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Nitrogen limitation is the foundation of stable coral-algal
symbioses. Diazotrophs, prokaryotes capable of fixing N, into
ammonia, support the productivity of corals in oligotrophic
waters, but could contribute to the destabilization of holobiont
functioning when overstimulated. Recent studies on reef-
building corals have shown that labile dissolved organic carbon
(DOC) enrichment or heat stress increases diazotroph
abundance and activity, thereby increasing nitrogen availability
and destabilizing the coral-algal symbiosis. However, the
(a)biotic drivers of diazotrophs in octocorals are still poorly
understood. We investigated diazotroph abundance (via relative
quantification of nifH gene copy numbers) in two symbiotic
octocorals, the more mixotrophic soft coral Xenia umbellata and
the more autotrophic gorgonian Pinnigorgia flava, under (i) labile
DOC enrichment for 21 days, followed by (ii) combined labile
DOC enrichment and heat stress for 24 days. Without heat
stress, relative diazotroph abundances in X. wumbellata and P.
flava were unaffected by DOC enrichment. During heat stress,
DOC enrichment (20 and 40 mg glucosel™) increased the
relative abundances of diazotrophs by sixfold in X. umbellata
and fourfold in P. flava, compared with their counterparts
without excess DOC. Our data suggest that labile DOC
enrichment and concomitant heat stress could disrupt the
nitrogen limitation in octocorals by stimulating diazotroph
proliferation. Ultimately, the disruption of nitrogen cycling may
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further compromise octocoral fitness by destabilizing symbiotic nutrient cycling. Therefore,
improving local wastewater facilities to reduce labile DOC input into vulnerable coastal ecosystems
may help octocorals cope with ocean warming.

1. Introduction

Coral reefs typically thrive in oligotrophic environments and are among the most diverse and
productive ecosystems on Earth [1]. The efficient nutrient recycling between coral holobiont members,
i.e. the animal host, photosynthetic dinoflagellates of the family Symbiodiniaceae, and a suite of diverse
prokaryotic communities, is the key to enabling this success [2,3]. Indeed, diazotrophs, i.e. prokaryotes
capable of converting atmospheric dinitrogen (N;) into ammonia, can provide an alternative nitrogen
source for the holobiont, sustaining the productivity of corals when environmental nutrient availability
is low [4,5]. Diazotrophs are ubiquitous members of reef-building coral and octocoral holobionts with
pronounced host-dependent differences in their abundance, activity, and community structure [5-9].

Global and local environmental change threaten to destabilize the functioning of coral holobionts and
the reefs they support [10-13]. Importantly, diazotrophs in reef-building corals are susceptible to changing
environmental conditions [3,8,9,13-18]. Previous studies have reported that coral bleaching, the stress-
induced breakdown of stable holobiont functioning, not only results in the loss of Symbiodiniaceae but
also coincides with the opportunistic proliferation of diazotrophs [13,19,20]. The increase in diazotroph-
derived nitrogen (DDN) stimulated by heat stress or labile dissolved organic carbon (DOC) enrichment
has been suggested to contribute to the disruption of nitrogen limitation, which is typically required for
the efficient nutrient exchange between the coral host and Symbiodiniaceae [13,14,19,20].

Similar to reef-building corals, symbiotic octocorals also rely on such intimate metabolic interactions
between holobiont members [21,22]. However, octocorals are remarkably resistant to environmental
disturbances, such as ocean warming and acidification [23-27]. As a consequence, octocorals are
becoming increasingly abundant on degraded coral reefs affected by anthropogenic disturbance [25,27].
Understanding the mechanistic underpinnings of the ecological success of octocorals on degraded reefs
could help decipher the processes shaping these emerging novel ecosystems [25,28].

It is generally recognized that labile DOC enrichment or heat stress can promote the proliferation of
diazotrophs in reef-building corals [13-15,18]; however, their impact on diazotrophs in the octocoral
holobiont remains unknown. Here, we thus set out to investigate the response of octocoral-associated
diazotrophs to labile DOC enrichment and its interaction with heat stress in an aquarium experiment
over 45 days (figure 1a). Using quantitative polymerase chain reaction (qPCR) of the nifH gene which
encodes for the iron protein of nitrogenase that catalyses N, fixation as a proxy for N, fixation activity
[8], we compared the dynamics of relative diazotroph abundances in two symbiotic octocorals with
distinct trophic strategies: the mixotrophic soft coral Xenia umbellata (Lamarck, 1816) and the highly
autotrophic gorgonian Pinnigorgia flava (Nutting, 1910). We addressed the following questions: (i) Do
diazotroph abundances differ between octocoral species of distinct trophic strategies under
undisturbed conditions? (ii) Does labile DOC enrichment, as a readily available energy source,
promote the proliferation of diazotrophs in octocorals? (iii) If so, does the stimulating effect of labile
DOC enrichment become more pronounced in heat-stressed octocorals? Thereby, this study is the first
to show that heat stress can exacerbate the effects of labile DOC pollution on diazotroph proliferation
in octocorals. Notably, this observation may destabilize the nitrogen-limited conditions required for
efficient symbiotic nutrient cycling in the octocoral holobiont.

2. Materials and methods

2.1. Coral husbandry, experimental design and sampling

The soft coral X. umbellata mother colonies originated in the northern Red Sea, while the gorgonian P. flava
mother colonies originated in the Caribbean. Mother colonies of both octocoral species were cultivated for
more than 2 years at the indoor aquaria facility (temperature: 26 + 0.5°C; pH: 7.8 + 0.2; salinity: 35 + 3%o) of
the Marine Ecology Department at the University of Bremen. This study was a companion experiment to
[29] using the same coral fragments and experimental design. In brief, X. umbellata colonies were cut into
small fragments (1-2 cm side length) and carefully fixed onto calcium carbonate holders (1 x 1 cm) using
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Figure 1. Experimental design of the 45-day aquarium experiment (a) and relative diazotroph abundances in the octocorals
Xenia umbellata and Pinnigorgia flava before the start of experiment (b). Relative fold change expressed as nifH gene copy
number in reference to 16S rRNA gene copy numbers and in relation to samples of X. umbellata (n = 3). Three levels of labile
DOC enrichment were achieved by daily glucose administration throughout the experiment. A stepwise increase in temperature
was applied from day 21 to day 45.

rubber bands. Likewise, P. flava colonies were fragmented into individual branches (3—4 cm in length) and
attached to coral holders using aquarium moss coral fix glue (D-D Aquascape Construction Epoxy). A total
of 120 X. umbellata and P. flava fragments each were distributed over 12 aquaria tanks (water volume 501
each), with 10 fragments of X. umbellata and 10 fragments of P. flava in each tank. Each tank was equipped
with a thermostat (3613 aquarium heater, 75 W 220-240 V, EHEIM, Germany), a pump (CompactOn 300
pump, EHEIM, Germany), a protein skimmer (SkimMarine 100; EHEIM, Germany) and LED lights
(Royal Blue-matrix module and Ultra Blue White 1 : 1-matrix module, WALTRAt day time® LED light,
Germany) at a 12:12 h light: dark cycle at an intensity of 120.8 + 10.2 pmol quanta m™>s™". Each tank
was filled with freshly prepared artificial seawater (salinity: 35.40 + 0.40%o; pH: 8.20 +0.01; temperature:
26 +0.4°C) with a daily water renewal rate of 10% to maintain stable water parameters. To avoid
excessive biofilm formation, aquaria surfaces were cleaned daily. To avoid confounding effects from
additional nutrient uptake via heterotrophy which could have affected the stress response of octocorals,
no additional feeding was provided over the course of the experiment.

In the first phase of the experiment (total duration: 21 days), daily dosing of glucose based on a stock
solution (d-Glucose, 40 mg ml™') was performed to simulate different levels of DOC loading: 3 mg 17!
(control), 10 mg 17! (low), 20 mg 1I"! (moderate) and 40 mg 1™" (high). The glucose concentration levels
employed in this experiment were chosen based on previously reported DOC concentrations (in the
range from 29 to 233.3 uM) for coral reefs worldwide [30]. Daily measurements of total organic
carbon using a TOC-L analyser (Shimadzu, Japan) were performed as a proxy for labile DOC levels,
and daily dosings of glucose were accordingly adjusted to achieve the desired levels [29]. In the
second phase (total duration of 24 days), aquaria tanks were gradually ramped up to 32°C (close to
the thermal threshold of X. umbellata) with a 2°C stepwise increase every 8 days [29]. Labile DOC
dosing was continued as described above during the second phase. In total, 12 aquaria tanks were
evenly distributed among four treatment groups including control, low, moderate and high labile
DOC concentrations, with three replicate tanks per treatment group. Coral samples were collected at
day 0 (baseline, before labile DOC enrichment), at the end of the first phase (day 21, labile DOC
enrichment), and at the end of the second phase (day 45, combined labile DOC enrichment and heat
stress). At each sampling time point, coral fragments (three replicates for each treatment) were
immediately flash-frozen in liquid nitrogen and subsequently stored at —80°C until further processing.

2.2. DNA extraction and nifH polymerase chain reaction

Frozen coral samples were ground into powder over liquid nitrogen using a sterilized mortar and pestle.
According to the manufacturer’s instructions, the powdered samples were directly used for genomic
DNA extraction with the Quick-DNA Universal Kit for Solid Tissue (ZYMO RESEARCH, USA). The
buffers in this kit are designed to efficiently hydrolyse and remove RNA during the DNA purification
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procedure. The yield and quality of extracted DNA were assessed by spectrophotometry at 260 and [ 4 |

280 nm using an Infinite 200 PRO (Tecan, Austria) and visually inspected on a 1% (w/v) agarose gel
electrophoresis (Biometra Horizon 58, Germany).

A fragment of the nifH gene that encodes for the iron protein subunit of nitrogenase was used as a marker
to assess diazotroph communities [31]. Eight different primer combinations (electronic supplementary
material, figure S1) were evaluated for their ability to amplify fragments of the nifH gene in the positive
control (see electronic supplementary material for positive control design) and DNA extracted from
octocoral holobionts. Based on our evaluation, the primer pair nifH-IGK3 (5-GCIWTHTAYGGIAARG
GIGGIATHGGIAA-3') and nifH-DVV (5'-ATIGCRAAICCICCRCAIACIACRTC-3') [31] was selected for
the purpose of this study. The PCR reactions consisted of 10 pul of Taq DNA Polymerase Master Mix
(VWR, USA), 1 pl GC-enhancers (Applied Biosystems, USA), 2.4 ul of 10 pM forward and 10 pM reverse
primer each, 2.2 pl of nuclease-free water and 2 ul DNA template (10 ng pl™") for a total reaction volume
of 20 pul. The thermal cycling conditions consisted of an initial denaturation step at 95°C for 2 min,
followed by 40 cycles of denaturation at 95°C for 30 s, annealing at 57°C for 30 s and extension at 72°C for
30 s. The specificity of nifH amplicons was validated with Sanger sequencing (StarSEQ Mainz, Germany).

2.3. nifl quantitative polymerase chain reaction

Relative quantification of the nifH gene via qPCR was used to assess the relative diazotroph abundance in

the octocoral holobiont [8]. Of note, the use of degenerate primers (as used here) may overestimate nifH

abundance in the sample due to the amplification of nifH homologues and the unspecific amplification
[32]. However, in the context of the present study where the same organisms were compared under
similar conditions, a potential amplification bias is unlikely to drive the treatment-specific effects. The
reagent composition and volume for the nifH gene amplification were maintained as described above
for conventional PCR. The Taqg DNA Polymerase Master Mix was replaced by 2X SensiFAST master
mix (Bioline, Germany). The nifH gene copy numbers (as a proxy of diazotroph abundance) were
referenced against the 165 rRNA gene copy numbers (as a reference for total bacterial abundance)
amplified by the primer pair Bact-16S_784F (5'-AGGATTAGATACCCTGGTA-3') and Bact-16S_1061R
(5'-CRRCACGAGCTGACGAC-3) [33], according to the delta-delta Ct method (274*<") [34]. The gPCR
reactions for the 16S rRNA gene consisted of 1.0 pl forward (10 ptM) and reverse primer (10 M) each,
6.0 p1l nuclease-free water, 10.0 pl 2X SensiFAST master mix and 2.0 pl DNA template (10 ng pl™).

The qPCRs were performed on the CFX96 real-time detection system (Bio-Rad, USA), running with an
initial polymerase activation at 95°C for 2 min, followed by 40 cycles of denaturation at 95°C for 15s,
primer annealing at 57°C for 30 s (nifH gene) or at 60°C for 20 s (165 rRNA gene) and extension at 72°C for
30s. A final extension was carried out at 72°C for 10 s followed by a melting curve cycle from 65°C to 95°C
with an increase of 0.5°C every 5s. The qPCR efficiency was validated by calibration curves generated
using a serial dilution of DNA of Escherichia coli (reference strain ATCC 25922) targeting the 16S rRNA
gene, and DNA of the synthesized partial nifH sequence from Azotobacter vinelandii DJ targeting the nifH
gene, respectively. The qPCR efficiency was 90.33% for the nifH gene and 92.31% for the 16S rRNA gene.

2.4. Statistical analyses

Statistical analyses were conducted in R (v. 4.1.1). Plots were generated using the package ‘ggplot2’ [35].
The qPCR data were log-transformed to meet the assumption of normality as confirmed with the
Shapiro-Wilk test using the package mortest’ [36]. The difference in the relative diazotroph abundance
between octocoral species at each time point was analysed by a two-way analysis of variance
(ANOVA) defining coral species and labile DOC enrichment as factors. Likewise, temporal patterns in
the qPCR data were analysed separately for X. umbellata and P. flava using the two-way ANOVA
defining time and labile DOC enrichment as factors, followed by Tukey’s honestly significant
difference (HSD) as post hoc comparisons. All data were presented as mean +s.e.

3. Results

3.1. Labile dissolved organic carbon enrichment does not affect relative diazotroph abundance
in octocorals at ambient temperature

Using relative nifH gene copy numbers as a proxy for diazotroph abundances, we found that the relative
abundance of diazotrophs was significantly higher in P. flava than in X. umbellata at the beginning of the
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Figure 2. Relative diazotroph abundances in the octocorals X. umbellata (a) and P. flava (b) under ambient conditions, labile DOC
enrichment and combined labile DOC enrichment and heat stress. Relative fold change in copy numbers of the nifi gene referenced
to the 165 rRNA gene and in relation to day O control samples of X. umbellata (n = 3). All data are presented as mean £ s.e. (1=3
fragments each). Different letters above bars indicate significant differences between groups of the same time point (Tukey HSD, p < 0.05).

experiment (figure 1; two-way ANOVA, F; 1,=230.07, p <0.001). Twenty-one days of labile DOC enrichment
did not alter the relative abundance of diazotrophs in both X. umbellata (figure 2; two-way ANOVA,
F316=144, p=0268) and P. flava (figure 2; two-way ANOVA, F316=1.72, p=0.202). In X. umbellata, low
(10mg1™) and high DOC (40 mg1™") exposure did not affect relative diazotroph abundances, whereas
moderate DOC treatment (20 mg1™") increased the relative abundance of diazotrophs by approximately
twofold compared with the control (3 mg1™, Tukey HSD, p=0.75). By contrast, the relative diazotroph
abundances of P. flava exposed to low (10 mg 17!, Tukey HSD, p = 0.46), moderate (20 mg1~", Tukey HSD,
p=0.06) and high DOC 40 mg1™", Tukey HSD, p=0.16) increased non-significantly compared with those
from the control group (3mgl™). As reported in [23,29], holobiont phenotype, photosynthesis, and
respiration of both octocoral species were also unaffected by labile DOC enrichment at 26°C.

3.2. Labile dissolved organic carbon enrichment boosts relative diazotroph abundance
in octocorals during heat stress

Following the gradual increase in seawater temperature to 32°C (i.e. at day 45), the relative abundance of
diazotrophs in X. umbellata (figure 2; two-way ANOVA, F; 55 =106.51, p <0.001) and P. flava (figure 2;
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two-way ANOVA, F; 55 =12.30, p=0.003) showed a significant increase compared with day 21 (prior to [ 6 |

heat stress). In X. umbellata, moderate (20 mg1™") and high labile DOC (40 mg 1™") treatments increased
the relative abundance of diazotrophs by nearly sixfold compared with the control (3 mg1™") and low
labile DOC treatment (10 mgl1™") (figure 2; two-way ANOVA, F314=9.37, p=0.001). Similarly, a
positive effect of labile DOC enrichment on diazotroph abundance was evident in P. flava, albeit not
significant (figure 2; two-way ANOVA, F;,,=0.79, p = 0.520; relative fold change, control: 3.40 +1.14;
low: 5.14 +2.10; moderate: 9.56 +2.53; high: 15.37 + 3.37). Relative diazotroph abundance under high
labile DOC treatment increased by nearly fivefold compared with the control under heat stress
(Tukey HSD, p=0.06). As stated in [23,29], X. umbellata maintained a visibly healthy phenotype with
no effects on photosynthesis and respiration rates at different DOC concentrations at 32°C. By
contrast, P. flava bleached under moderate and high labile DOC enrichments combined with heat stress.

4. Discussion

Diazotrophs support the productivity of corals in oligotrophic waters [4,5], but may contribute to the
destabilization of holobiont functioning when overstimulated [13,14]. Currently, studies on cnidarian-
associated diazotrophs are largely focused on reef-building corals due to their importance as major
ecosystem engineers of tropical coral reefs. Here, we provided the first assessment of diazotroph
abundance dynamics in two common octocoral species under labile DOC enrichment and its
interactions with heat stress over the course of a 45-day aquarium experiment. We found that labile
DOC enrichment caused no significant effect on the relative abundance of diazotrophs in the two
investigated octocorals at 26°C, but stimulated their abundances by up to sixfold in the soft coral
X. umbellata and by up to fourfold in the gorgonian P. flava at 32°C. Our results suggest that heat
stress may stimulate the effect of labile DOC enrichment on the proliferation of diazotrophs in
octocorals, possibly destabilizing the nitrogen limitation in octocoral holobionts, as discussed below.

4.1. Diazotroph abundances in Xenia umbellata and Pinnigorgia flava are host species-specific

While host-specific patterns of N, fixation rates have been recorded for octocorals [5,6], molecular
characterization is currently missing. Here, we show that the relative abundance of diazotrophs is
markedly higher in the autotrophic gorgonian P. flava compared with the mixotrophic soft coral
X. umbellata under undisturbed conditions. This observation aligns with the previously described
patterns of diazotroph abundance in reef-building corals [8]. This suggests that the mixotrophic
X. umbellata exhibits a flexible feeding strategy that allows access to various nutrient sources, thereby
potentially rendering it less dependent on diazotrophs as suggested by their lower relative
abundances [37]. By contrast, the highly autotrophic P. flava may have a stronger dependence on
diazotrophs to fulfil the nitrogen requirements for their growth and metabolism [8,38].

Host-specific diazotroph abundances may also be linked to the different morphologies of the
two investigated octocorals [38,39]. The P. flava holobiont contains an axial skeleton containing
calcium carbonate inclusions that may provide a favourable habitat for endolithic bacteria similar to
the skeleton of reef-building corals [40-42], which is absent in X. wumbellata. Of note, endolithic
diazotrophs constitute a major component of diazotroph communities in reef-building coral
holobionts [6,43]. In addition, X. umbellata exhibits a unique pulsation behaviour that provides
numerous advantages to the holobiont, including enhanced O, availability and facilitated nutrient
supplementation [39,44]. However, as most diazotrophs are particularly sensitive to high oxygen or
high inorganic nitrogen levels [45], these benefits may instead constrain the diazotroph abundance
and/or activity in this soft coral holobiont. Taken together, our findings suggest that diazotrophs may
be common members of the octocoral microbiome, as suggested previously [22], and that patterns of
diazotroph abundances align with the heterotrophic capacity and/or morphology of their octocoral host.

4.2. Labile dissolved organic carbon stimulates diazotroph proliferation in heat-stressed
octocorals

The relative abundances of diazotrophs in both octocoral species were unaffected by labile DOC
enrichment at 26°C. This is in stark contrast with previous findings on reef-building corals where
10 mg 1! labile DOC enrichment significantly and rapidly promotes their associated diazotroph
abundance and activity, and rapidly results in coral bleaching and a disruption of holobiont nitrogen
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limitation [13]. Notably, octocorals are commonly found in high abundance on degraded coral reefs
threatened by anthropogenic change [25,27]. Recent studies have shown that labile DOC enrichment
caused no negative effect on the photosynthetic and respiration rates of octocorals [23], and a similar
phenomenon was observed in the stress-tolerant symbiotic upside-down jellyfish Cassiopea [46]. As
such, octocoral holobionts may be better adapted to cope with environmental labile DOC enrichment
compared with reef-building coral holobionts. At this point, it remains unclear why relative abundances
of diazotrophs in octocorals remain stable during labile DOC enrichment. Yet, this finding may in part
explain the success of octocorals in disturbed coral reef environments [25].

During 32°C heat stress, moderate (20 mg glucose1™") and high (40 mg glucose1™) labile DOC
enrichment significantly promoted the relative abundances of nifH gene copy numbers in two
octocoral species: the soft coral X. umbellata and the gorgonian P. flava. Such increases in nifH
abundance have previously been linked to concomitant increases in nifH gene expression and N,
fixation rates and could therefore be used as a proxy of diazotroph activity [8]. Further, increases in
diazotroph abundance and activity have been linked to increases in nitrogen availability in the
holobiont, contributing to bleaching and the symbiotic breakdown of reef-building corals [13]. In this
light, similar mechanisms may be present in symbiotic octocoral holobionts. At this point, the role of
diazotrophs in determining the species-specific bleaching response in our investigated octocorals
remains yet to be determined. Nevertheless, the observed increase in diazotroph abundance in both
octocoral species during labile DOC enrichment and heat stress suggests that the pattern of
diazotroph dynamics may be similar across cnidarian holobionts with different trophic strategies and
lifestyles. However, the effects of stimulated N, fixation on holobiont functioning probably depend on
the nutritional status of all holobiont members [13,14]. Taken together, our findings suggest that
octocorals exhibit remarkably higher resistance to labile DOC enrichment in comparison with reef-
building corals. However, in future ocean warming scenarios, labile DOC enrichment may still be a
driver of diazotroph proliferation and thereby increase nitrogen availability in the octocoral holobiont.

5. Conclusion

Octocorals constitute an important component of benthic reef communities [21] and are likely to become
one of the dominant functional groups on degraded coral reefs of the future [28]. Here we show that the
relative abundance of diazotrophs in octocorals appears to be less affected by labile DOC enrichment
compared with those in reef-building coral holobionts. Concomitant with heat stress, labile DOC
enrichment could significantly stimulate the abundance of diazotrophs in octocorals. As a result, labile
DOC enrichment and heat stress may jointly disrupt the nitrogen limitation in octocorals, contributing
to the destabilization of holobiont nutrient cycling. As DOC levels comparable to or in excess of what
was employed in the "high” DOC treatment of this study have indeed been reported on different coral
reefs, elevated DOC loading is a realistic threat that may undermine the fitness of octocorals locally
[47]. Consequently, reducing labile DOC loading from local anthropogenic activities is imperative to
assisting octocorals and other photosymbiotic cnidarians in coping with the effects of ocean warming.
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