
ORIGINAL ARTICLE

Microbial diversity of biofilm communities in
microniches associated with the didemnid ascidian
Lissoclinum patella
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We assessed the microbial diversity and microenvironmental niche characteristics in the didemnid
ascidian Lissoclinum patella using 16S rRNA gene sequencing, microsensor and imaging
techniques. L. patella harbors three distinct microbial communities spatially separated by few
millimeters of tunic tissue: (i) a biofilm on its upper surface exposed to high irradiance and O2 levels,
(ii) a cloacal cavity dominated by the prochlorophyte Prochloron spp. characterized by strong
depletion of visible light and a dynamic chemical microenvironment ranging from hyperoxia in light
to anoxia in darkness and (iii) a biofilm covering the underside of the animal, where light is depleted
of visible wavelengths and enriched in near-infrared radiation (NIR). Variable chlorophyll
fluorescence imaging demonstrated photosynthetic activity, and hyperspectral imaging revealed a
diversity of photopigments in all microhabitats. Amplicon sequencing revealed the dominance of
cyanobacteria in all three layers. Sequences representing the chlorophyll d containing cyano-
bacterium Acaryochloris marina and anoxygenic phototrophs were abundant on the underside of
the ascidian in shallow waters but declined in deeper waters. This depth dependency was supported
by a negative correlation between A. marina abundance and collection depth, explained by the
increased attenuation of NIR as a function of water depth. The combination of microenvironmental
analysis and fine-scale sampling techniques used in this investigation gives valuable first insights
into the distribution, abundance and diversity of bacterial communities associated with tropical
ascidians. In particular, we show that microenvironments and microbial diversity can vary
significantly over scales of a few millimeters in such habitats; which is information easily lost by
bulk sampling.
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Introduction

Marine microbes are pivotal players in food webs,
primary production and biogeochemical cycling
(Samuel, 2000). The biodiversity of marine micro-
bial communities has been under close investigation
using culturing, ribotyping and, more recently,
massive parallel pyrosequencing of the 16S rRNA
gene or metagenomic surveys of bulk DNA extracted
from the respective environments. Despite rapid

accumulation of such sequence data, the extent of
marine microbial biodiversity is still barely known
(Pedrós-Alió, 2006), and uncultured bacteria com-
posing the ‘rare biosphere’ are steadily accumulat-
ing (Sogin et al., 2006); although criticism
concerning a technical overestimation of species
diversity has been growing accordingly (Reeder and
Knight, 2009; Kunin et al., 2010).

In recent years, the microbial diversity associated
with sponges and other marine invertebrates has
been under intense investigation, in part due to a
prevalence of bioactive compounds in such organ-
isms, with potential use in applied sciences (Taylor
et al., 2007, 2011; Menezes et al., 2010; Thomas
et al., 2010; Webster and Taylor, 2011). In addition to
marine sponges, didemnid ascidians present an
interesting environment for the investigation of
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symbiotic relationships (Adams, 2002; Hirose and
Maruyama, 2004) and the discovery of new bioactive
compounds (Sings and Rinehart, 1996; Ogi et al.,
2009; Erwin et al., 2010). The role and importance of
ascidian-associated microbes versus the host as a
source of such secondary metabolites remains
largely unexplored. For example, Schmidt et al.
(2005) reported the production of bioactive cyclic
peptides, patellamides, in the symbiotic prochlor-
ophytic cyanobacterium Prochloron spp., which is
found in large quantities within the cloacal cavity of
the didemnid ascidian Lissoclinum patella (Schmidt
et al., 2005), whereas others have reported patella-
mide production in L. patella itself (Degnan et al.,
1989; Sings and Rinehart, 1996; Salomon and
Faulkner, 2002). Another unique cyanobacterium,
Acaryochloris marina, grows in biofilms on the
underside of didemnid ascidians, where it uses
chlorophyll (Chl) d to sustain its photosynthesis
using near-infrared radiation (NIR; Kühl et al.,
2005). The A. marina type strain MBIC11017,
originally isolated from L. patella, was hereafter
sequenced and revealed a genome of unusually large
size (Swingley et al., 2008). The relative abundance
of A. marina in these epizoic microbial communities
remains unknown and besides a recent genomic
survey focusing on Prochloron, and its secondary
metabolism (Donia et al., 2011), no further efforts
have been made in studying the microbial diversity
in L. patella.

Most surveys of microbial diversity are based on
bulk sample analysis, with only few or missing
metadata on the environmental characteristics of the
sampled habitat. Thus, they lack key information
about niche-defining physicochemical factors shap-
ing the microbial assemblages. This is particularly
critical when analyzing surface-associated microbial
communities, where several studies of microbial
mats (Ward et al., 2006; Kunin et al., 2008) and
sediments (Lüdemann et al., 2000; Böer et al., 2009)
have shown strong shifts in microbial communities
along biogeochemical gradients over minute spatial
scales. Although microenvironmental analysis of
corals (Kühl et al., 1995), sponges (Hanna et al.,
2005; Hoffmann et al., 2008) and ascidians (Kühl
and Larkum, 2002; Kühl et al., 2005) have shown
steep and dynamic microenvironmental conditions
similar to biofilms and microbial mats, we are not
aware of previous studies simultaneously mapping
microbial diversity and fine-scale microenviron-
mental conditions in such organisms.

In this study, we employ a rare combination of
molecular analysis, microscopic imaging and micro-
sensor analysis to describe the microenvironments
and microbial communities associated with
L. patella. Microbial communities were sampled
from three different microhabitats growing (i) on the
high light-exposed surface of L. patella, (ii) inside
the cloacal cavity of the ascidian and (iii) on the
underside of L. patella. The microbial diversity was
investigated by 16S rRNA gene sequencing.

In addition to such molecular data, we present the
very first description of the O2 and light micro-
environment and the distribution of photopigments
and photosynthetic activity across the investigated
microhabitats associated with L. patella.

Materials and methods

More detailed information on Materials and methods
are given in the Supplementary Online Materials.

Origin, preparation and transport of samples. Intact
specimens (5–10 cm2) of 5–10 mm thick L. patella
were sampled at low tide (B2.8 m tidal range) from
three different depths on the outer reef flat and crest
off Heron Island (Figure 1; S231260055, E1511550850):
(i) 2.5–3.5 m (hereafter ‘deep’), (ii) 1.5–2.5 m (here-
after ‘intermediate’) and (iii) 30 cm (hereafter ‘shal-
low’). Specimens were kept in a shaded aquarium
(o200mmol photons m�2 s�1) with a continuous sup-
ply of fresh seawater (26–28 1C) before subsampling.
Relatively flat and homogeneous pieces of L. patella
with a surface area of B2� 2 cm were cut with a
scalpel and immediately rinsed and submerged in
filtered seawater. Cross-sections were cut from
homogenous pieces with a razor blade for subsequent
imaging. For DNA analysis, three independent
biological replicates were collected at the shallow
and deep site, whereas two replicates were collected
at intermediate depths. From each of these replicates,
three microbial consortia were sampled: (i) the upper
surface layer, (ii) the underside of L. patella, both of
which were collected using a sterilized razorblade,
and (iii) the middle section containing the cloacal
cavity harboring the deep green Prochloron spp.
symbiont, which was collected using a pipette and
gentle squeezing. This sampling design resulted in a
total of 24 samples, which were used in DNA
analysis. Samples used for subsequent DNA extrac-
tion were immediately submerged in RNAlater
(Ambion, Applied Biosystems, Foster City, CA,
USA), incubated in a refrigerator overnight and then
frozen at �80 1C the next morning. These samples
were transported back to the laboratory on dry ice
and stored at �80 1C upon arrival.

Microsensor measurements. An intact specimen of
L. patella was used for measuring the depth
distribution of O2 and spectral scalar irradiance
with optical and electrochemical microsensors.
Scalar irradiance measurements were performed
using a fiber-optic scalar irradiance microprobe
mounted onto a motorized micromanipulator sys-
tem (Unisense, Aarhus, Denmark) and connected to
a spectrometer (QE65000, Ocean Optics, Dunedin,
FL, USA; Kühl, 2005). The scalar microprobe was
inserted in 0.2-mm steps into L. patella and the
measured spectra were normalized to the spectral
downwelling irradiance as determined from a black
non-reflective beaker. Samples were irradiated
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vertically from above with a fiber-optic tungsten
halogen lamp (KL-2500, Schott, Mainz, Germany).
Oxygen microsensors (OX25 and OX50, Unisense)
were connected to a multimeter and mounted onto
the same micromanipulator system as described
above. Data acquisition and sensor positioning
during microprofiling of scalar irradiance or O2

concentration was performed using dedicated
software (SensorTrace Pro, Unisense).

Hyperspectral imaging. The surface and underside
of precut 2� 2 cm pieces of ascidian tissue were
imaged using a dissection microscope (SZ X16,
Olympus, Tokyo, Japan) equipped with a hyper-
spectral image scan unit (100T-VNIR, Themis
Vision, Bay Saint Louis, MS, USA). Hyperspectral
image stacks were corrected (in Hypervisual 3.0,
Themis Vision) to percent (%) reflectance using
reflectance standards (Spectralon, Labsphere, North
Sutton, NH, USA) and corrected for background
noise under darkness. Normalized hyperspectral
image stacks were processed according to Polerecky
et al. (2009) and are presented in false color,
quantifying the light attenuation around 710 nm
(Chl d), 675 nm (Chl a; Figure 2c) and 560 nm
(phycoerythrin; Figure 2d).

Variable chlorophyll fluorescence imaging. The
photosynthetic activity of biofilms on the underside
and the surface of the tunic of L. patella, respec-
tively, were monitored by variable chlorophyll
fluorescence imaging using a pulse-amplitude-
modulated imaging system (I-PAM, Walz GmbH,

Effeltrich, Germany) using blue light-emitting
diodes (470 nm) for measuring and actinic light.
Blue measuring light is efficient in monitoring the
photosynthetic activity of the NIR-absorbing
A. marina, due to the Chl d Soret band absorption
at 460–470 nm. Pulse-amplitude-modulated chloro-
phyll fluorescence imaging systems have been
described in detail elsewhere (Schreiber, 2004; Kühl
and Polerecky, 2008; Trampe et al., 2011).

Molecular analysis
DNA extraction. Biofilms from the underside and
the surface, stored in RNAlater (Ambion, Applied
Biosystems), were flash frozen in liquid nitrogen
and then crushed in precleaned and sterilized
mortars. The resulting powder was immediately
processed using the standard FastDNA for soil kit
(Qbiogene, Illkirch, France), with two additional
bead-beating cycles. Samples from the cloacal cavity
of L. patella were directly used in the bead-beating
process but otherwise treated the same way as the
other two samples. Between bead-beating cycles, the
samples were cooled on ice for 2 min. The resulting
DNA was eluted in TAE buffer and the DNA was
quantified using a Qubit-fluorometer (Invitrogen,
Carlsbad, CA, USA), checked for integrity on a 0.8%
agarose gel and stored at �20 1C until further use.

PCR amplification and pyrosequencing. Tag-en-
coded 16S rRNA gene (¼ amplicon) pyrosequencing
was performed on DNA extracted from a total of 24
samples, encompassing the three biofilms (surface,

Figure 1 The tropical didemnid ascidian L. patella in its natural habitat. (a) Inner coral reef crest at low tide on Heron Island, QLD,
Australia. (b) Specimen of L. patella found nested within dead and living coral branches. (c) Deep-green specimen of L. patella, where the
green coloration originates from its obligate symbiont Prochloron spp. that resides in the cloacal cavities of the ascidian. (d) Cross-section
of L. patella. Note the thick reddish biofilm covering the underside of the tunic and the green Prochloron cells in the cloacal cavity of the
ascidian. ‘Surface’, ‘cloacal cavity’ and ‘underside’ denote the sites were samples were taken for subsequent analysis in this study.
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cloacal cavity and underside) sampled at the
shallow and deep sites (three replicates each) or at
intermediate depths (two replicates each). The DNA
concentration in all samples was adjusted to 5 ng/ml
using molecular biology grade water. A 466-bp
fragment of the 16S rRNA gene was amplified using
the primers 341F (5-CCTAYGGGRBGCASCAG-3)
and 806R (5-GGACTACNNGGGTATCTAAT-3) flank-
ing the V3 and V4 regions (Youngseob et al., 2005).
PCR amplification was performed using the Phusion
Hot Start DNA Polymerase (Finnzymes Oy, Espoo,
Finland) with the following cycle conditions: 98 1C
for 30 s, followed by 35 cycles of 98 1C for 5 s, 56 1C
for 20 s and 72 1C for 20 s and a final extension of
72 1C for 5 min. After PCR amplification, the sam-
ples were held at 70 1C for 3 min and were then
moved on ice, preventing hybridization between
PCR products and nonspecific amplicons. PCR
products were separated on a 1% agarose gel and

purified using the Montage Gel extraction kit
(Millipore, Billerica, MA, USA). A second round of
PCR was performed as described above, except that
this time primers with adapters and tags were used
(Holmsgaard et al., 2011) and the number of cycles
was reduced to 15. After further gel purification and
quantification using a Qubit-fluorometer (Invitro-
gen) the amplified fragments were mixed in equal
concentrations and sequenced on one of two regions
of a 70–75 GS PicoTiterPlate using a GS-FLX
pyrosequencing system (Roche, Basel, Switzerland).

Sequence analysis and visualization. A total of
182.375 amplicon sequence reads were obtained
from pyrosequencing. After quality filtering,
161.499 sequences were left for further sequence
analysis using the QIIME software package (QIIME,
version 1.2.1, http://qiime.sourceforge.net/). Phylo-
typing was performed by picking representatives

Figure 2 (a) Typical biofilm found on the underside of the tropical ascidian L. patella. (b) Cross-section of the same ascidian showing
filamentous cyanobacteria (FCy) on the surface, part of the cloacal cavity containing green Prochloron cells (Pro) and the animal zooid.
(c) Color-coded composite images of hyperspectral image stacks taken from the biofilm displayed in a, red quantifies the absorption at
710 nm (specific for Chl d), whereas green quantifies absorption at 675 nm (specific for Chl a). (d) Hyperspectral composite images color
coded to quantify absorption at 560 nm (specific for phycoerythrin); images were taken from the same biofilm as displayed in b. The
numbers in both c and d denote specific areas of interest, exhibiting the reflectance spectra shown in e and f.
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from each operational taxonomic unit (OTU) and
aligning them against a V3/V4-truncated core align-
ment of the Greengenes database (http://greengenes.
lbl.gov). All OTUs identified as chloroplasts were
subsequently removed from the OTU table, reducing
the total number of sequences in the data set to
140.871. In order to present a succinct overview of
the major taxonomic groups OTUs summing to
4100 sequences across all samples were used for
further log10þ 1 transformation and visualization in
a heatmap using the taxonomy assignments de-
scribed. The same subset of OTUs was used for
metabolic assignments, based on a thorough litera-
ture search of conserved key properties within major
taxonomic groups.

Results

Overall distribution of biofilms and pigmented cells
Distinct pigmented bacterial biofilms covered the
underside and the surface of the tropical didemnid
ascidian L. patella, while large amounts of green
symbiotic Prochloron cells were contained within the
cloacal cavity of the animal (Figures 1d and 2).

Photopigment distribution
Ascidians collected at intermediate depths were
imaged using light and fluorescence microscopy and
depicted green-yellowish biofilms on the underside
(Figure 2a) and clusters of red filamentous cyano-
bacteria in the opening of the cloacal cavity of the
animal surrounded by a thin biofilm on the
surrounding upper surface of the L. patella tunic
(Figure 2b). Prochloron cells were abundant in the
cloacal cavity of all collected specimens of L. patella
forming a deep-green layer (Figures 1d and 2b).
Hyperspectral imaging revealed photopigments
absorbing light in the NIR, typical for Chl d on
the underside of L. patella (Figure 2c; absorptivity at
710 nm displayed in red) mixed with photopigments
with absorption characteristics typical for Chl a
(Figure 2c; absorptivity at 675 nm displayed in green).
Surface-associated filamentous bacteria on the upper
surface of L. patella showed absorbance distinctive for
phycoerythrin (Figure 2d; absorptivity at 560 nm
displayed in red) as well as Chl a (Figure 2f).
Reflectance spectra of distinct areas of interest on
the underside (Figure 2e) and the surface (Figure 2f)
biofilms showed reflectance minima around 710 nm
(Chl d specific) and 675 nm (Chl a), respectively.

Light and O2 microenvironments in L. patella
A scalar irradiance probe was inserted into an intact
specimen of L. patella to capture qualitative and
quantitative changes in light distribution through-
out the three microhabitats. Measurements just
below the surface of L. patella indicated a local
increase in scalar irradiance up to 216% due to
intense scattering in the upper tunic (red line;

Figure 3c). Light in the cloacal cavity of L. patella
(green line; Figure 3c) was reduced by an order of
magnitude in the blue and red part of the spectrum
when compared with subsurface measurements.
Absorption signatures of chlorophylls (Chl a
440/675 nm and Chl b B453/642 nm), bacteriochloro-
phyll (Bchl a 805/830–890 nm) and phycobilipro-
teins (phycoerythrin B560 nm and phycocyanin
B620–630 nm) were present in both the cloacal
cavity containing Prochloron cells as well as in the
biofilm covering the underside of the ascidian.
Light reaching the underside of the ascidian (blue
line; Figure 3c) was enriched in NIR (4700 nm),
whereas visible wavelengths were further depleted
in intensity to B0.1–1% of the incident irradiance.

We captured the temporal and spatial O2 distri-
bution in L. patella by performing stepwise O2

measurements under light and in darkness. During
darkness, anoxic conditions prevailed below a
depth of B0.8–1 mm, whereas the surface layer of
the tunic remained well oxygenated under dark
conditions. During light conditions, we observed a
strong O2 uptake in the upper tunic, whereas O2

concentrations increased stepwise to a maximum of
B250% air saturation within the cloacal cavity of
L. patella under an incident irradiance of 1350 mmol
photons m�2 s�1 at its surface. Experimental light–
dark shifts with the O2 microsensor tip positioned in
the cloacal cavity of L. patella showed a rapid O2

depletion immediately after onset of darkness (data
not shown). No O2 measurements were performed
in deeper layers due to risk of breaking the fragile
glass microelectrode.

Photosynthetic activity of phototrophic biofilms
Photosynthetic activity was measured as the relative
electron transport rate (rETR) versus quantum
irradiance for all three biofilm communities asso-
ciated with L. patella (Figure 3d). At an irradiance of
B1000 mmol photons m�2 s�1, the highest photosyn-
thetic activity was found in the Prochloron-rich
middle section of L. patella (rETR 419); under the
same irradiance the biofilm on the underside of
L. patella exhibited a rETR of B6. The rETR versus
quantum irradiance curve of surface-associated
filamentous bacteria increased steeply, reaching a
rETR of B13 and then dropped to 0 at photon
concentrations in excess of 324 mmol m�2 s�1. Photo-
trophic bacteria on the underside reached light
saturation at B400 mmol photons m�2 s�1, whereas
cells in the cloacal cavity of L. patella were not
saturated at the maximum irradiance employed in
our PAM measurements (1000 mmol photons m2 s�1).

Microbial diversity of biofilms associated with
L. patella
The microbial diversity of 24 individual samples
was evaluated using 16S rRNA gene sequencing. All
three biofilm communities were sampled along a
gradient ranging from the outer slope of the reef
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crest (depth B2.5–3.5 m), the reef crest itself (depth
B1.5–2.5 m) to the inner reef flat (depth 0.3–1 m).
The top 10 dominating OTUs and their taxonomic
assignments on the phylum level are shown in
Table 1. All samples across depth gradients and
throughout the three different biofilm communities
were dominated by sequences related to the phyla
Cyanobacteria and Proteobacteria. Sequences from
the tunic surface were mostly associated with
Cyanobacteria, which were most common in the
deep site (80%) and became lower in numbers with
decreasing depth, reaching 460% at the intermedi-
ate site and B20% at the shallow site (see also
Supplementary Figure S1). Proteobacteria-asso-
ciated sequences on the surface biofilm followed
the opposite trend and increased with decreasing
depth. Other abundant sequences from the surface
samples were related to Bacteroidetes, Verrucomi-
crobia and Fusobacteria.

Sequence reads retrieved from the cloacal cavity
of L. patella were mostly assigned to the phylum
Cyanobacteria (about 68–90% for the three depths),
whereas the second most abundant phylum was
Proteobacteria (7–25%). Less abundant phyla in the
cloacal cavity included Bacteroidetes, Fusobacteria
and the candidate phylum OP8. Cyanobacterial
sequences were also abundant on the underside of
the ascidian and their contribution remained rela-
tively constant across depths (45–58%); the same
was true for sequences related to Proteobacteria
(20–27%) and Bacteroidetes (12–20%). In addition
to these three phyla, the biofilms on the underside
contained sequences associated with Verrucomicro-
bia, Chloroflexi and Actinobacteria.

Clustering of the most abundant bacterial OTUs in a
heatmap
In order to display clustering of OTUs in a succinct
way, only OTUs containing a total of 4100
sequences across all samples were log10þ 1 trans-
formed and subsequently clustered in a heatmap
(Figure 4). Visually, the microbial diversity pre-
sented in Table 1 is reflected in the heatmap.

Figure 3 Microenvironments and photosynthetic activity in
L. patella and its associated biofilm communities. (a) Cross-
section of L. patella. Colored dots indicate the different layers of
the animal, where measurements where performed. Red denotes
measurements taken just below the surface, green just below the
cloacal cavity, and blue just below the underside of the ascidian.
(b) Oxygen concentration gradients measured through an intact
specimen of L. patella in darkness or under an irradiance
of 1350mmol photons m�2 s�1. The upper surface of the tunic
and the boundary toward the cloacal cavity are indicated by the
two horizontal lines. (c) Spectral scalar irradiance (in percent
(%) of incident irradiance at the tunic surface) as measured
with a fiber-optic microprobe just below the three different
compartments within L. patella. Color coding is the same
as in a. (d) Photosynthetic activity measured as the photo-
system II-related rETR versus irradiance in the three different
biofilms.
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Samples taken from the underside showed a high
diversity, as reflected in the amount of OTUs and
their relative abundance, while a lower diversity
was found in biofilms originating from the surface
and the cloacal cavity. Euclidean distance analysis
revealed four distinct clusters, which were color
coded and labeled numerically. Cluster I (light blue)
contains samples taken at all three depths originat-
ing from the underside of L. patella. Cluster II
(green) encompasses only samples taken from the
cloacal cavity (¼Prochloron) from all three depths.
Cluster III (yellow) is nested within cluster II and
contains three surface samples, which were all
sampled at shallow depths and are dominated by
OTUs taxonomically assigned to Flammeovirgaceae
and Kiloniella spp., both of which are less pro-
nounced in other surface samples taken at deeper
depths. Cluster IV (red) contains the remaining
surface samples from the intermediate and deep
site and a single sample from the cloacal cavity
(intermediate depth). Within these clusters, the
most frequent OTUs belong to: cluster (I) Azospir-
illum brasilense, A. marina, Symploca spp. and

the family Flammeovirgaceae; cluster (II) Prochlor-
on, Kiloniella spp., Rhodospirillaceae, Vibrio
spp. and HMMVPog-54; cluster (III) Kiloniella,
Flammeovirgaceae and Planktothricoides; and
cluster (IV) Planktothricoides spp., Kiloniella and
Flammeovirgaceae.

Estimation of microbial richness and diversity
The complexity and richness of communities can be
simplified and expressed by nonparametric estima-
tors, providing a way to compare complex commu-
nities with each other and estimate the
completeness of sampling (Schloss and Handels-
man, 2005). Species richness is frequently measured
as the number of OTUs present in a sample and is in
this study given as the chao1 and abundance based-
coverage estimator. Species diversity takes into
account the evenness of the OTU distribution and
is commonly expressed in the form of the Shannon
index (H). Read libraries were rarefied to accom-
modate for the lowest number of reads found in our
data set (¼ 4009, see Supplementary Table 1) and

Table 1 Classification of the 10 most abundant phyla for the three sampling depths and microhabitats associated with Lissoclinum
patella

Deep Intermediate Shallow

Surface
Cyanobacteria 80.19±24.14 Cyanobacteria 61.55±42.3 Proteobacteria 42.25±8.24
Proteobacteria 9.75±11.28 Proteobacteria 31.12±33.8 Bacteroidetes 35.36±3.30
Bacteroidetes 5.07±5.45 Bacteroidetes 4.34±5.04 Cyanobacteria 20.53±11.0
Verrucomicrobia 4.08±6.30 Fusobacteria 1.66±2.07 Verrucomicrobia 1.22±1.61
Fusobacteria 0.32±0.46 Verrucomicrobia 0.77±0.85 OP8 0.15±0.13
GN02 0.16±0.23 GN02 0.33±0.39 Actinobacteria 0.10±0.06
Actinobacteria 0.08±0.14 Firmicutes 0.11±0.09 Planctomycetes 0.09±0.14
Planctomycetes 0.07±0.08 Planctomycetes 0.03±0.01 Firmicutes 0.08±0.06
Firmicutes 0.06±0.07 OP8 0.01±0.02 ZB2 0.05±0.09
Acidobacteria 0.03±0.03 ZB2 0.01±0.02 Fusobacteria 0.05±0.08

Cloacal cavity
Cyanobacteria 89.89±3.85 Cyanobacteria 67.94±18.8 Cyanobacteria 80.92±2.39
Proteobacteria 7.63±2.84 Proteobacteria 24.96±11.7 Proteobacteria 12.55±3.86
Bacteroidetes 0.81±0.21 Fusobacteria 4.83±1.24 OP8 3.54±1.73
OP8 0.75±0.53 Bacteroidetes 1.50±0.07 Bacteroidetes 1.38±0.08
Fusobacteria 0.43±0.62 OP8 0.46±6.14 Verrucomicrobia 0.62±0.25
Firmicutes 0.21±0.23 Firmicutes 0.10±0.12 Firmicutes 0.60±0.78
Verrucomicrobia 0.14±0.06 Actinobacteria 0.09±0.05 Actinobacteria 0.29±0.36
Actinobacteria 0.08±0.07 Verrucomicrobia 0.05±0.05 No blast hit 0.03±0.02
Lentisphaerae 0.03±0.05 Spirochaetes 0.04±0.03 Spirochaetes 0.03±0.02
Spirochaetes 0.02±0.02 Lentisphaerae 0.01±0.02 GN02 0.01±0.01

Underside
Cyanobacteria 46.90±8.00 Proteobacteria 45.02±11.4 Cyanobacteria 58.53±2.01
Proteobacteria 24.75±5.90 Cyanobacteria 27.00±7.58 Proteobacteria 20.65±0.73
Bacteroidetes 16.36±4.74 Bacteroidetes 19.35±1.43 Bacteroidetes 12.77±3.07
Verrucomicrobia 6.29±3.30 Verrucomicrobia 3.30±0.27 Verrucomicrobia 4.10±0.97
Chloroflexi 1.94±0.41 Actinobacteria 1.63±1.22 Chloroflexi 0.97±0.20
Actinobacteria 0.89±0.19 Acidobacteria 0.84±0.49 Actinobacteria 0.71±0.24
Acidobacteria 0.87±0.39 Chloroflexi 0.79±0.56 Planctomycetes 0.67±0.27
Planctomycetes 0.63±0.45 Planctomycetes 0.61±0.30 Acidobacteria 0.60±0.12
SBR1093 0.20±0.23 WS3 0.18±0.23 ZB2 0.16±0.16
WS3 0.18±0.14 GN02 0.17±0.18 WPS-2 0.13±0.02

Relative percentages of OTUs and their respective standard deviation from the mean are based on two (intermediate depth) or three (deep and
shallow site) independent biological replicates. Chloroplast sequences were removed, whereas Archeal sequences were included in the analysis.
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Figure 4 Heatmap of 16S rRNA gene sequences obtained from bacterial biofilms associated with the underside, the surface or the
cloacal cavity (¼Prochloron) of L. patella, respectively. Independent biological replicates of the sampled biofilms are labeled
sequentially, that is, ‘Surface.deep.A–C’ indicating three replicates. The three sampling depths are indicated after the name of the biofilm
and denote the ‘deep’ (2.5–3.5 m), ‘intermediate’ (1.5–2.5 m) and ‘shallow’ site (0.3–1 m). Only OTUs with a sum of 4100 assigned
sequences across all samples were used for further log10þ 1 transformation. Taxonomy was assigned to OTU representatives using best
Blast hits against the Greengenes database. Duplicate OTUs were numbered sequentially for clarification. OTU clustering is shown along
the y axis; dendrogram distances are based upon relative abundances within the data matrix and not on phylogenetic relationships. The
top dendrogram is based on Euclidean distances and represents clustering into four distinct clusters (1–4) according to relative
abundances within the data matrix. Cluster I (light blue) contains all samples originating from the underside of the ascidian, and cluster
II (green) contains all samples taken from the cloacal cavity (¼Prochloron), except one. Cluster III (yellow) is nested within cluster II and
contains three surface samples. Cluster IV (red) contains the remaining surface samples and the last sample taken from the cloacal cavity.
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used for subsequent calculation of microbial rich-
ness and diversity estimators. The highest bacterial
diversity was found in samples originating from the
underside (H index¼ 6.58–7.22, see Table 2),
whereas the lowest bacterial diversity occurred in
samples taken from the cloacal cavity of L. patella
(H index¼ 1.07–3.30). Diversity estimated by the
Simpson index showed a similar pattern, with
indices ranging from 0.19 (cloacal cavity) to 0.98
(underside). Richness estimates ranged from 167 to
1278 (chao1) and 176 to 1268 (abundance based-
coverage estimator), with the lowest values found
in the cloacal cavity of L. patella dominated by
Prochloron, whereas the greatest richness was found
in samples taken from the underside of L. patella.

Oxygen and carbon metabolism of L. patella-associated
microbes
Taxonomic assignments displayed in the heatmap
were used to determine the O2 and carbon metabo-
lism in the major bacterial OTUs; this was done by a
thorough literature research identifying the key
conserved properties for the dominating OTUs.
This approach has some uncertainties but still
provides a general overview of the metabolic
functions in the associated biofilms. Phototrophic
bacteria were generally abundant in the cloacal
cavity, on the underside and the surface of L. patella

(Supplementary Figure S2A). Sequences associated
with chemotrophic bacteria seem to dominate the
microbial community on the underside of L. patella
at intermediate depths and surface biofilms at
shallow depths. Sequences belonging to aerobic
bacteria were commonly found in all three micro-
environments (Supplementary Figure S2B), whereas
facultative and obligate anaerobes were more often
found in the cloacal cavity than on the surface or
underside of the ascidian.

Principal component analysis of associated biofilm
communities
Principal component analysis of the jackknifed-
weighted UniFrac distances revealed two distinct
clusters of characteristic communities found (i) on
the underside and (ii) in the cloacal cavity of
L. patella (Figure 5). Samples originating from the
cloacal cavity clustered to the right of the primary
axis (42.23% of the variation explained), whereas
samples taken from the underside were found
clustered to the left of the primary axis. Both
samples taken from the underside and the cloacal
cavity also cluster in the second dimension (25.43%
of the variation explained). Samples taken from the
surface formed a less stringent cluster and appeared
somewhat related to bacterial communities found in
the cloacal cavity. Three of the surface-associated

Table 2 Table of microbial diversity and richness estimators found throughout 24 samples

Sample ID Diversity estimator Richness estimator

Shannon Simpson chao1 ACE

LP28. Underside.Intermediate 7.22 0.98 988.30 1040.41
LP1. Underside.Deep 7.17 0.98 1121.06 1137.47
LP31. Underside.Shallow 6.98 0.97 1223.51 1319.05
LP2. Underside.Deep 6.98 0.98 873.28 966.39
LP25. Underside.Intermediate 6.90 0.96 1278.03 1305.35
LP4. Underside.Deep 6.86 0.97 1167.87 1194.77
LP34. Underside.Shallow 6.77 0.96 1204.41 1268.65
LP33. Underside.Shallow 6.58 0.94 1231.28 1249.61
LP28a. Surface.Intermediate 6.05 0.94 630.79 657.80
LP1a. Surface.Deep 5.09 0.81 933.90 985.68
LP33a. Surface.Shallow 4.39 0.86 676.26 715.08
LP34a. Surface.Shallow 3.60 0.82 449.14 477.48
LP31a. Surface.Shallow 3.51 0.76 478.13 491.34
LP28b. Cloacal cavity.Intermediate 3.30 0.71 316.57 327.37
LP33b. Cloacal cavity.Shallow 2.12 0.42 294.71 379.08
LP25b. Cloacal cavity.Intermediate 2.09 0.42 255.78 274.00
LP4a. Surface.Deep 1.98 0.48 307.79 358.87
LP31b. Cloacal cavity.Shallow 1.86 0.38 288.71 303.45
LP34b. Cloacal cavity.Shallow 1.76 0.36 272.13 294.92
LP1b. Cloacal cavity.Deep 1.70 0.33 187.03 204.52
LP2a. Surface.Deep 1.22 0.20 352.00 395.58
LP25a. Surface.Intermediate 1.19 0.21 257.50 292.19
LP4b. Cloacal cavity.Deep 1.09 0.21 187.40 197.22
LP2b. Cloacal cavity.Deep 1.07 0.19 167.43 176.76

Abbreviation: ACE, abundance based-coverage estimator.
These estimators were calculated on an OTU table rarefied to the lowest number of sequences in these 24 libraries (¼ 4009 reads). All OTUs
taxonomically assigned as chloroplasts and Archaea were removed before analysis. The bacterial alpha-diversity is displayed by the Shannon and
Simpson indices, whereas species richness is described by the chao1 and ACE estimators.
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samples are located in the lower left of the graph,
forming their own separate cluster. In combination,
the two principal component analysis axes

explained 67.6% of the variation between the different
microbial communities on and within L. patella.

Sequence abundance of phototrophic bacteria as a
function of depth
Sequences assigned to bacterial groups known to
contain photopigments (Bchl a and Chl d) absorbing
near infrared radiation were used to determine a
potential depth dependency in relative sequence
abundance. Linear regression revealed a strong
negative correlation between depth and the relative
abundance of sequences belonging to the family
Rhodospirillaceae (R2¼ 0.882, Figure 6a), Rhodo-
bacteraceae (R2¼ 0.757, Figure 6c) and the cyano-
bacterium A. marina (R2¼ 0.842, Figure 6b).
Rhodospirillaceae-associated sequences found on
the surface of L. patella were much more abundant
at shallow depths (11.6±2.3%) than in intermediate
(0.13±0.14%) and deep waters (0.18±0.14%). The
same depth gradient was observed on the underside
of L. patella for the Chl d-containing cyanobacter-
ium A. marina (shallow¼ 14±0.9%, intermediate¼
6.78±6.3% and deep¼ 1.3±0.5%) and the purple
bacteria Rhodobacteraceae within the cloacal
cavity of the ascidian (shallow¼ 1.9±0.86%, inter-
mediate¼ 0.59±0.05% and deep¼ 0.25±0.13%).
A less supported correlation (R2¼ 0.234, Figure 6d)
was obtained for the bacteriochlorophyll containing

Figure 5 Principal component analysis of jackknifed-weighted
UniFrac distances. Colors indicate the three different microhabi-
tats sampled in L. patella; green triangles¼underside; blue
circles¼ surface; red squares¼ cloacal cavity.

Figure 6 Percent of phototrophic bacteria-related OTUs versus sampling depth. The sum of several OTUs taxonomically assigned to
either (a) Rhodospirillaceae, (b) A. marina, (c) Rhodobacteraceae or (d) Chloracidobacteria were calculated for each sampling site and
depth. Two (intermediate depth) or three (shallow and deep site) biological replicates are displayed in the graph as individual points.
The relative percentage of sequences was calculated for the biofilm sample and correlated with the depth at which samples were taken.
Correlation coefficients were determined by linear regression.
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genus Chloracidobacteria found on the underside of
the ascidian. The relative abundance of Chloracido-
bacteria-associated sequences was generally low but
larger in deeper waters (0.47±0.38%) than in
intermediate (0.43±0.34%) and shallow waters
(0.19±0.08%).

Discussion

Three distinct microhabitats were found associated
with L. patella, separated by only few millimeters of
animal tissue and characterized by steep gradients
of the key physicochemical parameters light and O2.
All three microhabitats harbored distinct microbial
communities dominated by Cyanobacteria. Further-
more, we could correlate the distribution of
particular types of microbes to the light and O2

microenvironment—such correlation is often not
done or even impossible in many surveys of
microbial diversity because of bulk analysis and/or
lack of appropriate metadata. In the following, we
discuss these findings in more detail.

Thick tufts of filamentous cyanobacteria contain-
ing Chl a and phycoerythrin were commonly found
lining the opening of the cloacal cavity of L. patella,
whereas the biofilm community on the underside
was heterogeneously distributed and dispersed as
distinct clusters often containing Chl a and d and
phycobiliproteins. Functional Chl d has thus far
only been found in A. marina, where it enables the
use of NIR for oxygenic photosynthesis. Other
ascidian species have previously been shown to
host Chl d-containing phototrophs (Kühl et al.,
2005; López-Legentil et al., 2011; Martı́nez-Garcı́a
et al., 2011), and even a global distribution of Chl
d-containing bacteria has been suggested (Kashiya-
ma et al., 2008; Behrendt et al., 2011). Our spectral
irradiance measurements demonstrate that NIR is
enriched in the cloacal cavity and the underside of
L. patella as compared with visible light, supporting
the occurrence of Chl d-containing phototrophs in
this optically defined microniche. Similar patterns
of NIR enrichment have been observed in coral
skeleton (Magnusson et al., 2007) and the underside
of other didemnid ascidians, that is, Diplosoma
virens and Trididemnum paracyclops (Kühl et al.,
2005; Larkum and Kühl, 2005).

In marine environments, seawater readily attenu-
ates NIR and this attenuation is correlated with
water depth and temperature (Pegau and Zaneveld,
1993; Pegau et al., 1997). Interestingly, A. marina
constitutes one of the largest clusters of OTUs
identified from the underside of L. patella and we
observed a strong negative correlation between
A. marina-related sequences and sampling depth,
suggesting that NIR attenuation through the water
column is an important determining factor for
the abundance of A. marina. This hypothesis
is further corroborated by negative correlations of
water depth and sequence abundance in the two

proteobacterial families Rhodobacteraceae and
Rhodospirillaceae, which contain phototrophs cap-
able of producing Bchl a (Ferguson et al., 1987;
Imhoff and Hiraishi, 2005). Bchl a absorbs further into
the infrared part of the spectrum (4800 nm), thus
making Rhodobacteraceae and Rhodospirillaceae
even more susceptible to attenuation by seawater.
Martinez-Garcia et al. (2011) sampled the Mediter-
ranean ascidian Cystodytes dellechiajei in shallow
waters (o10–23 m) and did not recover sequences
related to A. marina using denaturing gradient gel
electrophoresis. On the contrary, the same study
found Chl d-like photopigments using fluorescence
microscopy on the same ascidians, stressing the
possibility for other bacteria as carriers of
Chl d; how these bacteria then would survive
under relatively low NIR concentrations remains
unknown. As a side note, it was encouraging to
find comparable abundance estimates of Chl
d-containing phototrophs using both amplicon
sequencing in comparison with pigment abundance
data from hyperspectral imaging (data not shown, for
methodology see Supplementary Online Material).

Additional measurements of scalar irradiance in
the cloacal cavity of L. patella revealed spectral
absorption signatures specific for the photopigments
Chl a, phycobiliproteins and Bchl a, and a strong
attenuation of visible light in both the Prochloron-
containing cloacal cavity and the lowermost tunic-
associated biofilm. Ascidian-associated photopig-
ments have been investigated before and essentially
all major chlorophylls (Chl a, b, c and d) were found
present on the surface of the Mediterranean ascidian
C. dellechiajei (Martı́nez-Garcı́a et al., 2011).
Recently, a new symbiotic Acaryochloris species,
Candidatus Acaryochloris bahamiensis nov. sp., was
found within the tunic of the didemnid ascidian
Lissoclinum fragile, even demonstrating compartmen-
talized distribution of Chl d and phycobiliproteins
within single A. marina cells (López-Legentil et al.,
2011).

The strong light-scattering effects measured on the
surface of L. patella with scalar irradiance reaching
up to 216% of the incident irradiance is possibly
due to reflection by the white spicule-filled tunic
commonly produced by didemnid ascidians in
combination with light trapping due to a higher
refractive index in the tunic as compared with the
overlaying water (Kühl and Jørgensen, 1994). Light
intensities of up to 280% of incident light have been
reported on the surface of microbenthic commu-
nities (Kühl and Jørgensen, 1994; Kühl et al., 1994)
as well as different types of corals (Kühl and
Jørgensen, 1994; Magnusson et al., 2007). The
high-light environment found on the surface of
L. patella presumably selects for phototrophs with
appropriate protective mechanisms enabling them
to photosynthesize under these conditions.

Oxygen microsensor measurements revealed dis-
tinct O2 microenvironments on and within
L. patella. Oxygen concentrations within the cloacal
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cavity fluctuated from anoxia during darkness to
supersaturating conditions during light, whereas the
surface biofilm and uppermost tunic remained well
oxygenated throughout light and darkness. Oxygen
consumption was observed just below the surface of
L. patella. This O2 uptake could be due to the animal
itself or a bacterial community not recovered by 16S
rRNA gene sequencing, as the inner part of the tunic
was not sampled. We observed a rapid decline in O2

concentration in the cloacal cavity of L. patella upon
experimental light–dark shifts. Hence, we can
hypothesize that the light and O2 gradients will
fluctuate strongly with solar irradiance over the diel
cycle. This would present a dynamic microenviron-
ment selecting for specific adaptations in the
associated microbial communities (Ley et al.,
2006), which may be reflected in the functional
groups of associated bacteria and their microbial
diversity.

The diversity of bacteria across L. patella followed
a steep spatial gradient, where three distinct micro-
bial communities were separated by only few
millimeters of the ascidian tunic. The microbial
community on the underside was highly diverse,
with an average Shannon index (H) of 6.9±0.2,
more variable on the well oxygenated surface
(3.3±1.7) and generally much lower within the
cloacal cavity of L. patella (1.8±0.7). In comparison,
marine planktonic habitats exhibited H indices
ranging from 4.4 to 5.4 (Schloss et al., 2009),
whereas temperate coastal microbial mats were
found to be slightly more diverse (H: 5.9±0.4;
Bolhuis and Stal, 2011). Menezes et al. (2010) did
not calculate H indices but still found the bacterial
community associated with the didemnid ascidian
D. ligulum (which is not known to contain Pro-
chloron) to be the most diverse of all eight
invertebrate species sampled.

Assigning metabolic functions based on 16S rRNA
gene sequences involves some uncertainties but can
still provide valuable information on the major
metabolisms in microbial communities (Barott
et al., 2011; Bolhuis and Stal, 2011). Functionally,
the three microhabitats found on L. patella were
apparently dominated by aerobic bacteria, yet
facultative anaerobes were present, most promi-
nently in the cloacal cavity of L. patella, where the
microenvironment was found to be the most variable
in terms of O2 concentrations, showing rapid shifts
between anoxia in darkness and hyperoxia under
high irradiance. Sequences associated with obligate
anaerobes (genus Propiogenium) were found in the
well-oxygenated middle section of L. patella as well
as on the outer surface. Members of the genus
Propiogenium are known commensals of higher
animals capable of growing on succinate, an im-
portant end product in anaerobic metabolic pro-
cesses (Schink and Pfennig, 1982). If Propiogenium
is truly a genus of only obligate anaerobes, they must
exist in permanent anoxic microenvironments with-
in L. patella, which even our fine-scale analysis

using microsensors was not able to retrieve or,
alternatively, such bacteria are able to survive oxic
conditions during the day until anoxia at nighttime.

The diversity of microbes and their putative
metabolism has been studied in the coral holobiont
and associated algae (Barott et al., 2011) and in
microbial mats (Bolhuis and Stal, 2011) by use of
16S rRNA gene sequencing. In comparison with our
investigation of L. patella, coral-associated algae
hosted a similar number of aerobic bacteria
(53–94%) but fewer phototrophs (5–32%), whereas
corals had almost no phototrophic bacteria asso-
ciated with them (o1%) and hosted fewer aerobes
(Barott et al., 2011). Temperate microbial mats were
found to harbor B30% photoautotrophs consisting
of Cyanobacteria and photoheterotrophic Rhodo-
bacterales, but were otherwise dominated by che-
moorganotrophs (Bolhuis and Stal, 2011). Despite
the close physical connection of corals and asci-
dians on coral reefs, their biofilm communities are
functionally different and probably the result of
adaptation to specific microenvironments or active
involvement of the host in shaping the microbial
assemblage. However, as the functional assignments
in our study are solely based upon conservation of
key properties within major taxonomic groups, we
are certainly underestimating the real diversity of
functional groups that remain hidden in our
sequence data.

In terms of sequence abundance, the phyla
Cyanobacteria, Proteobacteria and Bacteroidetes
were dominating all three microbial communities
in L. patella, but their relative abundance varied
according to sample depth and location. The cloacal
cavity of L. patella was predominated by sequences
belonging to OTUs classified as Prochloron spp., a
symbiont well known to associate with didemnid
ascidians (Lewin, 1981; Lewin and Cheng, 1985).
Prochloron was first discovered in the early 1970s
and received much attention because of its pigment
composition (Chl a and b, absence of phycobilipro-
teins), which suggested its involvement in chlor-
oplast evolution (Whatley and Whatley, 1981).
In 2005, a new class of cytotoxic compounds,
patellamides, was found encoded in the Prochloron
genome (Schmidt et al., 2005), and recently a wide
ecological distribution of these gene cassettes was
described (Donia et al., 2011). The ecological and
functional roles of these compounds remain
enigmatic but involvement in metal-detoxification
or metal-concentration mechanisms has been sug-
gested (Bertram and Pattenden, 2007). Interestingly,
other compounds within the same chemical family,
that is, cyanobactins, are toxic to other cyanobacter-
ia, possibly providing Prochloron and other cyano-
bacteria synthesizing such compounds with
competitive advantages over other cyanobacteria
(Todorova et al., 1995; Jüttner et al., 2001; Hirose
et al., 2009). Such allelopathic interactions
may explain our finding of only a few other
cyanobacteria within the cloacal cavity of L. patella.
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The cloacal cavity of L. patella exhibited dynamic
changes in O2 conditions, with rapid O2 depletion
to anoxia in darkness, potentially conducive to
anaerobic processes and bacterial growth. A recent
Prochloron genome-sequencing effort revealed that
the bacterium is heavily involved in nitrogen
metabolism, but not in N2 fixation (Hirose et al.,
2009), contrasting previous reports (Paerl, 1984;
Kline and Lewin, 1999). We found sequences closely
related to the plant rhizosphere bacterium Azospir-
illum brasilense to be a significant part of the
microbial community within the cloacal cavity and
on the underside of L. patella. A. brasilense has long
been recognized for its capability in terrestrial N2

fixation (Michiels et al., 1989). Performing N2-
fixation assays on Prochloron spp. in the presence
of A. brasilense or other diazotrophs could thus
have caused false-positive results. As a side note,
numerous studies have tried to enhance crop
production in saline soils using inoculations of
A. brasilense isolated from high-salinity environ-
ments (Nabti et al., 2007, 2010). Our finding of
A. brasilense-like bacteria in high-salinity seawater
could accelerate the search for a halo-tolerant
rhizosphere candidate.

Phyla dominating the surface of L. patella appear
to be following a depth-dependent relationship:
Shallow waters apparently promoted the occurrence
of Proteobacteria, whereas Cyanobacteria are dom-
inantly found in deeper waters. Principal compo-
nent analysis revealed a tight clustering of three
surface samples, all originating from shallow water,
highlighting the presence of depth-specific bacterial
communities. On the surface of L. patella, a large
proportion of sequences clustered into two large
OTUs taxonomically classified as Planktothricoides
and Rhodospirillaceae. The genus Planktothricoides
contains freshwater cyanobacteria known for their
bloom formation and potential toxicity (Suda et al.,
2002). Planktothricoides has consistently been de-
tected on a Mediterranean ascidian throughout
different macroecological conditions and geographic
areas (Martı́nez-Garcı́a et al., 2011). To our knowl-
edge, only ascidians have been found to harbor
Planktothricoides in marine environments, suggest-
ing specificity of these surface-associated bacteria
on a global scale. Rhodospirillaceae (that is, purple
non-sulfur bacteria) are known for their capability to
perform anoxygenic photosynthesis, owing their
distinct color to bacteriochlorophylls and carote-
noids (Ferguson et al., 1987). Sequences resembling
Rhodospirillaceae were predominantly retrieved
from ascidians collected in shallow waters, empha-
sizing their preference for environments with suffi-
cient near infrared-radiation.

Previous studies on ascidian-associated bacterial
communities are exemplifying their diversity and
geographic specificity. Cyanobacteria were found to
be common among epibiotic phototrophs covering
the Mediterranean ascidian C. dellechiajei (Martı́nez
-Garcı́a et al., 2011) and within the tunic of

Caribbean didemnid ascidians (López-Legentil
et al., 2011) but were completely absent in three
species of ascidians sampled on the eastern US coast
(Tait et al., 2007) and two ascidian species from the
north coast of Brazil (Menezes et al., 2010). Bacteria
sampled from the tunic tissue and the surfaces of
various ascidians revealed sequences belonging to
Proteobacteria, Actinobacteria and Bacteroidetes
(Martı́nez-Garcı́a et al., 2009; Menezes et al., 2010),
as well as Alphaproteobacteria (Tait et al., 2007),
thus closely resembling some of the recovered phyla
from L. patella.

The bacterial diversity associated with ascidians
represents a valuable reservoir in the search for
bioactive compounds as well as novel photopig-
ments, and exhibits a large potential in the ongoing
search for extremophile bacteria and their use in
applied sciences. A thorough description of the bio-
diversity and microenvironments associated with
ascidians may facilitate more efficient cultivation
and isolation of novel bacteria from such micro-
habitats. Combined studies, incorporating analysis
of gene expression and microenvironmental mea-
surements, have been performed in microbial mats
in hot springs (Steunou et al., 2006, 2008; Jensen
et al., 2011), but are otherwise scarce, in particular
with respect to large-scale analysis of expression
using transcriptome analysis. Relating functional
regulation and transcript abundance in a defined
and well-described system, such as L. patella, could
help to elucidate microscale variations of in situ
microbial metabolism and interactions across micro-
habitats, further revealing competitive and adaptive
mechanisms shaping the microbiome of didemnid
ascidians. Our first description of the distinct
microhabitats and microbial communities asso-
ciated with L. patella through molecular analysis,
imaging and microenvironmental analysis is giving
new insights into ascidian-associated bacterial com-
munities and phototrophs in particular, and will
help aiding future studies to relate changing micro-
environments to functionally relevant adjustments
in bacterial communities.

Conclusion

Only a few millimeters of ascidian animal tissue
separate three very different microhabitats in
L. patella, characterized by steep gradients of O2, light
intensity and spectral quality that change dynami-
cally upon changing solar irradiance. In general,
all microbial communities associated with these
microhabitats in L. patella were dominated by
cyanobacteria and aerobic bacteria, albeit facultative
anaerobes were present, suggesting specific adapta-
tions to the highly variable O2 conditions in
L. patella over the diel cycle. Microbial diversity
was lowest in the cloacal cavity and highest
in biofilms sampled from the underside of the
ascidian, reflecting community-wide adaptations to
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the physicochemical microenvironments associated
with L. patella. The biofilm communities harbored
conspicuous bacteria including diazotrophs such as
A. brasilense, inhabiting both the cloacal cavity and
the underside of L. patella, and the unique Chl
d-containing cyanobacterium A. marina. Sampling
of L. patella along a depth gradient across the coral
reef crest revealed a negative correlation between
the abundance of phototrophic bacteria employing
NIR (Rhodospirillaceae, Rhodobacteraceae, Chloracido-
bacteria and A. marina) and water depth, indicating
that their abundance was strongly influenced by the
availability of NIR, which is absorbed by seawater.
This first detailed description of the microbial
diversity and microhabitats associated with
L. patella highlights the need to perform such
studies at ecologically relevant spatial scales. Both
microenvironmental niche-defining parameters and
microbial communities can vary significantly over
small distances in surface-associated microbial
communities, and important knowledge about the
structure and function of such communities may be
lost in microbial biodiversity surveys of bulk
samples with limited metadata.
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