










review returned some corroborating evidence for the presence of APBs in endolithic
communities from coral skeletons: spectroscopy revealed absorption peaks in the IR
range, attributable to the presence of bacteriochlorophylls (48), and Yang et al. (49)
report directly the presence of populations of Prosthecochloris spp. (Chlorobi).

FIG 3 Phylogenetic distribution of endolithic APB phylotypes detected in marine carbonates on Isla de Mona and Menorca. Phyla in
the bacterial phylogenetic tree (upper left) known to contain phototrophs are shown in color. Detailed subtrees for each of such phyla
that found APB representatives in our survey are shown as enlargements. Circles of variable area to the right of individual clades in
these subtrees represent the average % of total phototrophic sequences assignable to the clade in Isla de Mona (orange) or Menorca
(blue). All trees were constructed using maximum likelihood algorithms.
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Bacteriochlorophylls are diagnostic biomarkers for APBs, as they are integral to the
reaction centers and antenna complexes at the core of their phototrophic capacity (50).
We first examined samples using confocal microscopy, looking for the characteristic
profile of near-infrared fluorescence associated with APBs. Though many morphotypes
contained various levels of NIR fluorescence, this evidence was insufficient, in that it
could also be attributed to the tail of Chl d or Chl f fluorescence. Still, some cells were
exclusively fluorescent in the NIR range, indicating an abundant presence of bacterio-
chlorophylls. However, HPLC pigment composition analysis offered a more direct way
of identification, showing beyond doubt their presence in all samples. Consistent with
the dominance of Chloroflexi in Isla de Mona, Bchl c, a characteristic photopigment of
the Chloroflexi (37), was by far the most abundant bacteriochlorophyll present. Con-
versely, Bchl a, which is characteristic of the Erythrobacteraceae (51), was more abun-
dant in Menorca, consistent with the dominance by Erythrobacter. The detection of Bchl
d, a primary photopigment of Chlorobi and some Chloroflexi (52, 53), was also expected
given the abundance of Chlorobi in sample K003. However, the concentrations of total
Bchl did not correlate well in absolute terms with our molecular tallies, suggesting that
we could have missed novel APB populations with our stringent phylogenetic litmus
test. Additionally, our differential ability to detect Bchl a in each site due to differences

FIG 4 Confocal laser scanning microscopy images of endolith communities after dissolution of their carbonate substrates. Chips were dissolved to liberate the
biomass from the surrounding mineral and then imaged with a 405-nm laser. Chl a emission (false color red channel) was measured between 660 and 690 nm
and near-infrared emission (false color green channel) was captured in the 740- to 800-nm range. Images show a wide diversity of morphotypes within and
between samples, ranging from virtually monotypic beds of red-fluorescing cyanobacteria (a, likely Mastigocoleus), to diverse assemblages of unicellular,
colonial, and filamentous types showing both red and NIR emissions (b).

TABLE 2 Detected pigments from intertidal carbonates

Pigment

Isla de Mona (n � 29) Menorca (n � 11) Total (n � 40)

No. (%) of samples
detected

Avg concn
(mg/m2)

Concn range
(mg/m2)

No. (%) of samples
detected

Avg concn
(mg/m2)

Concn range
(mg/m2)

No. (%) of samples
detected

Avg concn
(mg/m2)

Concn range
(mg/m2)

Chl a 29 (100) 8.95 0.11–52.56 11 (100) 10.14 0.71–21.95 40 (100) 9.28 0.11–52.56
Chl b 6 (21) 0.04 0.00–0.27 11 (100) 0.58 0.01–1.69 17 (43) 0.19 0.00–1.69
Chl d 3 (10) 0.01 0.00–0.16 11 (100) 0.12 0.01–0.56 14 (35) 0.04 0.00–0.56
Chl f 3 (10) 0.01 0.00–0.22 9 (82) 0.19 0.00–0.61 12 (30) 0.06 0.00–0.61
BChl a 8 (28) �0.01 0.00–�0.01 11 (100) 0.53 0.01–1.33 19 (48) 0.15 0.00–1.33
BChl c 29 (100) 8.58 0.14–41.66 11 (100) 1.93 0.02–8.19 40 (100) 6.75 0.02–41.66
Bchl d 2 (7) �0.01 0.00–0.12 4 (36) 0.03 0.00–0.14 6 (14) 0.01 0.00–0.14
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in the storage protocols may have also played a role. In any event, these analyses
confirmed the presence and breadth of APBs.

While it is clear that the geographical extent of our sampling is insufficient to
establish biogeographical patterns of distribution, the switch in intertidal endolith APB
dominance between Isla de Mona and Menorca, involving Roseiflexus/Chlorothrix on the
one side and Erythrobacter on the other, was internally consistent and quite significant.
It will be interesting to determine in future studies if the pattern holds in other
locations with larger biogeographical provinces; but, in the interim, a potential
ecophysiological explanation could be put forward. It is known that in terrestrial
environments, temperature can in fact drive biogeographic patterns of microbial
phototroph distribution (54), and our two sites experience rather different temperature
regimes. Isla de Mona has a minimum yearly seawater temperature of 25°C, while in
Menorca, winter temperatures can dip down to 13°C (55). A literature review shows that
the minimal reported temperature for growth in marine Chloroflexi is 18°C (47), whereas
it can be as low as 10°C for Erythrobacter (51), and purple nonsulfur alphaproteobacteria
can grow at temperatures as low as 5°C (56). This suggests that temperature may be a
significant factor in determining the composition of APBs in intertidal carbonates.

Crucial to establishing the functional impact of APBs on endolithic communities and
their geochemical impact on carbonates is to determine their metabolism in situ.
Because most of the major APB OTUs in our survey (i.e., in Table 1) are allied with taxa
known to act as photoheterotrophs in nature (37, 40, 57) and because of the absence
of an obvious source of electron donors in our samples, we hypothesize that endolithic
APBs likely conduct photoheterotrophy as their predominant metabolic function as
endoliths, generating ATP through photophosphorylation and consuming organic
compounds, including neutral and acidic sugars produced by cyanobacteria (58) as
their source of carbon. Considering that diffusion limitation is one of the most impor-
tant constraints in endolithic habitats (59), photoheterotrophic APBs could add a
component of endolithic element cycling, consuming excess sugars, fermentation
by-products, and even molecular oxygen (26), along with the release of CO2 back into
the environment. Furthermore, photoheterotrophy has a demonstrable effect on car-
bonate geochemistry; Rhodovulum growing photoheterotrophically on acetate and
lactate raised the external pH and precipitated carbonate, but it did not do so when
grown on neutral sugars (60). Similar results (61) were obtained with Rubrivivax isolates.

Even though cyanobacteria have a mineral substrate preference at the single OTU
level (23), we did not detect any such preference within APBs. This apparent indepen-
dence of mineral substrate would be consistent with the notion that APBs are not
actively carrying out carbonate dissolution, but rather depend on the boring action of
cyanobacteria for endolithic space, a hypothesis that will require direct experimenta-
tion to formally test.

In summary, we have identified APBs as important endoliths of marine carbonates,
with Chloroflexi (Roseiflexus and Chlorothrix), Erythrobacter (Erythrobacter sp. NAP1), and
purple nonsulfur alphaproteobacteria as the most important types. Endolithic APBs
could potentially play important metabolic roles in these communities and, in turn,
exert geomicrobial effects on coastal carbonates.

It is of interest to compare the relevance of this new habitat for APBs to that of
existing ones. Our samples had a depth-integrated average biomass of some 7 mg Bchl ·
m�2, which is much less than that observed in microbial mats (860 mg Bchl · m�2 [33])
or lake blooms (some 500 mg · m�2 [62]) but much more than that found in the open
ocean (0.1 mg · m�2 [63]). When these areal densities are multiplied by the global
extent of the respective habitats considered (64, 65), it becomes clear that endolithic
APB biomass constitutes potentially a significant reservoir, slightly upwards of 105 kg of
Bchl globally if our survey is representative of most outcrops. This reservoir is much
larger than that in microbial mats (some 80 kg Bchl) or in the open ocean (3 � 104 kg
Bchl) and similar in magnitude to that of lake blooms (1 � 105 kg Bchl; assuming that
as much as 1/10 of the surfaces of all lakes stratify and are sufficiently eutrophic to
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support these blooms). Considering these simple calculations, the shallow interior of
carbonates must be regarded as a globally major reservoir of APB biomass.

MATERIALS AND METHODS
Sampling collection. Samples from intertidally exposed hard carbonate rock were collected from Isla

de Mona (18.0867°N, 67.8894°W), a small (11 km by 7 km) carbonate island 66 km west of Puerto Rico,
having obtained permits from the Departamento de Recursos Naturales y Ambientales (Commonwealth
of Puerto Rico), and from Menorca (39°58=0�N, 4°5=0�E), a populated carbonate-rich island 200 km east
the Iberian Peninsula (Fig. 1). The study did not involve endangered or protected species. Rock samples
were broken off from large boulders or cliff walls using a geological hammer, which was washed in
seawater near the respective sampling site. Most samples were collected within the intertidal notch
typical of carbonate cliffs, but a few were collected by scuba diving below the tidal ranges (only at Isla
de Mona, K samples). Initial samples were then aliquoted with an ethanol-sterilized chisel and hammer.
Samples were divided for mineralogical analysis (kept air dried) and either preserved in 70% ethanol (Isla
de Mona) or frozen at �80°C (Menorca) for eventual DNA and lipid-soluble pigment extraction. The
samples were then shipped at room temperature (Isla de Mona) or in liquid nitrogen (Menorca), reaching
the laboratory in less than a week, and stored frozen at �80°C until analysis.

X-ray diffraction. Subsamples were ground into a fine powder with a small amount of 100% ethanol.
X-ray diffraction (XRD) patterns were collected using a Panalytical X’Pert Pro diffractometer mounted in
the Debye-Scherrer configuration with a Cu K-� monochromatic X-ray source. The continuous scan mode
was used in the 10 to 90° 2� range to collect data. The relative mineral composition was identified using
the X’Pert High Score plus software with a Rietvald refinement using default parameters.

Confocal microscopy. Selected subsamples were dissolved over a period of 48 h in 200 mM EDTA
(pH 5) (for calcite or aragonite) or 250 mM cyclohexylenedinitrilotetraacetate (CDTA; pH 5) (for dolomite)
(41). The resulting liquids were then filtered using a GE black polycarbonate (PC) 0.8-�m-pore-size filter.
The filter was placed on a drop of immersion oil on a microscope slide and covered with a second drop,
over which a coverslip was placed, and kept at �20°C until imaging. Images were collected using a Leica
SP5 confocal microscope at a 1,024 by 1,024 pixel resolution, with a minimum line average of 1 and a
scan rate maximum of 400 Hz. Samples were excited using a 405-nm-wavelength laser. Innate Chl a
emission (the “red” channel) was collected between 660 nm and 690 nm. Near-infrared emission (the
“green” channel) was collected between 740 nm and 800 nm. A maximum intensity z projection of each
channel was then visualized using Fiji (66).

Endolithic community DNA extraction. Samples for DNA extraction were brushed aggressively with
sterile toothbrushes and sterilized Milli-Q water to remove any epilithic biomass, which was already very
sparse. Samples were chipped to get rid of the deep rock and to obtain smaller volumes of the top
several millimeters, where the endolithic phototrophic biomass was conspicuous by color. To ensure a
consistent sampling effort, we measured and cut pieces of chips with surface areas of 8 cm2. The pieces
were then ground using sterile mortars as described by Wade and Garcia-Pichel (41), and 0.5 g of the
sample was placed into the bead tube of a MoBio PowerPlant Pro kit (Mo Bio Laboratories, Inc., Carlsbad,
CA, USA) for DNA extraction. We followed the protocol provided with one exception: prior to the first lysis
step, we homogenized the bead tubes horizontally on a vortex mixer at 2,200 rev/min for 10 min and
added 7 freeze-thaw cycles to ensure better disruption of the endolithic cells. DNA in the extract was
quantified using a Qubit 2.0 HS DNA kit (Life Technologies, Carlsbad, CA, USA).

16S rRNA gene library preparation and Illumina sequencing. The V3 to V4 variable region of the
16S rRNA gene was targeted for amplification using PCR primers 341F (5=-CCTACGGGNGGCWGCAG [67])
and 806R (5=-GGACTACVSGGGTATCTAAT [68]) with a barcoded forward primer. PCR amplification was
performed using the HotStartTaq Plus master mix kit (Qiagen, USA) with the following parameters: 94°C
for 3 min, followed by 28 cycles of 94°C for 30 s, 53°C for 40 s, and 72°C for 1 min, followed by a final
5-min elongation step at 72°C. The PCR products were then further purified and pooled to generate a
single DNA library using the Illumina TruSeq DNA library preparation protocol. The library was sequenced
using Illumina MiSeq following the manufacturer’s guidelines. The library preparation, sequencing
paired-ends assembly, and first quality trimming (with a Phred score cutoff of Q � 25) were performed
commercially (MrDNALab, Shallowater, TX, USA).

Bioinformatics pipeline. Paired sequences were then processed using the QIIME 1.9 analysis
pipeline (69). First, chimera sequences were detected and removed utilizing the VSEARCH de novo
chimera checking algorithm (70). Next, we ran the split_libraries.py script using default parameters
(removal of barcodes, removal of sequences less than 200 bp, and removal of sequences containing
homopolymer runs longer than 6) to prep the data set for OTU picking, for which we used pick_
open_reference_otus.py script with modified parameters. Briefly, OTUs were clustered at 97% using
SortMeRNA (71) and SUMAclust (72), and taxonomy was assigned using SortMeRNA and the reference
Greengenes 13_8 release database (73). Singletons were removed after OTU picking.

Reference phylogenetic tree building and OTU placement. To determine which OTUs were likely
phototrophic, we imposed the rule that for a given OTU to be considered phototrophic, it would have
to phylogenetically belong to a clade that was composed of only known phototrophs. To facilitate this
task, we constructed reference trees for each of the bacterial groups present in our samples known to
contain phototrophic clades. The trees contained only sequences obtained from bona fide cultured
isolates of known metabolism. Representative sequences for each tree were obtained from the SILVA SSU
database (74) and aligned using MAFFT (75) and Guidance2 (76). The Guidance2 alignment with
low-scoring columns removed for each group was then used for all further analyses. The reference trees
were constructed on the CIPRES high-performance computing cluster (77) using the RAxML-HPC2 (78)
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workflow with the ML�Thorough bootstrap (1,000 bootstraps) method and the GTRGAMMA model. In
all, we constructed 9 trees representing the following taxa: Chloroflexaceae, Chlorobiaceae, Rhodospiril-
laceae, Rhodocyclaceae, Comamonadaceae, Rhodobacteraceae, Rhizobiales, Erythrobacteraceae, and Chro-
matiales.

Next, we filtered the OTU table to include all OTUs that had been previously (see above) automat-
ically assigned to taxa that contained known phototrophic bacteria. OTU representative sequences were
then aligned to the appropriate reference alignment using PaPaRa (79) and placed into the edges of the
respective reference trees using the evolutionary placement algorithm (based on the maximum likeli-
hood model) feature of RAxML8 (80). Placement trees were visualized using the ITOL3 website (81). An
OTU was considered a likely phototroph if it was placed within a phototroph clade (node) on the
respective reference phylogenetic tree with better than 70% certainty.

Pigment extraction and analysis. Lipid-soluble pigments were extracted as follows. First, 3 g of
powdered sample (same sample as used for DNA) was suspended in a 7:2 acetone-methanol mixture and
sonicated twice for 30 s in an ice bath in the dark. Extracts were centrifuged at 2,100 � g for 10 min and
decanted, and the supernatants were filtered through a 0.22-�m-pore-size nylon filter. These steps were
repeated until the supernatants were devoid of color. The resulting filtered supernatants were then dried
under a N2 stream in the dark and then resuspended in 100% HPLC-grade acetone. HPLC analysis was
conducted on an Agilent 1100 with an online photodiode array detector, using the protocol of Frigaard
et al. (82) on a Novapak C18 3.9 mm by 300 mm (60-Å pore size, 4-�m particles) column. The gradient
was composed of solvent A (methanol-acetonitrile-water, 42:33:25 by vol) and solvent B (methanol-
acetonitrile-ethyl acetate, 50:20:30 by vol), and elution was performed as follows: at the time of injection,
30% B; linear increase to 100% for 52 min; constant for 15 min; and a return to 30% for 2 min. The flow
rate was 1.0 ml · min–1, and the column temperature was 30°C. Pigments were identified by a comparison
of the retention times and the spectra against true standards of Chl a and Bchl a from Sigma-Aldrich. All
other pigments were identified from known spectra (45) and from extracts of Chloroflexus aurantiacus
grown anaerobically. The injected pigment mass was calculated from the chromatogram using the
equation m � FA (em · d)�1, where m is the mass of BChl or Chl in milligrams, F is the solvent flow rate
(1 ml · min�1), A is the peak area (in absorbance units times seconds), em is the extinction coefficient in
liter/mg/cm, and d is the path length of the PDA detector (1 cm). Extinction coefficients were taken from
Ley et al. (83). We then converted the masses to mg/m2 using a per-sample surface area-to-volume ratio.

Data availability. Isla de Mona sequences were deposited under GenBank accession numbers
KT972744 to KT981874. Menorca sequences were deposited under GenBank BioProject identification (ID)
number PRJNA396581.
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4. Golubić S, Le Campion-Alsumard T. 1973. Boring behavior of marine
blue-green algae Mastigocoleus testarum Lagerheim and Kyrtuthrix dal-
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