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Recently, studies have begun to identify oil-degrading bacteria and host-taxon specific bacterial assemblages
associated with the coral holobiont, including deep-sea cold-water corals, which are thought to provide meta
bolic functions and additional carbon sources to their coral hosts. Here, we describe the identification of Mar
inobacter on the soft tissue of Lophelia pertusa coral polyps by Catalyzed Reporter Deposition Fluorescence in situ
Hybridization (CARD-FISH). L. pertusa samples from three reef sites in the northeast Atlantic (Logachev, Min
gulay and Pisces) were collected at depth by vacuum seal to eliminate contamination issues. After decalcification,
histological processing and sagittal sectioning of the soft coral polyp tissues, the 16S rRNA-targeted oligonu
cleotide HRP-labelled probe Mrb-0625-a, and Cyanine 3 (Cy3)-labelled tyramides, were used to identify mem
bers of the hydrocarbon-degrading genus Marinobacter. Mrb-0625-a-hybridized bacterial cell signals were
detected in different anatomical sites of all polyps collected from each of the three reef sites, suggesting a close,
possibly intimate, association between them, but the purpose of which remains unknown. We posit that Mar
inobacter, and possibly other hydrocarbon-degrading bacteria associated with Lophelia, may confer the coral with
the ability to cope with toxic levels of hydrocarbons in regions of natural oil seepage and where there is an active
oil and gas industry presence.

1. Introduction
Lophelia pertusa is arguably one of the most widespread and common
reef framework-forming cold-water corals on the planet (Freiwald et al.,
2002; Freiwald and Roberts, 2005; Roberts et al., 2003). Reefs formed
by cold-water corals are places of heightened biodiversity compared to
surrounding areas, and which also provide an ‘essential reef habitat’,
such as nurseries for commercial fish species (Foley et al., 2010).
However, cold-water corals are threatened by ocean acidification,
climate change and destructive fishing practices (Dodds et al., 2007;
Rogers, 1990). Petrochemical pollution also poses a potential threat to
L. pertusa, especially in and around regions where the oil and gas in
dustry operate at sea. In the North Sea, for example, L. pertusa has been
found in and around underwater oil and gas platforms down to 100 m
depth, though the species was not found in this region prior to oil rig
construction, indicating that such platforms acted as substrata on which
these corals could settle and grow (Gass and Roberts, 2006). Though
three decades ago concerns were raised about the expansion of the UK
industry from the North Sea to the west of Shetland (Rogers, 1990)

where L. pertusa is found, we still know very little about the impact of the
industry on L. pertusa. A study investigating the impact of oil spillage
from the Deepwater Horizon oil spill on L. pertusa in the Gulf of Mexico
showed a brown flocculent material, containing hopanoid biomarkers
linked to the oil spilled from the Macondo well, that was found covering
L. pertusa in the Gulf of Mexico months after the spill, and identified
several signs of stress associated with the coral (White et al., 2012). The
occurrence of L. pertusa in regions denoted by natural oil seepage, and
where the oil and gas industry operates, raises interest to understand
how this species might be able to cope with background levels of
petrochemical pollution.
The symbiotic microbial assemblages associated with cold-water
corals are thought to perform many important ecosystem functions,
such as in preventing disease, providing metabolic functions for the
coral host and driving nutrient cycles (Ainsworth et al., 2010; Galkie
wicz et al., 2011). Specifically in L. pertusa, Neulinger et al. (2008) found
the associated bacterial community to provide nutritional benefits, via
enhancing the degradation of diverse molecular families, while more
recently chemoautotrophy and nitrogen fixation have also been linked
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to the coral-associated bacterial community (Middelburg et al., 2016).
In a study by Al-Dahash and Mahmoud (2013), the authors found
shallow tropical sceleractinian corals thriving in areas of continuous
crude oil seepage, and whose holobiont included species of
hydrocarbon-degrading bacteria. This raises interest into the possible
role of these hydrocarbon-degrading bacterial symbionts in potentially
conferring their coral hosts with a survival strategy to living in a
petrochemical environment. Recently, 16S rRNA sequence surveys of
three deep-sea coral species – Dendrophyllia sp., Eguchipsammia fistula,
and Rhizotrochus typus – from the Red Sea identified the presence of
various hydrocarbon-degrading bacteria, such as Oleibacter, Mar
inobacter and Thalassospira (Röthig et al., 2017). Whilst the authors of
this study suggested that these coral-associated oil-degrading bacteria
might ‘unlock’ crude oil as an extra carbon source for their respective
coral host, this proposed nutritional and commensal symbiosis remains
unsubstantiated.
Finding hydrocarbon-degrading bacteria associated with L. pertusa is
highly likely, considering the prevalence of this coral species where the
oil and gas industry is operational and where natural oil seepage occurs.
To explore this, here we used CARD-FISH (Catalyzed Reporter Deposi
tion Fluorescence in situ Hybridization) to search for cells of a
hydrocarbon-degrading bacterial genus, Marinobacter, on the soft tissue
of L. pertusa coral polyps from three reef sites (Logachev, Mingulay,
Pisces) in the northeast Atlantic. Marinobacter comprises members with
the ability to utilise hydrocarbons as a sole source of carbon and energy,
and are commonly associated with oil spills at sea where they can
become strongly enriched (Head et al., 2006; Yakimov et al., 2007).
CARD-FISH is an effective technique that allows for the phylogenetic
identification, enumeration, and direct spatial visualization of micro
organisms in their natural environment by targeting the ribosomal RNA
(rRNA) of bacterial cells of interest (Pernthaler et al., 2002; Schönhuber
et al., 1999). The technique is an in situ amplification method utilizing
horseradish peroxidase, which enhances bacterial cell detection over

standard FISH protocols that can be several orders of magnitude less
sensitive. Hence, the value of this method is in our ability to observe the
target bacterial cells in natural (in situ collected) environmental sam
ples, and to identify cells with low ribosomal numbers, as they would not
otherwise be detectable by conventional FISH. Since Marinobacter is the
only hydrocarbon-degrading genus which has both been identified
associated with deep-sea coral polyps of L. pertusa (Röthig et al., 2017)
and for which FISH probes have been developed targeting members of
this genus (McKay et al., 2016), we focused our investigation on this
organism. For this, we combined CARD-FISH with histological methods
(i.e. removing the calciferous skeleton of the coral samples; cutting the
corals polyps with a microtome, etc.), as used in a previous study
(Neulinger et al., 2009).
2. Materials and methods
2.1. Field sites and sampling
Three coral mounds (Logachev, Mingulay and Pisces) in the north
east Atlantic were visited during the RRS James Cook 073 cruise from
the 18th May to 15th June 2012. Reef locations for sampling are shown
in Fig. 1, and associated metadata can be found online at https://www.
bodc.ac.uk/resources/inventories/cruise_inventory/reports/jc073.pdf.
Polyps were cut and collected by a remotely operated vehicle (ROV)
equipped with a custom-built vacuum-packaging sampler that hydrau
lically seals the samples at depth to avoid contamination from the sur
rounding water column. From each L. pertusa colony visited with the
ROV, three samples were taken which included one sample from the top
or apex of the colony, one from the middle section, and a third from the
bottom of the colony nearer to the sediment. The total number of sam
ples obtained from Logachev, Mingulay and Pisces for analysis were 21,
18 and 9 respectively. One coral colony from each reef mound was
analysed in this study – the various polyp samples were obtained from

Fig. 1. Map representing the three coral reef mound sites (1, Mingulay; 2, Logachev; 3, Pisces) in the northeast Atlantic from where L. pertusa samples were collected.
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each colony collected at each of the three sites. Once onboard, coral
polyps were immediately placed into 5 ml canisters for fixation and
storage, as described below.

Biopolymers with horseradish peroxidase (HRP) labelled at the 5′ -end.
The competitor probe Hal-0625-a (5′ -CAG TTC CAA ATG CCG TTC CCA3′ ; 21 mer) was purchased from Integrated DNA Technologies. Oligo
nucleotide probes were used at a working concentration of 50 ng μl− 1,
and probe Hal-0625-a was included in equimolar amounts in all hy
bridizations with probe Mrb-0625-a. Cyanine 3 (Cy3) labelled tyramides
were purchased from Perkin Elmer and were dissolved according to the
manufacturer’s instructions. Since the HRP-labelled Mrb-0625-a probe
had not previously been optimized for CARD-FISH, a melting curve was
performed using the same methodology as outlined in Thompson et al.
(2018), except we used the probe Mrb-0625-a (with Hal-0625-a) and
Marinobacter algicola as the positive target bacterium. M. algicola was
grown in ZM/10 artificial seawater medium (Green et al., 2004) and
harvested at exponential phase. For the Mrb-0625-a HRP-labelled probe,
55% was selected as the maximum empirically optimized formamide
concentration for this probe (Fig. 2).
Deparaffinization of L. pertusa polyp sections was done by heating to
60 ◦ C and immediately washing in pure xylene (60 ◦ C) and ethanol
(100% and 70%) and H2O for 30 s for each step. To avoid loss of looselyassociated bacterial cells, slides were dipped in 0.2% (wt/vol) agarose in
deionized water and air-dried (Pernthaler et al., 2002). Cells were per
meabilized and hybridized using the CARD-FISH method described by
Neulinger et al. (2009) with hybridization buffers containing 55%
formamide. Samples were visualized using a Zeiss (Axio Scope.A1)
epifluorescence microscope fitted with a Zeiss digital fluorescence im
aging camera (AxioCam MRm). DAPI signals were visualized under UV
using Carl Zeiss Filter Set 01. For visualizing Fluorescein and Cy3 sig
nals, Carl Zeiss Filter Sets 09 and 15 were used which have excitation/
emission wavelengths of 450–490 nm/515 nm and 546 nm/590 nm,
respectively. Micrographs were overlaid using Zeiss Zen-Blue image
processing module.

2.2. Coral polyp fixation and sectioning
Coral polyps were fixed immediately after collection by submersing
them in filter sterile (0.22 μm) 3% paraformaldehyde (PFA) for 3 h. The
polyps were then washed three times with filter sterile phosphatebuffered saline (PBS), then immersed in a 1:1 (v/v) solution of ethanol
(99%) and PBS, and then stored at − 20 ◦ C onboard. The polyps were
transported back to the laboratory for subsequent analysis where the
L. pertusa polyp branches were decalcified, as per the method described
by Neulinger et al. (2009). The paraffin-infiltrated polyps were allowed
to solidify in paraffin blocks before being cut from the oral to aboral end.
The centre face of each polyp was placed face down in cuboid tin moulds
and then covered in molten paraffin so that, when cut using a micro
tome, sagittal sections slices (10 μm thick) could be cut from the centre
of the polyp. Sections were placed on Superfrost-plus (Thermo Scienti
fic) glass slides for image capture with a dissection microscope and for
detection of Marinobacter cells using CARD-FISH.
2.3. Autofluorescence detection of coral tissue
To identify for autofluorescence that might interfere with the
detection of Marinobacter signals when overlaid on coral polyp tissues, a
LEICA TCS SP2 confocal laser scanning microscope was used. To test for
this, deparaffinated coral tissue samples (thickness, 10 μm) were used.
Seven excitation wavelengths, ranging from 458 to 633 nm were
investigated, and the fluorescence emission from the coral tissue
detected at 5 nm intervals. Excitation laser power was adjusted for each
of the 7 wavelengths to avoid over-exposure (e.g. 25% power @458 nm,
50% @ 514 nm, 80% @ 633 nm).

3. Results and discussion
Research in the field of coral symbioses has largely focused on mi
croorganisms associated with shallow-water corals confined to the tro
pics, with the coral hosts benefitting from nutrient cycling, antibiotic
production and chelation of iron by their microbial associates (Kellogg
et al., 2009). Compared to what we know on coral-microbe symbiosis for

2.4. CARD-FISH
To detect for members of the genus Marinobacter, the probe Mrb0625-a (5′ -CAG TTC GAA ATG CCG TTC CCA-3′ ; 21 mer) was used
(McKay et al., 2016). This probe was purchased from Thermo Fisher

Fig. 2. Dissociation profiles of 16S rRNA-targeted
probe Mrb-0625-a for CARD-FISH evaluated against
the perfectly-matching (target) strain Marinobacter
algicola over a range of formamide concentrations
(%). Black diamonds represent hybridization in
tensities for M. algicola. White squares correspond to
hybridization intensities for this same organism, but
using the NON338 probe. These probes were labelled
with CY3 in all experiments. Each data point repre
sents the average fluorescence intensity value ±
standard deviation up to eight randomly-selected
fields of view. In some cases the standard deviation
is smaller than the symbol. The competitor probe Hal0625-a was included together in these hybridizations
with Mrb-0625-a.
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shallow and warm water corals, very little is known about this for deep
cold water corals, such as L. pertusa. Considering that L. pertusa has been
found colonising underwater oil and gas platforms, such as in the North
Sea down to 100 m depth (Gass and Roberts, 2006), we hypothesised
that hydrocarbon-degrading bacteria may be found living associated
with these corals, potentially providing the coral with a mechanism to
cope with the hydrocarbon concentrations experienced in and around
these platforms. To investigate this, in this study we used CARD-FISH to
directly observe for the presence of members comprising the
hydrocarbon-degrading genus, Marinobacter. Some studies have re
ported associations of Marinobacter spp. with shallow, warm water
corals. For example, Marinobacter have been found associated with the
mucus of shallow water Brazilian corals (Carlos et al., 2013), with ju
venile coral planulae (Sharp et al., 2012), and with Sarcophyton in the
Red Sea (Lee et al., 2012). One study that examined the microbial
communities associated with L. pertusa at two deepwater sites in the Gulf
of Mexico – VK906/862 at 315 m depth, and VK826 at 500 m depth,
where the latter had localized oil seepage – did not uncover the presence
of Marinobacter (Kellogg et al., 2009), though this was likely due to the
depth of taxonomic classification that did not go as far as genus level.
Hitherto, no reports exist that have identified Marinobacter, nor other
hydrocarbon-degrading bacteria, associated with L. pertusa that are
found inhabiting oil rigs or far from oil and gas operation sites. In this
study, we used CARD-FISH to identify and search for where on the coral
polyps of L. pertusa (externally or internally) Marinobacter may be found
associated at three reef sites (Longachev, Mingulay, Pisces) in the
northeast Atlantic.
To begin, we examined the soft tissue of L. pertusa for auto
fluorescence across a broad range of photon wavelengths (Fig. 3).
Autofluorescence could mean that visualizing for Marinobacter signals
by CARD-FISH may cause difficulty if the bacterial cells were lying on
the connective tissue. Conversely, cells lying in spaces in between tissue
or outside the coral tissue on the ectoderm would be easier to identify.
We found that at smaller excitation wavelengths, less laser power (lower
photon flux) was needed, as is the case using Cy3 HRP-labelled probes.
As such, we were able to visualize Marinobacter-specific fluorescent
signals more easily when overlaid against the autofluorscence from the

soft coral tissue. To observe for Marinobacter-specific fluorescent signals,
this would not be possible using fluorescein, as is used with conventional
FISH, as the autofluorescence from the coral tissue would have masked
the fluorescence signal from the Marinobacter cells.
Micrographs of unstained soft coral polyps of L. pertusa, and after
applying CARD-FISH with the Marinobacter-specific probes, are shown
for samples collected from the Logachev (Fig. 4A), Mingulay (Fig. 4C)
and Pisces (Fig. 4E) reef mounds. Epifluorescence images were captured
with three-channel (blue, green, orange) emission overlays. Channels
represent different dichroic filter sets with the green channel showing
coral tissue autofluorescence, and orange channel (Cy3) showing Mar
inobacter cells and tissue autofluorescence, and the blue (DAPI) channel
showing coral nuclei. For the middle colony polyp from the Logachev
reef shown in Fig. 4B, the Marinobacter Cy3 signals appear to be either
inside the mesoglea (possibly intracellular), or more likely lodged within
the endoderm of the gastrovascular cavity, likely intracellular in the
endocoel (i.e. space between mesenterial filaments). There is a great
deal of coral tissue autofluorescence (green), and judging by the close
proximity of the Marinobacter signals it is apparent that they are very
closely associated with the coral tissue. The three fields of view taken
were are all in the vicinity of the oral end of the polyp. For the middle
colony polyp from the Mingulay reef (Fig. 4D), a dense network of coral
nuclei (blue) and nematocysts/cnidocysts stinging cells (green coils) can
be seen surrounding the Cy3-Marinobacter signal. Once again, this shows
Marinobacter signals near the oral end of the polyp, but this time more so
in the tentacular region. For the middle colony polyp from the Pisces reef
(Fig. 4F), the Marinobacter signals here are closely associated with the
ectoderm tissue. It is difficult, however, to determine if this tissue is part
of the calcicoblastic epidermis or perhaps even located within the
mesoglea due to decalcification of the coral polyps.
With all three L. pertusa reef sites sampled in the northeast Atlantic,
Marinobacter signals were found in the tentacular region, the gastro
dermis and in various positions on the ectoderm tissue, though pre
dominantly localized to the oral end compartment of the polyps.
Notably, Marinobacter cell signals were quite few and infrequent be
tween many, but not all, polyp samples analysed. This is in fact not
atypical, as in a study by Neulinger et al. (2009), who used the

Fig. 3. Autofluorescence emission spectra of Lophelia pertusa soft polyp tissue produced using 7 photon laser excitation wavelengths, as analysed with a confocal laser
scanning microscope. Spectra were normalized so that maximum intensity was 1 (y-axis) (each spectrum is proportional to itself and not to the other 6 spectra).
4

H.F. Thompson and T. Gutierrez

Journal of Microbiological Methods 187 (2021) 106277

Fig. 4. Micrographs of polyp sections from the Logachev (A, B), Mingulay (C, D) and Pisces (E, F) reef mounds showing one representative field of view as captured
with a dissecting microscope (A, C, E), and as captured with an epifluorescence microscope (B, D, F). Hybridization of the tissue samples used probe Mrb-0625-a (and
competitor probe Hal-0625-a) to target the genus Marinobacter, for which Marinobacter cell signals are shown in yellow-orange, whereas coral nuclei appear blue after
counter staining with DAPI. In panel B, Marinobacter signals are shown localized in a mid-tissue region of the coral polyp, and also similarly in panel D but where they
are surrounded by a dense concentration of coral cell nuclei (blue) within the tentacular region (coiled nematocyst batteries shown in green). In panel F, Marinobacter
signals are clearly seen against the black background. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

eubacterial probe set EUB338 I, II and II that targets most of the domain
Bacteria (incl. the Planctomycetes and Verrucomicrobia), the authors
showed the tentacle region of deep-sea L. pertusa polyps to be colonised
by quite low numbers of bacterial cells. Our findings represent the first
evidence of a hydrocarbon-degrading bacterial species associated with
the cold water coral L. pertusa, and raise several important questions
relating to the origin, ecology and symbiotic association of Marinobacter
with L. pertusa. With respect to origin, marine snow fallout through the
water column could be a mechanism by which Marinobacter, and
potentially other hydrocarbon-degrading bacteria, deposit onto
L. pertusa reef mounds and subsequently may become ingested by the
filter-feeding coral polyps, consequently colonising them. Cnidarians
produce exopolymeric substances (EPS) in the form of mucus, and in

L. pertusa mucus production is well regulated and linked to particle
removal, feeding and possibly other functions (Neulinger et al., 2009;
Wild et al., 2004; Zetsche et al., 2016). Carbohydrate constituents of
L. pertusa mucus have been shown to act as a readily utilisable carbon
and energy source by microorganisms in the water column (Wild et al.,
2004; Wild et al., 2010), and Marinobacter may be no exception. Mem
bers of this genus are recognised as versatile heterotrophs that utilise a
range of organic substrates (Handley and Lloyd, 2013) and which have
been found living in close association with laboratory cultures of marine
eukaryotic phytoplankton (Amin et al., 2009; Green et al., 2006) and
phytoplankton from field samples of the northeast Atlantic (Thompson
et al., 2020), which are precursors to the formation of marine snow
(Gram et al., 2002) and, when in the event of an oil spill, play a role in
5
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the formation of marine oil snow (Arnosti et al., 2016; Suja et al., 2017).
Hence, the sedimentation of marine snow particles carrying with them
Marinobacter could be a source for their colonization by L. pertusa in the
deep sea.
With respect to ecology and symbiosis, the diet of L. pertusa provides
a possible explanation to why we find Marinobacter in the gastrodermis,
and predominantly in the oral end compartment of the polyps. Stable
isotope probing and lipid biomarker experiments have shown that part
of the L. pertusa diet includes eukaryotic phytoplankton (Dodds et al.,
2009; Duineveld et al., 2004; Freiwald and Roberts, 2005) which, as
discussed above, harbour species of Marinobacter. Furthermore, phyto
plankton also produce storage lipids and other long-chain hydrocarbonlike chemicals called alkenones (Marlowe et al., 1984), and almost all
produce the volatile hydrocarbon isoprene (Shaw et al., 2010; Exton
et al., 2012) – these phytoplankton-produced biochemicals could be
serving as carbon and energy substrates for Marinobacter colonising
L. pertusa. Furthermore, as members of Marinobacter can degrade a
broad range of lipids (Mounier et al., 2014; Rontani et al., 2003), their
association with L. pertusa, particularly on the epidermal and ectodermal
tissue, may be attributed to the high lipid content of mucus that these
corals can produce (Wild et al., 2004). According to Neulinger et al.
(2009), the bacterial aggregations found localized around the nemato
cysts supports the ‘sloppy eater’ hypothesis where haemolymph from
coral prey leaks out providing organic nutrients (fatty acids and amino
acids) for the bacteria. The authors also argue that the presence of
gastrodermis-associated bacteria suggests the exchange of metabolites
with the coral host. Playing on this hypothesis, Marinobacter may be
providing nutrients, like vitamin B12 (Cruz-López and Maske, 2016), to
the coral host.
Another symbiosis of this coral-bacterial association, especially
within the vicinity of oil exploration regions, as in the Gulf of Mexico
and northeast Atlantic (this study), relates to the conversion of hydro
carbons in crude oil by hydrocarbon-degrading bacteria, like Mar
inobacter, into metabolites that can supplement the dietary requirements
of the coral host, or indeed detoxifying the hydrocarbons, thus reducing
their concentrations to levels that would allow L. pertusa to cope in a
petrochemical environment. This mutualistic symbiosis was also posited
to occur between natural populations of marine eukaryotic phyto
plankton that were found to harbour communities of associated
hydrocarbon-degrading bacteria (Thompson et al., 2017).
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