
The ISME Journal (2018) 12:813–824

https://doi.org/10.1038/s41396-017-0008-6

ARTICLE

Diazotroph diversity and nitrogen fixation in the coral Stylophora
pistillata from the Great Barrier Reef

Michael P. Lesser1,2 ● Kathleen M. Morrow2
● Sabrina M. Pankey2 ● Sam H.C. Noonan3

Received: 13 July 2017 / Revised: 15 October 2017 / Accepted: 20 October 2017 / Published online: 8 December 2017

© International Society for Microbial Ecology 2018

Abstract

Diazotrophs, both Bacteria and Archaea, capable of fixing nitrogen (N2), are present in the tissues and mucous, of corals and

can supplement the coral holobiont nitrogen budget with fixed nitrogen (N) in the form of ammonia (NH3). Stylophora

pistillata from Heron Island on the Great Barrier Reef collected at 5 and 15 m, and experimentally manipulated in the

laboratory, showed that the rates of net photosynthesis, steady state quantum yields of photosystem II (PSII) fluorescence

(∆Fv/Fm′) and calcification varied based on irradiance as expected. Rates of N2 fixation were, however, invariant across

treatments while the amount of fixed N contributing to Symbiodinium spp. N demand is irradiance dependent. Additionally,

both the Symbiodinium and diazotrophic communities are significantly different based on depth, and novel Cluster V nifH

gene phylotypes, which are not known to fix nitrogen, were recovered. A functional analysis using PICRUSt also showed

that shallow corals were enriched in genes involved in nitrogen metabolism, and N2 fixation specifically. Corals have

evolved a number of strategies to derive nitrogen from organic (e.g., heterotrophic feeding) and inorganic sources (e.g., N2

fixation) to maintain critical pathways such as protein synthesis to succeed ecologically in nitrogen-limited habitats.

Introduction

The coral holobiont consists of fungi, viruses, alveolates

(dinoflagellates and apicomplexa) and prokaryotes that are

associated with the mucous, skeleton and tissues of scler-

actinian corals (e.g., [1–8]). One of the most commonly

reported functions for these symbiotic prokaryotes is

nutrient cycling, and in particular nitrogen biogeochemistry

[7]. The nitrogen cycle in the oceans is mediated principally

by prokaryotic transformations of organic sources of

nitrogen (e.g., N2 fixation, nitrification, denitrification) or by

inputs of new nitrogen from terrestrial, atmospheric or

oceanic sources [9, 10]. In coral reef ecosystems, new

nitrogen can be obtained from coastal runoff or atmospheric

deposition but the major source of new nitrogen is N2

fixation [11–13]. High rates of N2 fixation have been

measured on coral reefs [11, 13] that are mediated by both

cyanobacteria and heterotrophic bacteria [10, 12]. Both

DON and particulate organic nitrogen (PON) are then

released into the benthic environment for use by other

microbes and trophic groups such as detrivores [14, 15]. In

addition to free-living nitrogen fixers several important

members of the reef community have the capability to fix

nitrogen through symbiotic associations with nitrogen fix-

ing, or diazotrophic, bacteria [16, 17].

In corals N2 fixation has previously been attributed to

prokaryotes known as diazotrophs “associated” with living

coral tissue [18]. Diazotrophs, both Bacteria and Archaea,

capable of N2 fixation are present in the tissues and mucus

of corals and can supplement the coral holobiont nitrogen

budget with fixed N [2, 19–22]. These diazotrophs express

nitrogenase, a uniquely prokaryotic enzyme, responsible for

N2 fixation generally, and in those corals harboring them

(e.g., [2, 23–25]). They include both heterotrophic as well

as cyanobacterial nitrogen fixers in corals [20, 22], and one

of the dominant non-photosynthetic taxa often recovered are

rhizobia [20, 22] in the Order Rhizobiales.
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The scleractinian coral, Stylophora pistillata, has been

the subject of many physiological studies including mea-

surements of N2 fixation. Grover et al. [26] detected vir-

tually no N2 fixation in S. pistillata from the Gulf of Aqaba

using tracer gas (15N2) and the “bubble” technique for dis-

solving the tracer in seawater. One of the important meth-

odological concerns with using the 15N2 tracer approach is

adequately dissolving the gas in seawater using the “bubble”

compared to “constant enrichment” techniques [27, 28]. Use

of the bubble technique significantly underestimates the rate

of N2 fixation, and subsequent estimations of new nitrogen

introduction into oceanic ecosystems [29, 30]. In regards to

the acetylene reduction vs. tracer gas approaches, there are

distinct advantages and disadvantages including the fact that

the acetylene reduction technique measures gross N2 fixa-

tion while the tracer approach measures net N2 fixation into

organic material [28, 31].

Here, we use the constant enrichment tracer approach to

examine the effects of irradiance on rates of N2 fixation and

the contribution of fixed nitrogen products to the N

requirements of Symbiodinium spp. [19, 24] in the coral

Stylophora pistillata from Heron Island on the Great Barrier

Reef. Additionally, on the same samples we quantify the

microbiome including Bacteria, Archaea and Symbiodinium

spp. diversity, as well as the diazotrophic members of the

prokaryotic communities, using a metagenetic approach (i.e.,

targeted next generation sequencing of 16S rRNA, ITS, and

nifH genes). Additional physiological measurements includ-

ing active fluorescence and rates of photosynthesis and cal-

cification were carried simultaneously on the same samples

to provide a quantitative picture of the physiological state of

corals fixing nitrogen, who is fixing nitrogen under varying

irradiances and the fate of fixed nitrogen in this important and

common coral species on the Great Barrier Reef.

Methods

Site characterization and seawater sample
processing

All work was conducted during the Austral winter (March

2015) by SCUBA at Tenements Reef northeast of Heron

Island Research Station (HIRS), Australia (Lat: S 23° 26′

33.7535″, Long: E 151° 54′ 54.5983″). Temperature (°C)

and irradiance (Ed) of photosynthetically active radiation

(PAR: 400–700 nm), reported as μmol quanta m−2 s−1, were

taken hourly over several days using HOBO

Pendant Temperature/Light loggers at 5 and 15 m depth (n

= 3 for each depth). Measurements of irradiance

were in lumens m−2 and converted to quanta as described

by Piniack and Brown (2008) [61] calibrating against a

LiCor cosine-corrected, planar, sensor (LI 192SA).

Seawater samples (n= 5× 1 l) were collected at 15 m

depth and returned to the laboratory where they were each

immediately filtered onto GF/F filters. The GF/F filter was

placed in a 2 ml cryovial with DNA preservation buffer [32]

and stored at −20 °C and DNA extracted (See Supple-

mentary Information). The seawater filtrate was frozen,

transported to the University of New Hampshire (UNH) and

analyzed for nitrate (NO3, µmol N l−1) and nitrite (NO2,

µmol N l−1) using high throughput colorimetric assays on a

Smartchem Chemistry Analyzer, and dissolved organic

carbon (DOC, µmol C l−1) and dissolved organic nitrogen

(DON, µmol N l−1) using high temperature catalytic oxi-

dation and high temperature oxidation with chemilumines-

cent detection respectively the at the University of New

Hampshire Water Quality Analysis Laboratory.

Coral collection, photosynthesis, calcification, and
N2 fixation

Branches from individual colonies of Stylophora pistillata

were collected at 5 and 15 m depth (n= 7 from each depth).

Before collections, and before and after experiments, mea-

surements of ∆Fv/Fm′ quantum yield of PSII fluorescence

were measured on each coral using a diving Pulse Ampli-

tude Modulated (PAM, blue actinic version) fluorometer

(Walz, Germany) from the side of each colony branch in

standard mode at a fixed distance of 1 cm with a universal

sample holder [33]. Measurements were made from

approximately 0930 to 1130 hours. in a single day and

divers wore nitrile gloves to collect branches snipped with

bone cutters from individual corals and placed in labeled

Whirl-Pak® bags. These samples were returned to HIRS

and placed onto plastic holders in running seawater tables at

HIRS for <24 h to recover at ~550 µmol quanta m−2 s−1

(~1900–2000 µmol quanta m−2 s−1 ambient under one layer

of neutral density cloth) of Ed using a LiCor 192SA cosine-

corrected planar sensor.

Branches collected from seven colonies at each depth

were incubated reciprocally under two irradiance condi-

tions; low light (~150 μmol quanta m−2 s−1) representative

of 15 m depth and high light (~500 μmol quanta m−2 s−1)

representative of 5 m depth respectively. The branches from

different depths were randomized regardless of irradiance

and placed into clear acrylic incubation chambers (height:

10 cm, radius: 4.5 cm) with a water volume of 0.640 l. The

incubation chambers were then placed onto submersible

stands in a black flow-through plastic bin that served as a

water bath with temperature control (~28 °C) and all

chambers were continuously mixed using magnetic stir bars

(~ 200 rpm). Sterile (0.22 µm) filtered seawater (FSW) was

used for all experiments and amended with 15N2 gas (Sup-

plemental Information), and three temperature and oxygen

measurements were taken using a calibrated optode
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electrode (Hach, Inc.) prior to filling incubation chambers.

The irradiance exposure was achieved using white (55%)

and blue (45%) LEDs (AI Sol White LED Modules, Clear

Choice, Los Angeles, USA) mounted above the incubation

chambers. The duration of these incubations was 2.0–2.5 h

and each run included a blank chamber to correct for any

non-coral oxygen fluxes. The rates of net photosynthesis

were calculated as described by Strahl et al. [34].

At the completion of each experimental run ∆Fv/Fm′

readings were taken for each coral branch and the oxygen

and temperature measurements taken for each chamber

including the blank. Seawater (~50ml) from each chamber,

as well as a time zero sample, were collected into glass, acid

washed and rinsed, bottles to be used for calcification mea-

surements by the alkalinity anomaly technique (AT, Supple-

mentary Information) which relies on the stoichiometric

relationship where two equivalents of alkalinity are removed

per mole of carbonate mineral precipitated [35, 36]. All coral

tissues were immediately processed and a 1 ml aliquot of

homogenized coral tissue was used to quantify chlorophyll

concentrations (see Supplementary Information).

Rates of N2 fixation were calculated separately using

aliquots of host (2–3 ml) and Symbiodinium spp. (0.5 ml)

homogenates. Host tissue was removed from Symbiodinium

samples using previously described protocols [62]. These

aliquots were placed on baked (450 °C× 24 h) GF/F filters

and dried at 60 °C overnight. Dried filters were sent to the

Marine Biological Laboratory, Woods Hole, MA for bulk

stable isotopic analyses (SIA). See Lesser et al., [23] and

Supplementary Information for details of N2 fixation

analysis.

For all rate measurements, the coral branches whose

tissues were removed were bleached overnight, dried, and

wax dipped for surface area measurements [37]. Rates of

net photosynthesis, calcification and N2 fixation were nor-

malized to surface area, and expressed as µmol O2 cm
−2 h−1,

μmol CaCO3 cm−2 h−1 for net photosynthesis and

calcification while N2 fixation was expressed as both nmol

N cm−2 h−1 and ng N cm−2 h−1. Net photosynthesis was

also normalized to chl a for comparison. These experiments

were analyzed using a two-factor analysis of variance

(ANOVA) with interaction at a significance level of 5%. No

unequal variances were detected using the Hartley’s Fmax

test while ratios and percentages were a priori arcsine or log

transformed for analysis and back transformed for

presentation.

DNA extraction, metagenetics, sequencing and
bioinformatics

After each experimental run the tissue was removed from

individual coral branches and processed immediately for

downstream DNA extraction and sequencing. DNA was

extracted from filtered seawater (i.e., GF/F filters) and the

preserved tissue pellet using the MOBIO PowerSoil® DNA

isolation kit (MOBIO Carlsbad, CA). Details of the tissue

removal, DNA extraction and downstream analyses,

including the functional analysis using PICRUSt, are given

in Supplementary Information. Raw 16S, nifH, and Sym-

biodinium spp. ITS reads were submitted to the NCBI

Sequence Read Archive under BioProject accession number

PRJNA390752.

Results

Environmental parameters

During the time frame of our collections around Tenements

Reef the ambient seawater temperature was 27.9 °C± 0.6

(SD) at 5 m (>3000 measurements over 3 d) and 27.4 °C±

1.1 (SD) at 15 m (> 6000 measurements over 5 d). Irra-

diance at solar noon (~1200 hours averaged from 1145 to

1215 hours) was 475 µmol quanta m−2 s−1± 74 µmol

quanta m−2 s−1 (SD) at 5 m and 130 µmol quanta m−2 s−1±

32 µmol quanta m−2 s−1 (SD) at 15 m. The concentration of

DOC in the seawater (n= 5) at Tenements Reef was 12.6

µmol C l−1± 2.7 (SD) while the concentration of DON (n

= 5) was 1.1 µmol N l−1± 0.64 (SD). The concentration of

NOx (NO3
− and NO2

−) in seawater was 0.71 µmol N l−1±

0.5 (SD).

When corals collected from 5 m and 15 m depths were

experimentally incubated at 500 µmol quanta m−2 s−1 and

150 µmol quanta m−2 s−1, respectively, as well as the

reciprocal irradiance exposure, their rates of photosynthesis

and calcification normalized to surface area showed a sig-

nificant (ANOVA: F3,24= 15.79, P= 0.0006), and positive,

effect of increasing irradiance but no effect for depth of

collection or any interaction between the two factors

(Fig. 1a). Post hoc multiple comparisons show that corals

exposed to higher irradiances are significantly different than

corals exposed to lower irradiances regardless of collection

depth (Tukeys HSD, P< 0.05). Similarly, when photo-

synthetic rate is normalized to chl a there is a positive effect

of increasing irradiance (ANOVA: F3,24= 8.53, P= 0.008),

but no effect for depth of collection or any interaction

between the two factors (Fig. 1b). Corals collected from 15

m and exposed to higher irradiances exhibit a significant

depression in photosynthesis when normalized to chl a

(Tukeys HSD, P < 0.05). For calcification measurements

using the AT approach treatment samples typically

decreased by ~85–170 µmol kg−1 SW relative to controls,

which was well within the detectible limit of the titrosam-

pler. Rates of calcification also showed a significant

(ANOVA: F3,24= 19.21, P= 0.0002), and positive, effect

of only increasing irradiance but no effect for depth of

Nitrogen fixation in Stylophora pistillata 815



collection or any interaction between the two factors

(Fig. 1a). All ∆Fv/Fm′ of PSII fluorescence before both

collections and experiments were normal (0.61 ± 0.05,

mean± SD). An analysis of ∆Fv/Fm′ at the end of the

experimental exposures revealed a significant (ANOVA:

F3,24= 12.51, P= 0.0017), and negative, effect of increas-

ing irradiance but no effect for depth of collection or any

interaction between the two factors (Fig. 2). The 15N2

enrichment (atom% 15Nexcess) for these 2–2.5 h incubations

ranged from 0.0038 to 0.0053 which compares well with

other studies utilizing 24 h incubations (e.g., [24]). Rates of

N2 fixation normalized to surface area expressed on a molar

or weight basis showed no significant effect of depth of

collection, irradiance or the interaction of these factors

(Fig. 3). Looking at the host vs. Symbiodinium spp. com-

partment, ~95% of the measured fixed N was found in the

Symbiodinium spp. compartment, and CZND showed a

significant (ANOVA: F3,24= 13.36, P= 0.011), and posi-

tive, effect of increasing irradiance (150 µmol quanta m−2 s
−1, 1.16 %± 0.29 (SE); 500 µmol quanta m−2 s−1, 3.43% ±

0.55 (SD)), but no effect for depth of collection or any

interaction between the two factors.

Microbial communities of stylophora pistillata

A total of 1,455,508 reads with an average read length of

253 base pairs were recovered after initial merging and

quality trimming, and a total of 1,304,217 reads remained

after removing chloroplasts and low diversity OTUs, with

an average of 39,522 ± 1,282 reads per sample that ranged

from 25,828 to 54,089 total reads per sample. A total of

Fig. 1 Rates of photosynthesis and calcification normalized to surface

area (mean± SE) for Stylophora pistillata. LL= 150 µmol quanta m−2

s−1, HL= 500 µmol quanta m−2 s−1. Treatment groups (n= 7 samples

per group) and for each independent parameter similar superscripts are

not significantly different from each other

Fig. 2 Steady state quantum yield (∆Fv/Fm′) of PSII fluorescence

(mean± SE) for Stylophora pistillata. LL= 150 µmol quanta m−2 s−1,

HL= 500 µmol quanta m−2 s−1. Treatment groups (n= 7 samples per

group) with similar superscripts are not significantly different from

each other

Fig. 3 Rates of N2 fixation (n= 7 samples per treatment group) nor-

malized to surface area (mean± SE) for Stylophora pistillata. LL=

150 µmol quanta m−2 s−1, HL= 500 µmol quanta m−2 s−1

816 M. P. Lesser et al.



510,745 OTUs were initially recovered, however 505,557

OTUs had <5 total observations and were removed from the

data set, and an additional 169 chloroplast OTUs were

removed, leaving a total of 5019 OTUs for subsequent

analyses.

In total, 40 distinct bacterial and archaeal phyla were

recovered from Stylophora pistillata experimental samples,

which were dominated by OTUs related to members of the

Proteobacteria and Bacteroidetes, representing an average of

87%± 2.0 (SD) and 7.3%± 3.0, of the total microbiome,

respectively (Fig. 4). Within the Proteobacteria (Fig. 4) coral

samples were composed of families related to Pseudoalter-

omonadaceae that averaged 28.5%± 7.2 (SD) of the total

microbiome, as well as Endozoicomonaceae (19.4%± 5.8),

Alteromonadaceae (9.0%± 6.2), and Rhodobacteraceae

(6.7%± 1.3). Seawater communities (n= 5) were distinct

from the coral-associated microbiome (PERMANOVA; F1,31
= 15.6, P< 0.0001, Table S1A), and dominated by OTUs

related to members of the Proteobacteria (46%), Cyano-

bacteria (22%), Bacteroidetes (11%), Euryarchaeota (9.9%),

and Planctomycetes (2.6%; Fig. 4).

For the 16S derived microbiome, experimental treat-

ments were significantly different from one another (PER-

MANOVA; F3,24= 2.4, P < 0.0001; Table S1A). Pairwise

comparisons demonstrate that only corals exposed to low

irradiances have similar communities while corals exposed

to high irradiances, regardless of depth of collection, change

their communities significantly. Only 15 one another except

corals exposed to the low irradiance (Table S1A). The

microbiome of corals exposed to the higher irradiance levels

also separate into distinct groups based on sample collection

depth (5 vs. 15 m) more readily than corals exposed to low

irradiances (Table S1A). Average similarity between groups

ranged from ~38% between high irradiance treatments (5

and 15 m) and low irradiance treatments from 5 m to ~45%

similarity between low and high irradiance treatments col-

lected from 15 m depth (Table S1A).

Diazotrophic communities using nifH

A total of 1,603,178 merged reads were considered during

Minimum Entropy Decomposition oligotyping, with an

average of 48,581 reads per sample. A total of 219,239

reads (~14%) were assigned to Cluster I phylotypes and

7,035 (~0.4%) were assigned to Cluster III phylotypes.

Initial phylotyping by TaxaDiva produced 34 oligotypes

that aligned phylogenetically with valid nifH clades and 252

oligotypes that were placed closer to the chlorophyllide

reductases Cluster V of nifH phylotypes (Fig. S1) that were

more abundant in all coral samples than nifH phylotypes

from any other cluster (Fig. S2). Clustering to 95% simi-

larity yielded 23 distinct nifH and 178 non-nifH phylotypes

that phylogenetically ally with nifH clusters I–III or cluster

V, respectively (Table S2, Fig. 5a, Fig S1). Phylogenetic

analysis and nr BLAST searches identified similar taxo-

nomic groups for the de novo nifH phylotypes (Table S3).

Notably, of the 23 distinct nifH phylotypes, the majority

nested within the Rhodobacterales (12); others nested

within Rhizobiales (2), Gammaproteobacteria (7), or Del-

taproteobacteria (2). Seawater samples (n= 5) harbored a

significantly lower proportion of reads classified as nifH

(0.4%) compared to coral samples (12.1%) and were dis-

tinct from the coral-associated microbiome (PERMA-

NOVA; F1,31= 20.14, P < 0.001; Table S1B and Table S3;

Fig. S2).

For nifH phylotypes there was also a significant experi-

mental treatment effect (PERMANOVA; F3,24= 1.54, P<

0.001; Table S1B). Pairwise comparisons demonstrate that

the only treatment having a significant effect on the nifH

microbiome was irradiance for both 5 m and 15 m corals

(Table S1B). As a result, the average similarity between

groups was greatest (~25–47%) between high irradiance

treatments for 5 and 15 m corals (Table S1B). When you

examine the response of individual phylotypes’ to the

experimental variables it revealed that Cluster I/Gamma-

proteobacteria (nifH _0006) and Cluster III/Deltaproteo-

bacteria types (nifH_3411) were significantly enriched in

seawater (31 and 15% compared to 2% each in coral

(ANOVA; F1,29= 109.8, P< 0.0001). During the N2 fixa-

tion experiments on S. pistillata, higher irradiances enriched

relative abundances of Cluster I/Gammaproteobacteria

phylotypes nifH_0153 (1 to 11%; ANOVA; F2,23= 6.7, P

= 0.018) and Cluster I/Gammaproteobacteria nifH_7457 (4

to 24%; ANOVA; F2,23= 10.9, P= 0.003) but decreased

Cluster I/Rhodobacterales nifH_7096 (21–3%; ANOVA;

F2,23= 5.8, P= 0.027).

Symbiodinium communities using ITS2

An average of 28,694 reads per sample were considered for

SymTyper phylotyping following quality filtering and chi-

mera removal. Read assignment was highly efficient, with

28,470 reads successfully assigned to clades A-I (99.2%,

Table S4), with the majority assigned across 39 distinct

phylotypes of clade C (Fig. S3) which were condensed to 12

dominant phylotypes (Fig. 6a). PERMANOVA indicated

that depth of collection had a significant effect on Sym-

biodinium diversity (F3,24= 10.7, P= 0.001), whereas

irradiance, and the interaction between depth and irradiance

had no effect (F2,24= 0.74, P= 0.52). Specifically, shal-

lower (5 m) samples were relatively enriched with clade A

phylotypes (1% compared to 0.5%, F2,24= 6.6, corrected P

= 0.035), and some clade C phylotypes (C-I.52: 15%

compared to 0.7%, F2,24= 24.2, corrected P= < 0.001; C-

I.53: 4% compared to 2%, F2,24= 20.9, corrected P<

0.0001; C-I.171: 0.9% compared to 0.0%, F2,24= 49.2,

Nitrogen fixation in Stylophora pistillata 817



Phyla

Proteobacteria*

Pseudoalteromonadaceae

Endozoicomonaceae

Alteromonadaceae

Rhodobacteraceae

Oceanospirillaceae

Colwellaceae

Campylocbacteraceae

Vibrionaceae

Kiloniellaceae

Halomonadacea

Other/Unassigned 
Proteobacteria

A. 5 m/ 120 μmol quanta m   s

E. Seawater

87% Proteobacteria

90% Proteobacteria

87% Proteobacteria

85% Proteobacteria

46% Proteobacteria

Prorr tet obactet

Prorr tet obactet

Prorr tet obactet

Prorr tet obactet

Proteobacteria

Bacteroidetes

Crenarchaeota

Acidobacteria

Verrucomicrobia

Fusobacteria

Plantomycetes

Cyanobacteria

Firmicutes

Gemmatimonadete

Actinobacteria

SBR1093

Euryarchyota

SAR406

Other/Unassigned

6% 4%

9% 11%

11%

10%

22%

4%

-2   -1 B. 5 m/ 500 μmol quanta m   s-2   -1

C. 15 m/ 120 μmol quanta m   s-2   -1 D. 15 m/ 500 μmol quanta m   s-2   -1

50%

25%

44%

38%
32%

29%

13%

28%
25%

17%

17% 11%

14%

19%

14%

*Represented as avg. % of total Proteobacteria
 

Fig. 4 Pie Charts representing average percent contribution of the most

dominant prokaryotic phyla (large pies) to the total relative abundance

in Stylophora pistillata at: a 5 m, 150 µmol quanta m−2 s−1, b 5 m,

500 µmol quanta m−2 s−1, c 15 m, 150 µmol quanta m−2 s−1, d 15 m,

500 µmol quanta m−2 s−1, e ambient seawater. Additionally, all Pro-

teobacteria families (superimposed small pie charts) are presented

across all treatment groups (n= 7 samples per group)
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corrected P< 0.001) (Fig. 6b), while deeper samples (15 m)

had greater proportions of other C phylotypes (C-I.61: 24%

compared to 10%, F2,24= 14.7, corrected P= 0.003; C-

I.310: 1% compared to 0.2%, F2,24= 19.2, corrected P=

0.006; C-I.330: 2% compared to 0.3%, F2,24= 20.9, cor-

rected P= 0.005; C-I.336: 1% compared to 0.2%, F2,24=

8.7, corrected P= 0.02) (Fig. 6b). Relative abundances of

phylotypes classified as clades B, D, and G did not differ

between depths (Fig. 6a). ANOSIM further supported sig-

nificant dissimilarity between depths in Symbiodinium spp.

communities (R= 0.41, P= 0.001).

Functional predictions using PICRUSt

Linear discriminant analysis following non-parametric sig-

nificant tests identified 53 KEGG functional categories that

discriminated seawater from Stylophora pistillata samples

with an absolute LDA score > 2.0 (Fig. S4A). Notably,

environmental sensing pathways, transporters, motility, and

“pathogenesis” functions were enriched in coral commu-

nities. Fewer differences in functional categories dis-

tinguished coral communities collected at 5 m from those

collected at 15 m (Fig. S4B). Shallower coral communities

were enriched for cell motility functions whereas photo-

synthetic functions are elevated in deeper coral commu-

nities. Irradiances during the N2 fixation experiment

produced few significant effects (Fig. S4C) on microbiome

function: the low irradiance (150 µmol quanta m−2 s−1)

exposure was associated with greater carbohydrate meta-

bolism compared to the higher irradiance treatment (500

µmol quanta m−2 s−1). Genes involved in nitrogen meta-

bolism (KEGG pathway 00910) were significantly enriched

(Fig. 7) based on depth of collection (ANOVA: F1,24=

18.6, P= 0.0002) but not by irradiance. There was, how-

ever, a significant interaction between depth and irradiance

(ANOVA: F1,24= 11.6, P= 0.002) with post hoc multiple

Fig. 5 nifH diversity recovered from Stylophora pistillata. a

Maximum-likelihood topology of nifH sequences, rooted with non-

nitrogen-fixing Cluster IV (see Fig. S1 for expanded nifH phylogeny).

Novel nifH phylotypes from S. pistillata are denoted as “nifH novo”

and boot strap >70% is indicated on applicable nodes. b Relative

abundance of nifH phylotypes across S. pistillata samples by treat-

ment. nifH phylotypes are hierarchically clustered by abundance

similarity. Newly recovered nifH novo phylotypes are colored to

match cluster of origin in b
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comparisons showing that the corals collected from 5 m and

exposed to high irradiances were significantly different than

all other treatment groups (Tukey’s HSD, P< 0.05). Several

genes involved in N2 fixation (anfG, nifD, nifH, and nifK)

were more abundant in coral communities collected from

shallower depths (nifK: ANOVA: F2,23= 5.4, P= 0.029;

nifH: ANOVA: F2,23= 6.1, P= 0.021; nifD: ANOVA:

F2,23= 4.8, P= 0.039; anfG: ANOVA: F2,23= 1.4, P=

0.24). Predicted abundances of nitrogen-fixing genes did

not differ significantly between seawater and coral com-

munities nor was there an independent effect of irradiance

or an interaction between depth and irradiance.

Discussion

Heron Island is an oligotrophic coral cay at the southern end

of the Great Barrier Reef. The concentration of DIN (i.e.,

NOx) is sub-micromolar and DOC/DON is much lower than

previously reported for many shallow coral reefs [38]. The

rates of photosynthesis and calcification, as well as the

quantum yields of PSII fluorescence, for Stylophora pis-

tillata from Heron Island were irradiance dependent while

the rates of N2 fixation were not. The absence of any irra-

diance effect on N2 fixation was unexpected because of the

hyperoxia associated with increasing photosynthesis in
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corals [39–41], and the oxygen sensitivity of nitrogenase

[42, 43]. This suggests that while hyperoxia exists in these

corals the prokaryotes responsible for N2 fixation in S.

pistillata have employed a mechanism (s) to counter the

inactivation of nitrogenase by molecular oxygen or, reactive

oxygen species (ROS), which corals are known to produce

[44]. The strategies to reduce the effects of molecular

oxygen or ROS on nitrogenase could include, increased

availability of energy in the form of organic carbon, high

respiration rates to reduce oxygen pO2 at the site of fixation,

reduced rate of access to oxygen to site of fixation, con-

formational changes in nitrogenase, or high activities of

enzymes against ROS [42]. Many of these strategies have

been observed in other nitrogen-fixing symbioses such as

legumes [45]. Localization studies (i.e., FISH) using nifH

probes (sensu [46]) would be useful for identifying potential

hypoxic tissue niches where diazotrophs might accumulate.

The rates of N2 fixation in Stylophora pistillata reported

here, measured at underwater irradiances equivalent to solar

noon, are lower than those reported for Montastraea

cavernosa using the acetylene reduction technique during

the late evening and early morning where lower oxygen

pO2, conditions occur [23]. Given that the isotopic tracer

approach measures net uptake [28, 31] it is interesting to

note that recent experiments measuring N2 fixation in S.

pistillata from a lagoon in New Caledonia, using isotopic

tracer techniques, appear to be over twenty times greater

than reported here for S. pistillata from Heron Island [24].

Additionally, when compared to S. pistillata from the Red

Sea [25] the rates of N2 fixation reported here are orders of

magnitude greater when you convert their acetylene

reduction measurements to values of nitrogen using con-

version ratios [47]. It is also clear that differences between

species, and possibly cryptic species (i.e., S. pistillata, [48]),

as well as location, depth (=irradiance), time of year and

metabolic status may all have important effects on the

magnitude of N2 fixation in corals and its contribution to

nitrogen budgets [19, 49]. Additionally, differences in the

Symbiodiniuum spp. community, the compartment where

over 95% of the fixed N is found, may influence rates of N2

fixation through their effect on nitrogen demands. Here, we

showed that irradiance had a significant effect on CZND

with corals exposed to higher irradiances having almost

three time as much of a contribution of N2 fixation to

Symbiodiunium spp. N demands. This could reflect the

greater needs because of higher productivity at shallower

depths reported here, or a function of the differences in

Symbiodinium spp. communities where in particular, 5 m

corals have a greater abundance of phylotypes in Clade A

which are often described as more parasitic then other

clades [50].

The prokaryotic communities of Stylophora pistillata has

been studied previously [46] but in addition we examined

the composition of diazotrophs within the broader prokar-

yotic community. Both the 16S rRNA and nifH commu-

nities recovered showed an effect of the experimental

manipulation with irradiances being the most consistent

factor affecting those communities. For the recovered 16 S

rRNA phylotypes both the 5 m and 15 m corals showed

significant shifts to novel 16S communities when exposed

to the reciprocal irradiance from their depth of collection.

For nifH, only corals from 5 m exposed to high irradiances

showed a unique community, consistent with the PICRUSt

analysis of nifH genes. When these 5 m corals are exposed

to low irradiances there is a shift in their diazotrophic

community which is indistinguishable from nifH commu-

nities in 15 m corals. The prokaryotic community described

here for S. pistillata from Heron Island is more diverse then

samples from the shallow waters in the Red Sea (2–5 m),

although this could also be due to differences in sequencing
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chemistry (i.e., Illumina vs. 454 pyrosequencing). Red Sea

samples were also dominated by bacteria related to the

genus Endozoicomonas (~10–75%) and Burkholderia

(~20–70%), some of which are also diazotrophic, while the

Heron Island microbiomes were composed of OTUs related

to Endozoicomonas (~20%) and OTUs related to the order

Burkholderia (~0.5%) across all samples. The prokaryotic

community of corals is known to harbor diazotrophic

symbionts [2, 20–22], and potentially other prokaryotes that

mediate transformations of inorganic nitrogen such as

nitrification and denitrification [3, 7]. Although Cyano-

bacteria are some of the most recognized nitrogen-fixers,

they were only a minor constituent of 16S rRNA samples

from Heron Island and not reported for Red Sea collections

of S. pistillata despite being recovered from other corals on

the Great Barrier Reef [20]. An interesting finding of recent

studies on diazotrophs in corals is that one of the non-

photosynthetic taxa recovered are rhizobia (Alphaproteo-

bacteria, [20, 22]) in the order Rhizobiales. Members of the

rhizobia have also been reported from other marine diazo-

trophic symbioses [51] and in marine waters [52]. The nifH

sequences recovered in this study using high throughput

sequencing, and predictive functional analyses based on 16

S rRNA (e.g., PICRUSt) also showed low numbers of

OTUs related to the Rhizobiales (Bradyrhizobium sp.).

While it is intriguing to think that rhizobia may have

developed a mutualistic symbiosis with corals [20], it is

more likely that plasmid borne nifH genes from this taxon

were horizontally transferred into members of the coral

microbiome that could then be exploited by the coral host

[50, 53]. Rare members of the microbiome (<0.5%) were

also related to members of the class Alphaproteobacteria

within the Rhodospirillales and Sphingomonadales, orders

that often include the nitrogenase encoding genes nifHDK

and orthologs of the transcription regulator nifA [54]. A

larger proportion of the microbiome was composed of

members related to putative nitrogen fixers within the order

Rhodobacteriales (~6–9% of the total microbiome based on

16 S rRNA; [54]). Predictive functional results also

uncovered genera within the Rhodobacterales (e.g., Yangia,

Pseudoruegeria, Confluentimicrobium) with putative

nitrogen-fixing capabilities.

Nitrogen-fixing genes from nifH genes Cluster I (Mo-

dependent) and III (vanadium-dependent and iron-depen-

dent), as well as Cluster V (nifH homologs involved in

pigment biosynthesis; [55]), were recovered from Stylo-

phora pistillata and several varied with irradiance or site of

collection as described above. Most Cluster I sequences

were placed within the Rhodobacteriales and Rhizobiales,

which are both photoheterotrophic, purple non-sulfur bac-

teria. These bacteria exhibit extreme metabolic flexibility

under environmental conditions related to variability in pO2,

light availability and carbon source. But most of the nifH

sequences recovered were in fact recovered from Cluster V.

This Cluster is not known to fix nitrogen and is commonly

composed of methanogens and some photosynthetic bac-

teria involved in photopigment biosynthesis [55, 56].

Despite the fact that this group does not fix nitrogen they are

functionally analogous to nitrogen fixers and essential for

bacteriochlorophyll biosynthesis in anoxygenic photo-

synthetic bacteria [55]. To the best of our knowledge the

recovery of Cluster V sequences from corals has never been

previously reported.

Diazotrophy generally, and specifically in scleractinian

corals, had not been widely studied. But renewed interest in

the process of N2 fixation in corals [2, 23] has stimulated

studies on multiple aspects of N2 fixation in scleractinian

corals, and the nitrogen cycle in corals including its effect on

primary productivity and its potential interaction with cli-

mate change stressors in corals [19, 57, 58, 24, 49]). Dia-

zotrophs have also been recently implicated in the bleaching

stress response and have been found to increase in abun-

dance when corals experience thermal stress (Santos et al.,

2014; [59, 60, 63]). Some suggest that diazotrophy can cause

instability within the holobiont by releasing control over the

growth of the nitrogen-limited Symbiodinium, potentially

inducing or prolonging bleaching events [57].

Our results demonstrate that bacterial diazotrophs appear

to bypass the host and translocate all fixed products to their

endosymbiotic Symbiodinium spp., regardless of irradiance

or depth of collection. It suggests that there are potentially

unique regulatory elements that allow N2 fixation to take

place under hyperoxic conditions representative of shallow

water/ high irradiance environments that should be the

subject of future research.
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