.09 over T6-8; Fig. 3); grazing was preferential towards Rhodo-

bacteraceae and SAR11 (ANOVA and Tukey HSD p<0.01,

Supporting Information Table 4). As seen earlier in the experi-

ment, subsequent removal of the corals from the mesocosms

on T10-12 again resulted in a significant increase in total pico-

plankton, compared to controls (Fig. 2, ANOVA and Tukey

HSD p<0.01, Supporting Information Table 3). Total pico-

plankton cells exhibited a slower growth rate of 0.34 d21 dur-

ing this period compared to the previous removal period (0.50

d21; T5-6) (Table 3; Fig. 2b). Only Rhodobacteraceae exhibited

significantly higher growth rates in the coral mesocosms com-

pared to the controls (1.3 d21; Fig. 3; ANOVA and HSD

p<0.01, Supporting Information Table 4). Photosynthetic

picoeukaryotes were also examined throughout the

experiment and their abundance was very dynamic within the

coral mesocosms, and displayed inconsistent trends between

the mesocosms (Supporting Information Fig. 2a).

In the mucus addition mesocosms, abundances of pico-

plankton were significantly elevated compared to the control

mesocosms at T2 and T4 (Fig. 2a, ANOVA and Tukey HSD

p<0.05) with significantly higher growth rates of 0.33 d21

compared to 0.11 d21 in the controls (Table 2, ANOVA and

Tukey HSD p<0.01, Supporting Information Table 4). This

growth was in primarily higher DNA containing cells (Sup-

porting Information Fig. 2b). Also in the mucus addition

mesocosms, abundances of picoplankton were significantly

elevated when compared to the coral mesocosms for all

timepoints but especially when corals and mucus were added

to the aquaria (Fig. 2a, ANOVA and Tukey HSD p<0.05).

Rhodobacteraceae were preferentially stimulated by mucus

addition during T0-T2 (Fig. 2d; ANOVA and Tukey HSD

p<0.05, Supporting Information Table 3), with growth rates

of 0.57 6 0.15 d21 (Table 2). Growth of SAR11 was signifi-

cantly enhanced in mucus mesocosms compared to controls

and coral mesocosms over T4-T6, a period without any

mucus additions (Table 2; ANOVA and Tukey HSD p<0.05,

Supporting Information Table 4).

Corals alter the composition of the picoplankton

community

Non-metric multidimensional scaling analysis of partial

SSU rRNA gene sequences of picoplankton from the meso-

cosms revealed consistency among the control and mucus-

addition communities and high variation among the commu-

nities in the coral mesocosms (Fig. 4a). Overall, picoplankton

communities did not differ significantly between the control

and mucus additions mesocosms (ANOSIM, p 5 0.27,

r 5 0.016), and there was also no significant difference between

these treatments when experimental day was considered (PER-

MANOVA by treatment(day), t 5 0.73–0.95, p 5 0.50–0.70; Fig.

4b). However, the coral mesocosms were significantly different

from the control treatments (ANOSIM, p 5 0.001, r 5 0.59–

0.62), and there was also a significant difference between the

treatments by experimental day (PERMANOVA by treatment(-

day), t 5 1.83–2.99, p 5 0.017–0.042; Fig. 4c). The picoplankton

community was most distinct between the coral mesocosms at

the start of the experiment (T0 through T6) and the latter part

of the experiment (T8 through T12) (ANOSIM, p 5 0.001,

r 5 0.87). As previously mentioned, NO2
3 1 NO2

2 concentra-

tions were elevated during T10–T12 compared to T0–T6, and

PCO analysis of the picoplankton communities with environ-

mental parameters indicates that these latter timepoints corre-

sponded to concentrations of NO2
3 , NO2

2 , and NH1
4 (Fig. 5).

The amplicon data demonstrated that picoplankton line-

ages in these control mesocosms exhibited relatively small

alterations in relative abundance over the course of the

experiment, with the exception of SAR11 and Rhodobactera-

ceae which decreased and increased, respectively, over T0-T2
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Fig. 2. Abundances of (a) total picoplankton (planktonic bacteria and archaea), (b) Synechococcus, (c) SAR11 and (d) Rhodobacteraceae cells in the
control (solid dark grey line), mucus addition (dashed black line) and coral (dotted light grey lines) mesocosms. Mucus was added to the mucus addi-

tion mesocosms after seawater sampling on days 0.2, 2, 6, and 8 of the experiment; shading indicates when corals were removed from the meso-
cosms and when mucus was not added to the mesocosms. Abundances of total picoplankton were from DAPI counts, Rhodobacteraceae and SAR11
clades were derived from FISH counts, and Synechococcus from flow cytometry.
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(Fig. 6, Supporting Information Fig. 3). For the coral meso-

cosms, variation was observed in relation to the presence or

absence of corals, and the sequence data generally followed

the major patterns detected by the microscopy analyses for

SAR11 and Synechococcus; however, the amplicon data tended

to underestimate Rhodobacteraceae and the other taxa (Fig.

6a, b; Supporting Information Figs. 3–5). Significant

decreases in SAR11 compared to the controls were observed

on days 8 and 10, with day 12 corresponding to corals being

removed (two-way ANOVA with Tukey post hoc test,

p<0.05; Fig. 6). Rhodobacteraceae significantly increased to

30 – 40% of the community, compared to controls, when

corals were removed from the mesocosms on T6 and T12

(Fig. 6b). Over the course of the experiment Alteromonadaceae

and the OM60 (NOR5) clade of Gammaproteobacteria increased

in the coral mesocosms (Figs. 6c, d). In the latter part of the

experiment after the corals were reintroduced into the meso-

cosm (day 8) and nitrogen levels were elevated, a decrease in

abundances of these same groups was observed, and Oxalobacter-

ceae significantly increased compared to controls and made up

�26% of the community (two-way ANOVA with Tukey post hoc

test, p<0.05 on T8 and T10) (Fig. 6e). Some taxa remained

steady throughout the experiment. Relative abundances of Bac-

teroidetes (primarily Flavobacteria and Cyptophaga) were at 8–

12%, regardless of whether the corals inhabited the mesocosms

(Fig. 6f).

Compared to the coral mesocosms, the addition of coral

mucus had less impact on the picoplankton community
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Fig. 3. Comparison of grazing (g) in the coral mesocosms over the course of the experiment for total picoplankton (planktonic bacteria and archaea)
and select taxa, with the negative values indicating grazing and positive values net apparent growth. Error bars are 95% confidence intervals.
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composition, and did not demonstrate a significant increase

in Rhodobacteraceae following mucus addition, as was seen

by the cell counts (Fig. 4, Supporting Information Fig. 3).

Mucus samples taken from the experimental corals during

the experiment were primarily dominated by bacteria

belonging to the Endozoicomonas lineage of Gammaproteo-

bacteria (Supporting Information Fig. 6). Interestingly, Oxalo-

bacteraceae were present in the coral mucus, at overall

similar community composition levels found in the seawater

during the latter days of the experiment (Fig. 5e, Supporting

Information Fig. 6). Endozoicomonas also comprised 75–90%

of microbial community in the coral tissues at the conclu-

sion of the experiment (Supporting Information Fig. 7).

Low abundance of planktonic and coral-associated

ammonia-oxidizing organisms

In order to investigate nitrification as a potential source

of the NO2
2 and NO2

3 increase in the coral mesocosms, we

examined the SSU rRNA gene sequences for known ammonia

oxidizers. Within the picoplankton, ammonia-oxidizing bac-

teria (AOB; Nitrosomonas, Nitrosospira, and Nitrosococcus) were

absent and putatively ammonia-oxidizing archaea (AOA;

Thaumarchaeota) were present in very low abundances

(<1% of community composition). qPCR was then used to

further explore the abundance of AOA and betaproteobacte-

rial AOB (b-AOB) by quantifying the amoA gene. The inflow

seawater had the highest abundance of both AOA and b-

AOB amoA genes, with a range of 317–434 and 6–15 genes

mL21, respectively (Supporting Information Table 5). AOA

amoA and b-AOB amoA genes decreased after 2 d and

remained below detection limits for the remainder of the

experimental period, regardless of treatment (Supporting

Information Table 5). AOA and b-AOB directly associated

with the corals were also examined at the end of the experi-

mental period in tissue samples. b-AOB amoA genes were not

detected, and AOA amoA genes were only detected in one

coral (Supporting Information Table 6). The coral SSU rRNA

gene data also detected low abundances of ammonia-

oxidizing archaea (<0.5% of community composition), no

AOB, and no nitrite oxidizers (Nitrospira, Nitrospina, Nitrococ-

cus, or Nitrobacter).

Discussion

This study demonstrated that corals cause declines in

the surrounding picoplankton, particularly Synechococcus,

SAR11 and Rhodobacteraceae, which are likely grazed upon

by corals or protistan grazers residing within the holobiont.

Although many corals, including P. astreoides, have obli-

gate symbiotic relationships with Symbiodinium spp., het-

erotrophic feeding on phytoplankton (Yahel et al. 1998)

and zooplankton (Sebens et al. 1996; Wijgerde et al. 2011)

are thought to be important supplementary energy sources.

Depletion of picoplankton and Synechococcus, from grazing

or other processes, have been previously seen inT
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Fig. 4. Nonmetric multidimensional scaling analysis of picoplankton community composition based on Bray-Curtis similarity from SSU rRNA gene
amplicon data in all the mesocosm treatments (a), the mucus and control mesocosms (b) and coral and control mesocosms (c) over the timeframe of
the experiment. All mesocosms are numbered by timepoint.



assemblages of coral, sponge and other reef organisms

(Ribes et al. 2003; Genin et al. 2009; Monismith et al.

2010). To our knowledge, this is the first report of putative

coral grazing on other picoplankton taxa. It is surprising

that removal of SAR11 and Synechococcus were preferential

because of their large differences in cell size. SAR11 are

among the smallest of the free-living picoplankton (0.01

lm3; Rapp�e et al. 2002) and nearly two orders of magni-

tude smaller than Synechococcus (1.3 lm3; Verity et al.

1992). These data suggest either that corals have selective

prey acquisition strategies that are not defined by size,

and/or other protistan members of the holobiont also play

an active role. Overall, grazing on picoplankton may be an

overlooked nutritional process supporting the coral holo-

biont (Sorokin 1973; Ferrier-Pagès et al. 1998).

The data presented here suggest that SAR11 and Rhodobacter-

aceae selectively grow on exudates released from corals. It was

surprising to find that SAR11 had one of the highest growth

rates measured in the experiment following the first period of

coral removal from the mesocosm. SAR11 is a dominant cell in

oligotrophic oceans and has been described as an “extreme

oligotroph” (Morris et al. 2002; Carini et al. 2012) requiring a

fraction of the nutrients needed by other cells. In this study,

SAR11 appeared to initially flourish on Porites exudates, nearly

doubling previously reported growth rates from the field and

coastal isolates (Malstrom et al. 2005; Carini et al. 2012, 2014;

Lankiewicz et al. 2016). In further support of their growth,

SAR11 enrichment has been seen previously on Pacific reefs

compared to offshore waters (Nelson et al. 2011). However,

SAR11 growth was not sustained throughout the coral treat-

ments with much lower growth rates seen following the second

period of coral removal (Fig. 3). SAR11 growth may have ulti-

mately been limited by other unaccounted for, yet essential,

growth factors. Rhodobacteraceae are generally referred to as copi-

otrophs (reviewed in Brown et al. 2014), and growth on coral

exudates have been previously detected (Nelson et al. 2013). In

the present experiment, Rhodobacteraceae growth was greatest

when NO2
3 , a source of N assimilated by some cells in this fami-

ly (Moran et al. 2007) was abundant in the mesocosms. Rhodo-

bacteraceae can utilize organic sulfur compounds including

dimethylsulfoniopropionate (DMSP) for energy (Gonzalez et al.

2003; Buchan et al. 2005; Brinkhoff et al. 2008), which is pro-

duced by the corals and their algal endosymbionts (Raina et al.

2013), and therefore may have a nutritional advantage in these

coral inhabited waters. Rhodobacteraceae are clearly an important

group of bacteria on reefs, as studies have confirmed their pres-

ence in coral-dominated reef waters (Dinsdale et al. 2008; Kelly

et al. 2014), and their intimate association with corals (Apprill

et al. 2012; Sharp et al. 2012; Thompson et al. 2015), including

those examined here.
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Alteromonadaceae, OM60/NO5 and Oxalobacteraceae were

identified using amplicon data as growing on Porites exu-

dates. Alteromonadaceae are fast-growing, high carbon con-

suming copiotrophs (Pedler et al. 2014), and while less is

known about OM60/NOR5, these cells are abundant at the

interface of sediments (Yan et al. 2009) and thus may also

take advantage of coral-produced substrates. One unexpect-

ed result was the increase in the Oxalobacteraceae following

re-introduction of the corals to the mesocosms, as well as

the presence of these bacteria in coral mucus. A recent

study demonstrated that Oxalobacteraceae were normal

inhabitants of new (non-aged) P. astreoides mucus (Glasl

et al. 2016), and therefore these cells likely originated from

the mucus and may have especially proliferated when the

corals were dripped of mucus and then presumably pro-

duced new mucus. A genome of a marine Oxalobacteraceae

isolate indicates that they possess a C1 metabolism (Oh

et al. 2011), similar to members of the abundant coastal

OM43 clade (Giovannoni et al. 2008; Huggett et al. 2012).

These bacteria may grow in the presence of a coral-

produced C1 compound, such as methanol or formalde-

hyde, or possess a competitive metabolism in the presence

of corals. Our results corroborate similar total picoplankton

growth rates on coral exudates (0.35 d21) (Nelson et al.

2013), but provide the first evidence that coral exudates

can alter the abundances of specific members of the reef

water picoplankton community.

Here we demonstrate that mucus does stimulate the

growth of high DNA containing picoplankton at the initial

start of the experiment with an almost doubling of Rhodo-

bacteraceae cells when compared to controls on Day 2, but

this trend was not maintained upon subsequent mucus

additions. Surprisingly, the amplicon data did not show

this same trend, probably because Rhodobacteraceae cells

were underestimated in these data compared to the cell

counts (Supporting Information Fig. 5). More frequent sam-

plings following mucus addition may have revealed more

substantial picoplankton dynamics. Additionally, the com-

position of the coral mucus may have altered over the

course of the experiment. Mucus is composed of mucin

glycoprotein, which is biochemically variable among coral

species (reviewed in Jatkar et al. 2010) and microbial

growth on this substrate is generally not consistent (Tani-

guchi et al. 2014). Additionally, substrates supporting the

growth of the predominantly high DNA containing bacte-

ria may have become unavailable during the latter experi-

mental days. In particular, PO3
4

2 and NO2
3 were lowered in

the mucus mesocosms. Lastly, larger and more frequent

Fig. 6. Taxonomic overview of the percentage contribution of select picoplankton lineages (a) SAR11, (b) Rhodobacteraceae, (c) Alteromonadaceae,
(d) OM60(NOR5), (e) Oxalobacteraceae and (f) Bacteroidetes to all the picoplankton lineages within initial (white) and control (dark grey), coral (light

grey), and mucus (black) addition mesocosms over the course of the experiment from SSU rRNA gene amplicon data. Shaded regions represent when
experimental corals were removed from coral mesocosms and when mucus was not added to the mesocosms, the error bars are standard deviations
(n 5 3), and stars represent significant differences compared to controls (p<0.05) based on two-way ANOVA with Tukey’s post-hoc tests.
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mucus additions may be required to more consistently rep-

licate the reef environment. Overall, conducting mucus

addition experiments under nutrient-replete conditions

may aid in teasing apart why limited picoplankton growth

occurs in the presence of coral mucus, and ultimately allow

us to better understand the contribution of mucus to pico-

plankton growth in reef waters.

Nitrogen budgets within the coral holobiont remain poor-

ly resolved (Fiore et al. 2010; Pernice et al. 2012; R€adecker

et al. 2015). While NH1
4 and dissolved organic nitrogen

fluxes to and from the holobiont are frequently observed

(e.g., Muscatine and D’Elia 1978; Ferrier-Pagès et al. 1998;

Grover et al. 2008), NO2
3 fluxes have not been examined as

thoroughly. Nitrate levels in the cavities and interstitial

spaces of coral reefs are elevated relative to the surrounding

water (Andrews and Muller 1983; Schiller and Herndl 1989;

Scheffers et al. 2004). In the present study, significant NO2
3

production was observed in the coral mesocosms following

the removal and subsequent re-introduction of the corals.

Potential sources of this NO2
3 are nitrogen remineralization

(ammonification coupled to nitrification) in the mesocosm

seawater or within the coral holobiont. The low abundance

of amoA genes (<2 mL21) detected in the mesocosm seawa-

ter suggests against planktonic nitrification as the source of

the observed nitrate. Archaeal amoA genes have, however,

been documented as associated with some corals (Beman

et al. 2007; Siboni et al. 2008, 2012), and nitrifying activity

has been demonstrated in coral mucus (Siboni et al. 2008),

suggesting the potential for coral-associated nitrification.

Here, we detected archaeal amoA genes in only one coral

sample, and did not find evidence of known ammonia-

oxidizing bacteria or archaea in the SSU rRNA community

sequencing. Our recent in silico analysis of a P. astreoides

metageome (Wegley et al. 2007) indicates a single base pair

mismatch (Santoro and Apprill, unpublished data) to the

archaeal amoA forward primer used in this and previous

studies, thus we and others may be underestimating the con-

tribution of ammonia oxidation by coral-associated archaea.

Because ammonium consumption in the mesocosms can-

not account for the observed nitrate increases, to examine

other potential sources of nitrogen for remineralization in

the coral mesocosms, we estimated the contribution of Syne-

chococcus and picoplankton to the overall nitrogen budget in

the experiments based on cell losses between the T0 and T10

timepoints, similar to an analysis used by Scheffers and col-

leagues (2004) to construct an in situ nitrogen budget in cor-

al reef cavities. Even assuming high-end estimates of

Synechococcus nitrogen content (65 fg N cell21; Fu et al.

2007) and heterotrophic picoplankton nitrogen content (5 fg

N cell21; Fukuda et al. 1998), these sources would contribute

only 0.19 lM and 0.23 lM N, respectively, or approximately

7% of the observed NO2
3 increase. Alternative sources for the

NH1
4 fueling the observed NO2

3 production could be uptake

of dissolved organic nitrogen, the breakdown of amino acids

within the coral (Szmant et al. 1990), or N2 fixation by coral-

associated cyanobacteria (Lesser et al. 2007). While many

previous studies have shown that sponge-hosted microbial

communities are important sites of nitrogen remineraliza-

tion on reefs (e.g., Corredor et al. 1988; Bayer et al. 2008;

Southwell et al. 2008), our results suggest that the coral hol-

obiont may also contribute to nitrogen remineralization at a

rate of over 1 lM d21, with particulate N at least partially

contributing to the holobiont N budget (Ribes et al. 2003;

Genin et al. 2009).

Conclusions

This novel study suggests that the coral holobiont has

multifaceted influences on the reef water picoplankton via

processes not previously well recognized, including selective

grazing on picoplankton taxa, nitrogen remineralization,

and supporting the growth of metabolically distinct pico-

plankton. It is possible that these multifaceted influences

have been finely synchronized over the course of the coral

holobiont’s evolution to enhance their survival in oligotro-

phic waters. Porites exudates appear to contribute to the

growth of SAR11, Rhodobacteraceae, Synechococcus, OM60/

NOR5, Alteromonadaceae and Oxobacteraceae cells on reefs.

Grazing on select taxa aids in sustaining the coral or

holobiont-associated protists, and might additionally supply

NH1
4 for nitrification. This ‘coral-influenced microbial loop’

scenario is likely more complex when other benthic and

pelagic organisms, including zooplankton, are present on

the reef and with flushing from the open ocean. However,

the simplified, mesocosm study presented here is a first step

in understanding these important coral-picoplankton inter-

actions. Scaling these interactions up to natural reef environ-

ments will require tracer-type studies applied to more

complex mesocosm communities, as well as simplified field

scenarios. Corals are declining from reefs globally at unprec-

edented rates (e.g., Hoegh-Guldberg et al. 2007; Ruzicka

et al. 2013), and there is an urgent need to uncover how spe-

cific coral-picoplankton interactions contribute to these

threatened ecosystems.
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