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ABSTRACT  
   

Cyanobacteria and algae living inside carbonate rocks (endoliths) have long been 

considered major contributors to bioerosion. Some bore into carbonates actively 

(euendoliths); others simply inhabit pre-existing pore spaces (cryptoendoliths). While 

naturalistic descriptions based on morphological identification have traditionally driven 

the field, modern microbial ecology has shown that this approach is insufficient to assess 

microbial diversity or make functional inferences. I examined endolithic microbiomes 

using 16S rRNA genes and lipid-soluble photosynthetic pigments as biomarkers, with the 

goal of reassessing endolith diversity by contrasting traditional and molecular 

approaches. This led to the unexpected finding that in all 41 littoral carbonate 

microbiomes investigated around Isla de Mona (Puerto Rico) and Menorca (Spain) 

populations of anoxygenic phototrophic bacteria (APBs) in the phyla Chloroflexi and 

Proteobacteria, were abundant, even sometimes dominant over cyanobacteria. This was 

not only novel, but it suggested that APBs may have been previously misidentified as 

morphologically similar cyanobacteria, and opened questions about their potential role 

as euendoliths. To test the euendolithic role of photosynthetic microbes, I set a time-

course experiment exposing virgin non-porous carbonate substrate in situ, under the 

hypothesis that only euendoliths would be able to initially colonize it. This revealed that 

endolithic microbiomes, similar in biomass to those of mature natural communities, 

developed within nine months of exposure. And yet, APB populations were still marginal 

after this period, suggesting that they are secondary colonizers and not euendolithic. 

However, elucidating colonization dynamics to a sufficiently accurate level of molecular 

identification among cyanobacteria required the development of a curated 

cyanobacterial 16S rRNA gene reference database and web tool, Cydrasil. I could then 

detect that the pioneer euendoliths were in a novel cyanobacterial clade (named UBC), 
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immediately followed by cyanobacteria assignable to known euendoliths. However, as 

bioerosion proceeded, a diverse set of likely cryptoendolithic cyanobacteria colonized the 

resulting pore spaces, displacing euendoliths. Endolithic colonization dynamics are thus 

swift but complex, and involve functionally diverse agents, only some of which are 

euendoliths. My work contributes a phylogenetically sound, functionally more defined 

understanding of the carbonate endolithic microbiome, and more specifically, Cydrasil 

provides a user-friendly framework to routinely move beyond morphology-based 

cyanobacterial systematics.  
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CHAPTER 1 

INTRODUCTION 

1. Background 

1.1. The Endolithic Habitat 

 The endolithic habitat consists of the cracks, crevices, and pore spaces found 

within the interior of rocks. Considered an extreme environment, the endolithic habitat 

is colonized by a wide range of microbial life forms that can scavenge necessary nutrients 

or utilize available sources of energy. For example, sulfur- and iron-oxidizing 

chemoautotrophic communities inhabit cracks in basaltic rocks on the seafloor, where 

oxygenated deep-sea water meets minerals rich in reduced iron and sulfur compounds 

[1,2]; microbes there obtain energy from the respective redox reactions. Phototrophic 

endoliths can be found in sedimentary rock outcrops [3–7] or on the interior of naturally 

translucent rocks [8,9] but are confined to shallow depths where light can penetrate. 

Endoliths are classified into three types: those that actively dissolve the substrate and 

bore their way into it (euendoliths), those that inhabit extant pore spaces or pore spaces 

excavated by euendoliths (cryptoendoliths), and those that colonize natural cracks and 

crevices (chasmoendoliths). Organisms found growing on the outside of the rock are 

deemed epiliths [10] (Figure 1). Phototrophic endolithic microbiomes are ecologically 

important in extreme ecosystems where plant growth is restricted, where they can 

become the main source of primary production, such as in deserts rock outcrops [8,9,11–

13], polar biomes [8,9,14,15], and marine coastal environments [6,7,16–23]. In 

carbonates for example, endolithic communities can reach high productivity rates, 

upwards of 100 g C km-2 d-1 [24] or, by extrapolation, several billion tons of carbon per 

year globally [25]. This high primary productivity even can support food webs of 

specialized metazoan grazers like hard-toothed invertebrates and fish [26].   
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Figure 1. Diagram of different endolithic lifestyles adapted from Golubic et al. 
1981 [10]. 

 

Of the endolithic habitats, those on carbonate rocks (Figure 2) have been the focus of 

most investigations due to their ecological relevancy. Carbonate formations are common 

and found across a wide range of ecosystems, perhaps the most prominent being coral 

reefs.  Reef systems are comprised of the naturally porous aragonite skeletons of coral 

polyps and are home to a many endolithic organisms [21,27,28]. However, reefs only 

comprise 1.4% of the exposed carbonate globally. In fact, carbonate outcrops cover 2 x 

107 square kilometers [29], or some 15%, of the ice-free land surface. In addition to their 

geographical relevance, carbonates (and calchophosphatic minerals), if sufficiently 

sunlit, are susceptible to the bioerosive activity of photosynthetic euendolithic microbes 

[19] (Figure 3). As bioerosion proceeds, new pore spaces are created that allow for 

general endolith growth, but also can lead to the destruction of corals, fisheries, and 

karstic coasts [27,30–34].  Newly exposed carbonates are quickly colonized by 

euendoliths, with complete colonization occurring in under a year [35]. The recently 

elucidated mechanism of boring found in the euendolithic cyanobacterium 

Mastigocoleus testarum BC008 [36] suggests that colonization and bioerosion rates will 

only increase in the future as anthropogenic increase in atmospheric CO2 will enhance 
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carbonate dissolution [23]. Traces of euendolithic lifestyles as either fossilized organisms 

or  their microborings (trace fossils) are abundantly found in the fossil record, dating as 

far back as the Proterozoic [37–39]. Euendolithic fossils patterns are commonly used in 

paleobathymetric reconstruction [40] and as  indicators of coral growth [41] in 

paleobiology. 

 

 

Figure 2. Typical euendolith carbonate habitats. (a) Dolomite field at low tide in 
the intertidal zone of Churchill, Manitoba, Canada. (b) Terrestrial travertine 
boulders at Tonto Natural Bridge, Arizona, USA. (c) Broken chip in an exposed 
fossil reef carbonate platform from Isla de Mona, Puerto Rico, showing a thin line 
of green endolithic growth beneath the surface.  (d) Photograph of Isla de Mona 
carbonate platform showing limestone-dolomite stratification and characteristic 
intertidal notch. 
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Figure 3. Top down laser scanning confocal microscopy image of a euendolithic 
cyanobacterium, Brasilonema sp. The organisms were allowed to bore into a 
piece of Icelandic spar (optically clear calcium carbonate) and then imaged by 
autofluorescence using laser excitation at 405 nm. Chl a autofluorescence was 
captured between 660 nm and 690 nm. The grey/white artifact is the reflection of 
the surface of the spar. 

 

1.2. Community Structure of the Carbonate Endolithic Microbiome 

For almost two centuries, scientists have provided descriptive studies on 

(eu)endolithic microbiomes that  span the microbiological, ecological, and geological 

fields [42–50]. These studies, dependent upon microscopic inspection and 

morphological descriptions, have described photosynthetic carbonate euendoliths 

among eukaryotes (green and red algae) and prokaryotes (cyanobacteria). 

Photosynthetic euendoliths inhabit calcareous and calcophosphatic minerals [51],  only 
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as deep into the rock as light is available for photosynthesis, which typically does not go 

beyond a few millimeters. The most common algal endoliths are in the genera 

Ostreobium and Phaeophila [52] (Chlorophyta), as well as the rhodophyte Porphyra 

[53].  As for cyanobacteria, the pseudofilamentous, baeocyte formers various species of 

Hyella [54] and Solentia [55], the simple filamentous Plectonema terebrans  [52], and 

the complex heterocystous Mastigocoleus testarum [6] are all common. Importantly, 

because these genera were assigned using only by morphological criteria, it is extremely 

likely that they obscure the true genetic and phylogenetic diversity of phototrophic 

endoliths. The first study of carbonate endolithic using simple molecular techniques for 

diversity assessment[6], certainly suggests as much. The recent rapid advancement of 

sequencing technology and subsequent application to microbial ecology has had much to 

offer recently in this regard: with its application to endolithic microbiomes it has become 

apparent that biodiversity has been underestimated, although there is also some level of 

coherence between DNA-based surveys and the traditional literature with regards to 

cyanobacteria [6,7].  Concerning the missed biodiversity, high-throughput sequencing 

studies have shown that endolithic microbiomes are more metabolically complex than 

predicted. For example, Horath and Bachofen [5] found the predicted green algae and 

cyanobacteria in dolomite outcrops in the Alps, but an additional large contribution to 

microbiome diversity from chemotrophic bacteria and archaea. Similarly, findings from 

a large range of ecosystems and host rocks including Antarctic sandstones [14], 

terrestrial limestones, sandstones and granites [56,57], as well as halites in the Atacama 

desert [58] all confirmed that the diversity of endolithic microbial populations extends 

well beyond cyanobacteria and algae. This metabolic complexity was also made apparent 

in the first high-throughput, multi-sample survey of endolithic microbiomes from 

intertidal outcrops [59]. We found that morphology-based studies of intertidal 
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carbonates can underrepresent cyanobacterial diversity estimates by factors of 10 to 100 

[6,20,59], and that the level of diversity found was comparable to that of other 

microbiomes such as those of biological soil crusts [60] or sedimentary microbialites 

[61]. We found that littoral carbonates contained representatives of a variety of microbial 

metabolisms, from fermenters to sulfur oxidizers. As for phototrophic organisms, these 

habitats contained plenty of algae and cyanobacteria as expected, but surprisingly many 

phylotypes potentially assignable to anoxygenic phototrophic bacteria (APBs) were also 

present, and significantly so. There was nary a precedent for this.  APBs had only been 

mentioned twice as components of the endolithic microbiome: once  indirectly through 

detection of APB photopigments [62], and once as opportunistic colonizers of dead coral 

skeletons [63]. 

 

1.3. Anoxygenic Phototrophic Bacteria 

 Anoxygenic phototrophic bacteria are a polyphyletic metabolic group (a 

functional guild) that has representatives in six different bacterial phyla. Historically, 

APBs have been classified into five groups; the green sulfur bacteria in the phylum 

Chlorobi, the green non-sulfur bacteria of the phylum Chloroflexi, the purple sulfur 

bacteria in the Gammaproteobacteria, the purple non-sulfur bacteria of the Alpha- and 

Betaproteobacteria, and the Heliobacteria within the Firmicutes [64]. Recently new 

guild members have been discovered among the Alpha- and Betaproteobacteria [65] (the 

so called, aerobic APBs,  and single species within the Acidobacteria [66,67] and the 

Gemmatimonadetes [68]. APBs occupy a rather narrow range of habitats: green and 

purple sulfur bacteria are limited to anaerobic locations in which there is a ready supply 

of an electron donor, typically hydrogen sulfide, like the anoxic bottom of meromictic 

lakes, ocean sediments, hot springs [69–71], microbial mats [72], stratified marine and 
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estuarine waters [73,74], and subglacial lakes [75]. Green non-sulfur bacteria have been 

found in hot springs, hypersaline microbial mats, and in some marine sediments [76]. 

Purple non-sulfur bacteria occur in a somewhat wider range of habitats, including the 

open ocean and Antarctic lakes, but they rarely are the dominant phototroph within any 

given community [77].  

Anoxygenic phototrophy shares many of the same molecular underpinnings as 

oxygenic photosynthesis. Both rely on chlorins (bacteriochlorophylls or chlorophylls) as 

the main photopigments, organized around molecularly similar membrane-bound 

photosystems [64]. This may shed light as to why APBs were overlooked as endoliths, as 

the primary photopigments have overlapping absorbance spectra (Figure 4).  In the case 

of anoxygenic photosynthesis, a wide range of primary reductants are available for 

autotrophy, such as H2, NO2-, H2S, Fe2+ [64]. Alternatively, some APBs conduct 

photoheterotrophy, consuming available organics as a carbon source  while using light to 

generate ATP [64]. Yet still, other APBs are facultative photoautotrophs, acting mostly as 

photoheterotrophs when reductant is unavailable, as is the case of Chloroflexus 

aurantiacus from hot springs, known to obtains organic carbon and oxygen from 

thermophilic Synechococcus cyanobacteria thriving in close proximity [76]. 

When considering the potential role of APBs in carbonate endolithic ecosystems, 

one must pay particular attention to the relationship between metabolism and carbonate 

equilibrium. In the case of photosynthetic APBs, studies been shown that carbonate 

precipitation does occur in culture if the primary reductant is H2S [78], or H2 [79]. 

Bundeleva et al. [80] report that Rhodovulum sp., using nitrite as the primary electron 

donor, acidifies the medium, inhibiting carbonate precipitation. Photoheterotrophic APB 

metabolism can also potentially affect carbonate equilibrium: Rhodovulum consuming 

acetate and lactate as sources of organics raises the medium pH, leading to carbonate 
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precipitation, but it does not apparently do so when grown on neutral sugars [80]. A 

similar result was found when using Rubrivivax isolates [81]. Another level of 

complexity is added when one takes into account APB metabolism at night, which, either 

through respiration, fermentation, or even chemolithothrophy  [82], likely contributes to 

the acidification of their microenvironment potentially resulting in carbonate 

dissolution. APBs could therefore logically act as euendoliths in nature by virtue of their 

metabolism in the cases where this leads to acidification, potentially upending the long-

established understanding of endolith ecology by broadening the pool of possible pioneer 

organisms and boring mechanisms. 

 

 

Figure 4. Laser scanning confocal microscopy image of a mixed APB 
(Chloroflexus aurantiacus; thin filaments) and cyanobacterial (Nostoc 
punctiforme; large, defined multicellular filaments) culture. The culture was 
excited with a 405 nm laser and photosynthetic pigment autofluorescence (false 
green color) was captured between 660 nm and 800 nm, and shows broad 
overlap in the autofluorescence emission of APB (bacteriochlorophyll a, c) and 
cyanobacterial (chlorophyll a) photopigments.  
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1.4. Successional Dynamics in Carbonate Endolithic Microbiomes 

Some of the first euendolithic colonization studies were undertaken by Le 

Campion-Alsumard and colleagues [83,84] who examined these communities by 

microscopic inspection, classifying endoliths by traditional morphological systems. 

Concerns for coral reef bioerosion in the 1990s spurred a rapid increase in such 

colonization studies [21,22,34,35,48,85,86]; they all applied the same morphological 

techniques as Le Campion-Alsumard, in attempts to understand and mitigate reef 

collapse. Due to the overwhelming support for coral research, much of our 

understanding of euendolithic colonization came from investigations of biogenic 

carbonates from coral skeletons, but because these substrates are naturally porous, it is 

not immediately obvious that the results should apply to carbonate outcrops in general.  

Those studies showed that euendolithic algae colonize new substrates in a matter of 

weeks, followed by successional dynamics over the ensuing months, with apparent 

maturity (relative stasis) reached after about a year. In contrast, only a few studies on 

hard mineral carbonate substrates exist. Kiene [34], Gektidis [35] and Chacón et al. [6] 

were able to show that  non-porous substrates favored prokaryotic colonization resulting 

in euendolithic cyanobacteria, not algae, as dominant pioneers.  

In spite of the fact that morphological characterization can  severely 

underestimate microbial diversity [6,7], as discussed above, early contributions could 

still identify and characterize some patterns. Three morphotypical groups (morphotypes) 

of euendolithic cyanobacteria were distinguished.  The first are the thin, filamentous, 

Leptolyngbya-like organisms typically identified as Plectonema terebrans (or 

Leptolyngbya terebrans) which are one of the most prolific euendolith morphotypes, 

exceeding 80% of total euendolithic biomass in some studies [21]. Unfortunately, there is 

simply no easy way to assign P. terebrans-like morphotypes  with certainty to 
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cyanobacteria, as other thin, filamentous organisms exist that could be easily mistaken 

for it, such as Flexibacteria or some of the filamentous APBs, like the Chloroflexi. To 

make matters worse, the ability to detect cell color in optical microscopy vanishes as one 

approaches cell sizes around one micron, which is quite close to the cell width of all of 

these filaments, including Plectonema terebrans itself.  The fact that no cultivated 

isolates of euendolithic P. terebrans exist, makes it close to impossible to assign 

unambiguously a 16S rRNA gene sequence or group of sequences to this morphotype. 

Some environmental sequences from endolithic microbiomes that have been assigned 

cyanobacterial genera with thin filament morphology (such as  Halomicronema and 

Leptolyngbya)  were tentatively suggested  to represent P. terebrans  [59], but this 

should be regarded as a working hypothesis, and the true nature of this euendolith 

remains elusive. The second morphotypical group is based on the species Mastigocoleus 

testarum. M. testarum has a complex, true-branching filamentous morphology, making 

it easily identifiable from microscopic examination. It has been recently re-described on 

the basis of a polyphasic approach based on strain BC008, showing congruency between 

molecular and traditional approaches [19], has served as a model to elucidate the 

physiological mechanism of boring [19,36,87], and is the first euendolith whose genome 

has been fully sequenced [88]. Mastigocoleus testarum is one of the earliest colonizers 

in soft carbonates, detected as early as one week after initial exposure [22,24,83]. A 

third, diverse group includes several members in the order Pleurocapsales (baeocyte 

formers) in the genera Hyella, Solentia, Hormathonema, and the recently described 

Candidatus Pleuronema. Members of the Pleurocapsales typically act as pioneer borers 

but can bore only to shallow depths and are easily preyed upon by grazers, leading to low 

abundance in mature communities [21,22,24,48].   
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1.5. Cyanobacterial Systematics 

Table 1. Common terms in cyanobacterial systematics 
Term Definition 

Systematics A general term describing the study of organism diversity and 
relationships 

Taxonomy A classification system for organisms; an organized schematic for 
naming and grouping 

Phylogeny The evolutionary history of an organism 
Nomenclature A system of naming for a group of organisms 
Taxon An individual taxonomic group 
Clade A group of organisms that share a common ancestor 

 

Though these morphotypes have been useful in painting a general picture of 

euendolithic succession, using morphological descriptions to classify cyanobacterial 

species comes with inherent uncertainty. Unlike all other prokaryotes, cyanobacterial 

taxonomy is governed by both the International Code of Nomenclature of 

Prokaryotes[89] (ICNP) and the International Code of Nomenclature for algae, fungi, 

and plants[90] (ICN). Historically, cyanobacteria were classified as blue green algae, and 

much of the early work on cyanobacterial classification utilized botanical principles, 

including identifying new isolates based upon their morphology. The application of 

microbial culture and molecular phylogeny techniques has since been beneficial in that it 

not only sped up the identification process, but also the detection and discovery of new 

organisms. However, the current use of molecular phylogeny techniques has at the same 

time resulted in the discovery of many “bad” taxa, usually remnants of the early 

taxonomic system that typically encompass morphologically simple forms. Not 

unfrequently researchers find that organisms that share a single genus name species, are 

phylogenetic very distant. Two examples of genera where this occurs commonly are 

Leptolyngbya [91] and Microcoleus [92].  This stems from the practice of delineating 

new taxa by comparing sequence based phylogenies from just a few sequences of known 
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organisms most closely related to the one being studied, since placing them into 

comprehensive phylogenies that could provide the big picture would require major 

efforts. More uncertainty arises from the recent push for the inclusion of non-

phototrophic organisms in the Cyanobacterial phylum. Soo et al.[93,94] described two 

sibling clades, Melainabacteria and Sericytochromatia, that are the phylogenetically 

closest non-phototrophic prokaryotes to the previously defined phylum of 

Cyanobacteria. Though this classification has been contentious within the cyanobacteria 

research community (see Garcia-Pichel et al. 2019 [95] ), their classification as 

Cyanobacteria has been propagated through the taxonomic databases, leading to 

confusion by researchers. In addition, other errors in the two most used taxonomic 

databases, Silva [96] and Greengenes [97], have been well documented [98–100], 

leading to spurious taxonomic assignments and error amplification. 

To overcome these sources of uncertainty, researchers should optimally move 

away from a laissez faire approach based on sequence similarity algorithms and 

databases with broad criteria for sequence inclusion, to either manually curate the 

resulting amplicon sequences after traditional taxonomic assignment, or better, to use a 

complete phylogenetic perspective based upon curated, organism specific databases. 

Bioinformaticians have already taken steps to alleviate these issues by developing new 

algorithms that use the principle of phylogenetic placement. Phylogenetic placement 

algorithms represent a phylogenetic-accurate and efficient way to perform classification 

if done on trusted databases. These algorithms were developed to place query sequences 

(like those from an amplicon survey) onto a precalculated reference phylogenetic tree, 

inferred from a curated set of reference sequences[101]. Maximum-likelihood based 

programs such as PPLACER [102], RAxML-EPA [103], and EPA-ng [104] take any query 

sequence (or a set) supplied by the user, along with a reference package (precalculated 
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reference phylogenetic tree and alignment of all the curated sequences included in the 

tree), and generate a placement file (JPLACE) that contains the query sequences placed 

onto leaves of the reference tree with confidence values. Although phylogenetic 

placement is a robust method of classification, it has not been widely adopted perhaps 

due to the time investment required for the creation of reference packages, or the 

complexity in initial data analysis. 

 

2. Research Objectives 

My primary goal was to further the understanding of the carbonate endolithic 

microbiome using modern microbial ecology methods. Since only a handful of 16S rRNA 

gene sequences of euendoliths exist, I first wanted to determine a molecular baseline for 

microbial diversity and contrast the findings with older, naturalistic descriptions to 

clearly define endolithic genera. Then I would use those findings with time-course 

experiments to make functional determinations of endolithic lifestyles and characterize 

colonization dynamics.  

 

3. Approach 

The experimental focus of my dissertation was to apply modern high-throughput 

sequencing, robust bioinformatic methods, and whole community lipid-soluble 

photosynthetic pigment analysis to corroborate qualitative morphological descriptions 

with quantitative molecular approaches, and then extend those new characterizations to 

the assignment of euendolithic potential. I chose to work in coastal marine intertidal 

ecosystems instead of deep benthic zones to both increase available knowledge on hard 

carbonate ecology (benthic research mostly focuses on corals) and to address 

economically relevant bioerosion (euendolith bioerosion of carbonate coasts can lead to 
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tourism loss; boring of mollusk shells can cause oyster and mussel fishery collapse). 

Literature has shown that at least morphologically, eukaryotic algae tend to dominate 

colonization in deeper waters, and thus would not be as relevant in my experimental 

system, allowing me to focus on prokaryotic endoliths. Isla de Mona (Puerto Rico), and 

Menorca (Spain) were chosen as sampling locations due to their unique mineralogical 

composition. Both are carbonate platform islands, that contain limestones and 

dolomites, providing an opportunity to examine the effect of mineral substrate type on 

endolithic microbiome composition. It is also advantageous to work on Isla de Mona as it 

is a protected nature preserve. Only a handful of rangers and biologists inhabit the island 

during the year. This allowed for my time-course experiments to run undisturbed in a 

more easily accessible location right off the beach.  

 My first task was to molecularly determine endolithic community structure and 

compare it to morphological descriptions from past studies. Baseline endolith diversity 

was essential to inform further colonization experiments as there only existed three 16S 

rRNA sequences of euendoliths (encompassing only 2 of the 3 three major morphotypes) 

and the potential diversity of the community was unknown at the time. The findings of 

the general survey showed that photosynthetic diversity was much higher than expected. 

Complexity of this level required comprehensive bioinformatic approaches to identify 

potential euendoliths, including curated databases of cyanobacteria and all phototrophic 

APB groups, to not inadvertently eliminate any potential euendolith from analysis. These 

databases then informed my analyses during time-course colonization experiments and 

allowed me to identify previously unknown euendolithic groups, greatly expanding upon 

the understanding of carbonate euendolithic microbiomes.  
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4. Dissertation Structure 

I have included an introductory chapter that reviews current literature and 

provides the background and framework for my dissertation. Two traditional research 

chapters follow, which are formatted as stand-alone published works. Third is a non-

traditional dissertation product that includes a manuscript, a reference data package, 

and a web application that were developed and used in the production of the second 

research chapter. Finally, I have included a comprehensive conclusions chapter that 

summarizes my main findings and contains a discussion of potential avenues for future 

work.   

 

4.1. Chapter 1: Dissertation Introduction 

This chapter introduces the endolithic habitat, and photosynthetic euendolithic 

communities, with a special focus on intertidal carbonates. I then discuss anoxygenic 

phototrophic bacteria, both their habitats and metabolism. Finally, I review our current 

understanding of euendolithic succession and the state of cyanobacterial systematics. 

 

4.2. Chapter 2: A New Niche for Anoxygenic Phototrophs as Endoliths (Published in 

Applied and Environmental Microbiology) 

This data chapter describes the results of a high throughput 16S rRNA gene 

survey of intertidal carbonate microbiomes from Isla de Mona, Puerto Rico and 

Menorca, Spain. I describe the discovery of anoxygenic phototrophs as a major microbial 

player in these communities, at times exceeding the once thought dominant 

cyanobacteria. 
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4.3. Chapter 3: Succession and Colonization Dynamics of Endolithic Phototrophs 

within Intertidal Carbonates (Published in microorganisms) 

This data chapter describes a time-course experiment used to identify if 

endolithic anoxygenic phototrophic bacteria were pioneer microborers or opportunistic 

secondary colonizers. Additionally, I wanted to ascertain which photosynthetic 

endolithic microbes were euendolithic using modern molecular methods. I exposed 

virgin non-porous carbonate substrates in situ in the intertidal zone of Isla De Mona, 

Puerto Rico under the hypothesis that only euendoliths would be able to initially colonize 

it. This revealed that endolithic microbiomes, similar in biomass to those of mature 

natural communities, developed within nine months of exposure. And yet, APB 

populations were still marginal after this period, suggesting that they are secondary 

colonizers and not euendolithic. However, as bioerosion proceeded, a diverse set of likely 

cryptoendolithic cyanobacteria colonized the resulting pore spaces, displacing 

euendoliths. Endolithic colonization dynamics are thus swift but complex, and involve 

functionally diverse agents, only some of which are euendoliths. 

 

4.4. Chapter 4: Cydrasil 2, a curated 16S rRNA gene reference package and web app 

for cyanobacterial sequence placement (In prep, Scientific Data) 

This non-traditional chapter describes the development of a database, reference 

package, and web tool that was essential to molecularly elucidating euendolithic 

colonization dynamics to among cyanobacteria. The chapter is comprised of multiple 

components. First, a data-descriptor style manuscript describing the creation, curation, 

and use of Cydrasil, a curated 16S rRNA gene reference package. Second, the reference 

package which is comprised of multiple documents that have been included in the 
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appendix. Finally, the web application, which provides a user-friendly interface to 

bioinformatics pipeline that utilizes the Cydrasil reference package.  

 

4.5. Chapter 5: Dissertation Conclusions 

The conclusions chapter summarizes my main findings of both data chapters and 

includes a short discussion regarding the application of Cydrasil. I then discuss possible 

avenues of future research, including preliminary findings of both terrestrial and arctic 

endolithic microbiomes.   
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Abstract: Anoxygenic phototrophic bacteria (APBs) occur in a wide range of aquatic 

habitats, from hot springs to freshwater lakes and intertidal microbial mats. Here we 

report the discovery of a novel niche for APBs: endoliths within marine littoral 

carbonates. In a study of 40 locations around Isla de Mona, Puerto Rico, and Menorca, 

Spain, 16S rRNA high-throughput sequencing of endolithic community DNA revealed 

the presence of abundant phylotypes potentially belonging to well-known APB clades. An 

ad hoc phylogenetic classification of these sequences allowed us to refine the 

assignments more stringently. Even then, all locations contained such putative APBs, 

often reaching a significant proportion of all phototrophic sequences. In fact, in some 

20% of samples, their contribution exceeded that of oxygenic phototrophs, previously 

regarded as the major type of endolithic microbe in carbonates. The communities 

contained representatives of APBs in the Chloroflexales, various Proteobacterial groups, 

and Chlorobi. The most abundant phylotypes varied with geography: on Isla de Mona, 

Roseiflexus and Chlorothrix-related phylotypes dominated, whereas those related to 
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Erythrobacter were the most common in Menorca. The presence of active populations of 

APBs was corroborated through an analysis of photopigments: bacteriochlorophylls were 

detected in all samples, bacteriochlorophyll c and a being most abundant. We discuss the 

potential metabolism and geomicrobial roles of endolithic APBs. Phylogenetic inference 

suggests that APBs may be playing a role as photoheterotrophs, adding biogeochemical 

complexity to our understanding of such communities. Given the global extent of coastal 

carbonate platforms, they likely represent a very large and unexplored habitat for APBs. 

 

1. Introduction 

Over the past two hundred years, naturalists have extensively studied the 

endolithic habitat within intertidal carbonates. Evidence from as early as the mid-1800s 

from Agassiz, reported by Duerden [1] and Kölliker [2] describe the presence of 

vegetable [sic] parasites within mollusk shells and corals. These descriptions eventually 

extended to a range of substrates and settings, including marine carbonates [3–7], 

terrestrial limestones and marbles [8], corals [9,10] and microbialites [11]. Much of the 

work focused on the boring algae and cyanobacteria, known as euendoliths, that can 

actively penetrate the carbonate substrate to establish a home within the solid rock. The 

crypto- and chasmoendoliths, which colonize pore spaces and cracks [12] respectively, 

have received less attention but are undoubtedly common. Endolithic communities play 

significant bio-erosive roles in the natural environment [13,14], can become pests of 

bivalve fisheries [15–17] and, judging by the presence of microfossils in the rock record, 

have been active in their roles since the Precambrian [18,19]. 

The deployment of early molecular methods for community fingerprinting (clone 

libraries, DGGE) provided expanded accounts of marine and terrestrial endolithic 

communities of carbonates as well as other substrates [7,20–22]. They revealed that the 
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endolithic habitat can harbor complex communities of microbes, with important 

heterotrophic components, particularly when the substrate rock is naturally porous, or 

when it has been made porous through excavation by euendoliths. This level of 

complexity was clear in the first high-throughput, multi-sample survey of community 

diversity from intertidal outcrops [23], which we conducted on Isla de Mona, Puerto 

Rico. Results of that survey made two things apparent: the diversity and complexity of 

these communities had been dramatically underreported in the literature, and they could 

host a potentially wide range of metabolic niches previously unrecognized in this 

environment [23]. The level of diversity found in endolithic communities was 

comparable to that of other microbial communities such as biological soil crusts [24] and 

microbialites [25], containing representatives of a variety of microbial metabolisms, 

from fermenters to sulfur oxidizers. Among these one could discern many phylotypes 

potentially allied with anoxygenic phototrophic bacteria (APB).  

Anoxygenic phototrophic bacteria are a phylogenetically widespread, metabolic 

guild distributed among in six different bacterial phyla. Canonically, APBs have been 

delineated into five groups; the green sulfur bacteria in the phylum Chlorobi, the green 

non-sulfur bacteria of the phylum Chloroflexi, the purple sulfur bacteria of the 

Gammaproteobacteria, the purple non-sulfur bacteria of the Alpha- and 

Betaproteobacteria, and the Heliobacteria within the Firmicutes [26]. Over the past two 

decades, new APBs have been discovered, including the aerobic anoxygenic phototrophic 

bacteria found within the Alpha- and Betaproteobacteria [27], along with one 

representative each in the Acidobacteria [28] and the Gemmatimonadetes [29]. Some 

groups of APBs are typically found within a narrow range of habitats: green and purple 

sulfur bacteria are limited to locations in which there is a ready supply of an electron 

donor, typically hydrogen sulfide, like the anoxic bottom of meromictic lakes, ocean 
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sediments, hot springs [30–32], microbial mats [33], stratified marine and estuarine 

waters [34,35], subglacial lakes [36]. Green non-sulfur bacteria have been found in hot 

springs, hypersaline microbial mats, and in some marine sediments [37]. Purple non-

sulfur bacteria occur in a wider range of habitats, including the open ocean and Antarctic 

lakes, but they rarely are the dominant phototroph within a community [38]. Here we 

report that the endolithic habitat must be now added to this short list. 

 

2. Materials and Methods 

2.1. Sampling Collection 

Samples from intertidally exposed hard carbonate rock were collected from Isla 

de Mona (18.0867° N, 67.8894° W), a small (11 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 (Figure 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 tidal ranges (only at Mona, K samples). Initial samples were then aliquoted with 

ethanol-sterilized chisel and hammer. Samples were divided for mineralogical analysis 

(kept air dried), and either preserved in 70% ethanol (Mona) or frozen at -80C 

(Menorca) for eventual DNA and lipid-soluble pigment extraction, then shipped at room 

temperature (Mona) or in liquid nitrogen (Menorca), reaching the laboratory in less than 

a week, and stored frozen at -80°C until analysis. 
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Figure 1. Sampling locations (yellow dots) in Isla de Mona (a) and Menorca (b), 
chosen primarily by accessibility, and to encompass a variety of substrate mineral 
composition. (c) Isla de Mona limestone/dolostone cliffs, with characteristic 
intertidal notch (box). (d) Limestone cliffs from Menorca showing intertidal notch 
(box). (e) Close up of typical Menorca sampling site, showing chipped off area with 
a pale coloration. (f) A sample rock chip of Isla de Mona raised-reef, showing green 
endolithic growth below the surface. 

 

2.2. X-ray Diffraction 

Subsamples were ground into a fine powder with a small amount of 100% 

ethanol. XRD patterns were collected using a Panalytical X’Pert Pro diffractometer 

mounted in the Debye-Scherrer configuration with a CuKα monochromatic X-Ray 

source. Continuous scan mode was used in the 10–90° 2θ range to collect data. Relative 

mineral composition was identified using the X’Pert High Score plus software with a 

Rietvald refinement using default parameters. 

 

2.3. Confocal Microscopy 

 Selected subsamples were dissolved over a period of 48 h in 200 mM, pH 5 EDTA 

(for Calcite or Aragonite) or 250 mM pH 5 CDTA (for Dolomite) [39]. The resulting 
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liquid was then filtered using a GE black PC 0.8 µM filter. The filter was placed onto a 

drop of immersion oil on a microscope slide, and covered with a second drop, over 

which, a cover slip was placed, and kept at -20°C until imaging. Images were collected 

using a Leica SP5 confocal microscope at 1024 x 1024 resolution, 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 [40]. 

 

2.4. Endolithic Community DNA Extraction 

 Samples for DNA extraction were brushed aggressively with sterile toothbrushes 

and sterilized MilliQ 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 mm, where the endolithic phototrophic biomass was conspicuous by 

color. To ensure a consistent sampling effort, we measured and cut a piece of a chip with 

a surface area of 8 cm2. The pieces were then ground using sterile mortars as described 

in Wade and Garcia-Pichel 2003 [39], and 0.5 g of the sample were 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 at 2,200 rev/min for 

10 minutes, 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). 
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2.5. 16S rRNA Gene Library Preparation and Illumina Sequencing 

 The V3 - V4 variable region of the 16S rRNA gene was targeted for amplification 

using PCR primers 341F (5’-CCTACGGGNGGCWGCAG) [41] and 806R (5’-

GGACTACVSGGGTATCTAAT) [42] with a barcoded forward primer. PCR amplification 

was performed using the HotStartTaq Plus Master Mix Kit (Qiagen, USA) under the 

following parameters: 94°C for 3 minutes, followed by 28 cycles of 94°C for 30 seconds, 

53°C for 40 seconds and 72°C for 1 minute, followed by a final 5 min elongation step at 

72°C. The PCR product was then further purified and pooled to generate a single DNA 

library using the Illumina TruSeq DNA library preparation protocol. The library was 

sequenced using an Illumina MiSeq following the manufacturer’s guidelines. The library 

preparation, sequencing paired ends assembly, and first quality trimming (with phred 

score of Q25 cutoff) were performed commercially (MrDNALab, Shallowater, TX, USA). 

 

2.6. Bioinformatic Pipeline 

 Paired sequences were then processed using the QIIME 1.9 analysis pipeline [43]. 

First, chimera sequences were detected and removed utilizing the VSEARCH de novo 

chimera checking algorithm [44]. Next, we ran the split_libraries.py script using default 

parameters (removal of barcodes, removal of sequences below 200bp, removal of 

sequences containing homopolymer runs longer than 6) to prep the dataset for 

Operational Taxonomic Unit (OTU) picking, for which we used 

pick_open_reference_otus.py script with modified parameters (see supplementary 

information for full parameter file). Briefly, OTUs were clustered at 97% using 

SortMeRNA [45] and SUMAclust [46] , taxonomy was assigned using SortMeRNA and 

reference Green Genes 13_8 release database [47]. Singletons were removed after OTU 

picking. 
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2.7. 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. 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 [48], aligned using MAFFT [49] and 

Guidance2 [50]. The Guidance2 alignment with low scoring columns removed for each 

group was then used for all further analysis. Reference trees were constructed on the 

CIPRES high performance computing cluster [51] using the RAxML-HPC2 [52] workflow 

with the ML+Thorough bootstrap (1000 bootstraps) method and the GTRGAMMA 

model. In all we constructed 9 trees representing the following taxa: Chloroflexiaceae, 

Chlorobiaceae, Rhodospirilliaceae, Rhodocyclaceae, Comamonadaceae, 

Rhodobacteraceae, Rhizobiales, Erythrobacteraceae, and Chromatiales.  

Next, we filtered the OTU table to include all OTUs that had been previously (see 

above) automatically assigned to taxa that contained known phototrophic bacteria. OTU 

representative sequences were then aligned to the appropriate reference alignment using 

PaPaRa [53], and placed into the edges of the respective reference trees using the 

Evolutionary Placement Algorithm (based on the maximum-likelihood model) feature of 

RAxML8 [54]. Placement trees were visualized using the ITOL3 website [55]. 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. 
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2.8. Pigment Extraction and Analysis 

 Lipid soluble pigments were extracted as follows: 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 2100 G 

for 10 m, decanted, and the supernatant filtered through a 0.22 µm nylon filter. These 

steps were repeated until the supernatant was devoid of color. The resulting filtered 

supernatant was 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. [56] on a Novapak C18 

3.9 x 300 mm (60 Å pore size, 4 µm 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% in 52 min, constant for 15 

min, and a return to 30% in 2 min. The flow rate was 1.0 ml min–1, and the column 

temperature was 30°C. Pigment identification was done by comparison of retention time 

and spectrum against true standards of Chl a and Bchl a from Sigma Aldrich. All other 

pigments were identified from known spectra [57] and from extracts of Chloroflexus 

auranticus grown anaerobically. 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 Au), em is the 

extinction coefficient in L mg-1 cm-1, and d is the path length of the PDA detector (1 cm). 

Extinction coefficients were taken from Ley et al. 2006. We then converted the masses to 

mg m-2 using a per-sample surface area to volume ratio. 
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2.9. Data Availability 

 Isla de Mona sequences are deposited under GenBank KT972744-KT981874. 

Menorca sequences are deposited under GenBank BioProjectID PRJNA396581. 

 

3. Results 

3.1 Incidence and Composition of Endolithic APBs 

 Our molecular study, which included 30 discrete intertidal carbonate outcrop 

samples obtained around Isla de Mona, PR, and 11 obtained around Menorca, Spain 

(Figure 1), showed that APB were abundantly and universally present in this 

environment. Sequence reads belonging to operational taxonomic units (OTUs) that 

were classifiable as likely phototrophs (oxygenic or anoxygenic) accounted for a large 

percentage of the total, on average 21%. As expected from the literature, oxygenic 

phototrophs (largely cyanobacteria, but also some algae) were either dominant or very 

well represented (Figure 2). A significant proportion of phototrophic sequence reads 

could be classified as belonging to one of several groups of APBs, according to our 

stringent phylogenetic placement criteria (OTU sequence was placed within a clade 

formed exclusively by known, cultivated phototrophs with >70% confidence; see 

Materials and Methods). Such APB sequences were found in every sample, varying from 

0.8% to 89% of total phototrophs. On average, they accounted for 30% of the total 

phototroph count. In close to one fifth of the samples, APBs were more abundant than 

oxygenic phototrophs 
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Figure 2. Distribution of 16S rRNA gene reads (left) among phototrophic 
bacterial groups in endolithic communities from Isla de Mona and Menorca, based 
on phylogenetic taxon assignment, and the corresponding mineralogical 
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composition of their substrate based on XRD analyses (right). Sample identifiers 
are to the very left, their initial capital letters corresponding to the site of origin in 
Figure 1. 

 

Phylogenetic analyses at family-level resolution of these APBs, revealed that two 

distinct groups were both common and abundant: the Chloroflexaceae (green non-sulfur 

bacteria) and the Erythrobacteriaceae (in the alpha-proteobacteria). Other groups that 

were well represented included the Chlorobiaceae, various purple non-sulfur 

proteobacteria, and the Chromatiaceae in the Gammaproteobacteria. Samples from Isla 

de Mona supported relatively larger populations of Chloroflexaceae, while the endolithic 

microbiome in Menorca presented a larger relative abundance of Erythrobacteriaceae. 

While most samples were taken in the intertidal, for a few samples in Isla de Mona that 

were collected in the sub-tidal zone (3.5, 4.6, and 9.1 m deep) we detected a large relative 

abundance of Chlorobiaceae and Chromatiaceae, which were absent or very rare in 

intertidal samples. At this level of phylogenetic resolution, we could not detect any 

obvious influence of the mineralogical composition of the substrate (which included 

calcite, aragonite, dolomite and apatite) on the APB community composition (Figure 2). 

No phototrophic representatives of the betaproteobacteria, the Heliobacteria, the 

Acidobacteria, or the Gemmatimonadetes were detected. 

3.2 Major Endolithic APB Phylotypes 

 Interestingly, only a few OTUs (defined as groups of sequences that are 97% self-

similar) made up the vast majority of all sequences attributable to APBs (Table 1). Two of 

these OTUs were by far the most abundant: OTU 31154957, a representative of the genus 

Roseiflexus [58], and OTU 582344, a representative of Erythrobacter sp. strain NAP1 

[59]. Both were present in all samples. Other OTUs in these two families were also quite 

important. In some samples, we found that OTU 112750, attributable to Prosthecochloris 

in the Chlorobi, were dominant in relative abundance among the APB phylotypes. 
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Table 1. Major putative APB OTUs within intertidal carbonates. 

OTU Classificationa 
% of Total Phototrophic 

Sequences 
Isla de Mona Menorca 

3114957 Roseiflexus sp. 12.49 0.71 
NROTU1 Chlorothrix sp. 8.26 - 
582344 Erythrobacter sp. NAP1 0.47 29.05 
NROTU6 Erythrobacter sp. NAP1 0.49 6.48 
112750b Prosthecochloris sp. 2.17 - 

aClassification assigned by placement in phylogenetic tree 
bPresent in one sample as 57.57% of the total phototrophic sequences 
 

3.3 Differential Distribution with Geography 

 The most abundant APB phylotypes throughout Isla de Mona intertidal samples 

were members of the genera Roseiflexus, Chlorothrix, and Chloroflexus in the phylum 

Chloroflexi (Figure 3). In stark contrast, the most abundant APBs in Menorca samples 

were the aerobic APB Erythrobacter NAP1. Yet, the latter phylotype could also be found 

in Isla de Mona, albeit making up a small contribution to the APB guild, and, conversely, 

the Chloroflexi OTUs that dominated communities in Isla de Mona, also contributed to 

the communities of Menorca. Additionally, a similar differential incidence could be 

detected for the purple non-sulfur members of the Rhodovulum and Rubrimonas, the 

latter being more abundant in Isla de Mona, and the former in Menorca. 
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Figure 3. Phylogenetic distribution of endolithic APB phylotypes detected in 
marine carbonates on Isla de Mona and Menorca. Phyla in the Bacterial 
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phylogenetic tree (upper left) known to contain phototrophs are shown in color. 
Detailed sub-trees for each of such phylum that found APB representatives in our 
survey are shown as enlargements. Circles of variable area to the right of 
individual clades in these sub-trees represent the average percent of total 
phototrophic sequences assignable to the clade in Isla de Mona (orange) or 
Menorca (blue). All trees were constructed using maximum likelihood 
algorithms. 
 

3.4 Endolithic Morphological Diversity 

 Confocal microscopy using autofluorescence in the visible and near infrared 

(NIR) of preparations in which the carbonate substrate had been dissolved away [39] 

was used in an attempt to visually confirm the presence of APBs, and to gauge 

morphological and pigmentation diversity. Communities showed a range of 

morphological diversity. At one end, some samples displayed apparently monospecific 

beds of filamentous cyanobacteria, with abundant Chl a and little NIR fluorescence 

(Figure 4a). Other samples, however, contained heterogenous mixtures of unicells, 

clusters, and thin filaments, with varying fluorescence profiles, including cells that were 

only fluorescent in the NIR (Figure 4b; clearly APBs), and cells that both fluorescent in 

the NIR and visible, which probably correspond to chlorophyll d and f containing 

cyanobacteria. 
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Figure 4. Laser scanning confocal microscopy images of endolith communities 
after dissolution of their carbonate substrate. Chips were dissolved to liberate 
biomass from the surrounding mineral, and then imaged with a 405 nm laser. 
Chl a emission (false color red channel) was measured between 660-690 nm and 
near-infrared emission (false color green channel) was captured in 740- 800 nm 
range. Images show a wide diversity of morphotypes within and between 
samples, varying 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 emission (b). 

 

3.5 Photosynthetic Pigments in Endolithic Communities 

 To confirm beyond molecular signatures and confocal microscopy if active 

anoxygenic phototrophy was occurring within the endolithic microbiome, we analyzed 

lipid-soluble extracts by HPLC with online diode array spectroscopy detection, to isolate 

and identify major photopigments. As expected, we found concentrations of Chl a within 

the typical range that had been determined elsewhere in these systems [60,61]. But we 

also found bacteriochlorophylls (Tables 2 and S1): Bchl c (as various isomers, [62]) was 

detected in every sample, Bchl a was detected in eight samples from Isla de Mona and in 

all samples from Menorca, and Bchl d was detected in two samples from Isla de Mona 

and four samples from Menorca. Bacteriochlorophyll concentrations were generally 
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much higher in Isla de Mona than in Menorca. The average ratio of Chl a to total Bchl on 

Isla de Mona was 1.9 (Table 2), while on Menorca, the ratio was one order of magnitude 

higher, at 11.03 (Table 2). Interestingly, chlorophylls b, d, and f were also detected in low 

quantities in samples from both Isla de Mona and Menorca (Table S1). 

 

Table 2. Detected pigments from intertidal carbonates. Average concentration and 
range in mg m-2. 

 Isla de Mona Menorca Total 
n = 29 n = 11 n = 40 

Pigment 
Samples 
Detected 

Avg. 
Conc. 

Conc. 
Range 

Samples 
Detected 

Avg. 
Conc. 

Conc. 
Range 

Samples 
Detected 

Avg. 
Conc. 

Conc. 
Range 

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 

 

4. Discussion 

The prevalence of bacterial families associated with anoxygenic phototrophy 

within the endolithic communities became evident upon close examination. Admittedly, 

however, assigning metabolism to phylotypes based on automated taxonomic 

assignment, with often poorly curated databases, carries some uncertainties. In order to 

make our assignments stringent, we constructed our own curated databases and 

phylogenetic trees (available under http://itol.embl.de/shared/dwroush), and counted 

as “phototrophs” only OTUs that would fall within clades formed exclusively by known, 

cultivated phototrophs with >70% confidence. This strict assignment, in fact, likely led to 

http://itol.embl.de/shared/dwroush
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an under-estimation of the relative abundance and number of phylotypes of APBs, in 

that we could have excluded any APBs that were close but not within APB clades, and 

obviously could not have detected any APBs with no known cultured representatives. 

However, while likely conservative, our results give us confidence in our finding that 

APBs are indeed a widespread and significant component of endolithic communities. 

The fact that this component could have been missed during almost two centuries of 

research is perplexing. It is possible that the spectral overlap of some chlorophylls and 

bacteriochlorophylls in extracted form may have disguised these biomarkers [57]. 

Perhaps the shared morphological characteristics of small thin filamentous 

cyanobacteria such as Halomicronema [63] or Plectonema terebrans [15] and 

Chloroflexi [64], rendered them hard to discern under the microscope. And yet, an ad 

hoc literature review returned some corroborating evidence for the presence of APBs in 

endolithic communities from coral skeletons: spectroscopy revealed absorption peaks in 

the IR, attributable to the presence of bacteriochlorophylls [65], and Yang et al. [66] 

report directly the presence of populations of Prosthecochloris spp. (Chlorobi).  

Bacteriochlorophylls are diagnostic biomarkers for APBs as they are integral to 

the reaction centers and antenna complexes at the core of their phototrophic capacity 

[67]. We first examined samples using confocal microscopy, looking for the 

characteristic profile of near-infrared fluorescence associated with APBs. Though many 

morphotypes contained varying 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, indicating an abundant presence 

of bacteriochlorophylls. HPLC pigment composition analysis, however, 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 
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photopigment of the Chloroflexi [37] was by far the most abundant bacteriochlorophyll 

present. Conversely, Bchl a, which is characteristic of the Erythrobacteraceae [68] was 

more abundant in Menorca, consistent with the dominance by Erythrobacter. The 

detection of Bchl d, a primary photopigment of Chlorobi and some Chloroflexi [69,70] 

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 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 [71] 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 

temperature can dip down to 13°C [72]. A literature review shows that the minimal 

reported temperature for growth in marine Chloroflexi is 18°C [64], whereas it can be as 

low as 10°C for Erythrobacter at [68], and purple non-sulfur alphaproteobacteria can 

grow at temperatures as low as 5°C [73]. This suggests that temperature may be a 

significant factor in determining the composition of APBs in intertidal carbonates.  
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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 [37,59,74], 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 [75] as their source of 

carbon. Considering that diffusion limitation is one of the most important constraints in 

endolithic habitats [76], photoheterotrophic APBs could add a component of endolithic 

element cycling, consuming excess sugars, fermentation byproducts and even molecular 

oxygen [26], along with the release of CO2 back into the environment. Furthermore, 

photoheterotrophy has a demonstrable effect on carbonate geochemistry; Rhodovulum 

growing photoheterotrophically on acetate and lactate raised external pH and 

precipitated carbonate, but it did not do so when grown on neutral sugars [77]. Similar 

results [78] 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 same preference within APBs. This apparent 

independence 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 experimentation 

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 non-sulfur alphaproteobacteria as the most 
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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 existing 

ones. Our samples had a depth-integrated average biomass of some 7 mg Bchl m-2, which 

is much less than observed in microbial mats [860 mg Bchl m-2 [33]] or lake blooms 

[some 500 mg m-2 [79]], but much more than found in the open ocean [0.1 mg m-2 [80]]. 

When these areal densities are multiplied by the global extent of the respective habitats 

considered [81,82], 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 of 1/10 by surface of all 

lakes stratify and are sufficiently eutrophic to support these blooms). Considering these 

simple calculations, the shallow interior of carbonates must be regarded as a globally 

major reservoir of APBs biomass. 
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Site Sample Chl a Chl b Chl d Chl f BChl a BChl c BChl d Chl:BChl 

Isla de 
Mona 

A001 11.63 - - - - 3.42 - 3.40 
A002 11.44 0.20 - - - 26.36 - 0.44 
A003 2.58 0.10 - - - 3.86 - 0.69 
A004 4.56 0.21 0.01 - - 7.67 - 0.62 
A005 1.02 - - - - 1.27 - 0.81 
A006 7.78 - - - - 2.98 - 2.61 
A007 1.74 - - - - 1.52 - 1.14 
A008 18.66 - - - - 8.77 - 2.13 
A009 5.02 0.09 - - - 3.31 - 1.54 
A010 0.12 - - - - 0.14 - 0.74 
A011 3.33 - - - - 18.28 - 0.18 
B001 3.80 - - - Detected 7.12 - 0.53 
B002 1.07 - - - Detected 5.05 - 0.21 
B003 1.92 - - - - 3.04 - 0.63 
C001 18.67 - - - Detected 12.26 - 1.52 
C002 1.39 - - - - 0.74 - 1.88 
E002 7.98 - - - - 2.89 - 2.76 
F001 28.32 0.16 - - - 41.66 - 0.68 
G001 52.56 - - - - 15.62 - 3.36 
G002 19.14 - - - Detected 16.82 - 1.14 
G003 1.89 - - 0.03 Detected 4.14 - 0.46 
H001 7.98 0.27 0.01 0.05 - 19.64 - 0.42 
H002 8.96 - - - Detected 3.28 - 2.73 
H003 12.88 - - - - 9.52 - 1.35 
J001 9.65 - 0.16 0.22 Detected 14.21 - 0.71 
J002 0.84 - - - - 1.10 - 0.77 
K001 5.95 - - - Detected 0.29 - 20.70 
K003 0.90 - - - - 2.98 - 0.27 
K004 8.01 - - - - 10.83 - 0.74 

Menorca 

A001 3.25 0.07 0.03 0.09 0.08 0.02 0.10 17.14 
A002 0.71 0.45 0.07 - 0.37 8.17 - 0.14 
B001 12.25 1.69 0.09 0.32 1.10 1.48 0.03 5.49 
B002 17.05 1.07 0.09 0.37 1.07 1.06 - 8.71 
C001 21.90 0.43 0.19 0.32 1.32 2.68 - 5.71 
C002 10.62 0.83 0.03 0.04 0.09 0.78 0.14 11.43 
D001 14.32 0.91 0.04 0.05 0.06 1.16 - 12.49 
D002 17.52 0.59 0.18 0.61 0.80 0.67 - 12.84 
E001 8.88 0.01 0.02 0.01 0.03 0.32 0.06 21.47 
F001 1.93 0.05 0.01 - 0.01 0.06 - 31.86 
G001 2.82 0.27 0.56 0.32 0.87 4.73 - 0.71 
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Abstract: Photosynthetic endolithic communities are common in shallow marine 

carbonates, contributing significantly to their bioerosion. Cyanobacteria are well known 

from these settings, where a few are euendoliths, actively boring into the virgin 

substrate. Recently, anoxygenic phototrophs were reported as significant inhabitants of 

endolithic communities, but it is unknown if they are euendoliths or simply colonize 

available pore spaces secondarily. To answer this and to establish the dynamics of 

colonization, nonporous travertine tiles were anchored onto intertidal beach rock in Isla 

de Mona, Puerto Rico, and developing endolithic communities were examined with time, 

both molecularly and with photopigment biomarkers. By 9 months, while cyanobacterial 

biomass and diversity reached levels indistinguishable from those of nearby climax 

communities, anoxygenic phototrophs remained marginal, suggesting that they are 

secondary colonizers. Early in the colonization, a novel group of cyanobacteria (unknown 

boring cluster, UBC) without cultivated representatives, emerged as the most common 

euendolith, but by 6 months, canonical euendoliths such as Plectonema (Leptolyngbya) 
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sp., Mastigocoleus sp., and Pleurocapsalean clades displaced UBC in dominance. Later, 

the proportion of euendolithic cyanobacterial biomass decreased, as nonboring endoliths 

outcompeted pioneers within the already excavated substrate. Our findings demonstrate 

that endolithic cyanobacterial succession within hard carbonates is complex but can 

attain maturity within a year’s time. 

 

1. Introduction 

The endolithic microbiome of intertidal carbonate rocks has been the subject of 

intensive study since the 1800s [1,2], with a main focus on the characterization of 

bioerosive agents within these communities. The agents, boring organisms referred to as 

euendoliths, excavate the rock substrate and create pore spaces for their own growth. Le 

Campion-Alsumard and colleagues [3,4] first examined succession and colonization by 

microscopic inspection in order to better understand the ecological principles that drive 

euendolith community formation. As concern for coral destruction rose in the 1990s, 

others [5–11] applied the same procedures to understand these dynamics and mitigate 

bioerosion in reef ecosystems. These studies on porous, biogenic carbonates from coral 

skeletons showed swift initial colonization by euendolithic algae, with successional 

changes occurring within months and communities reaching maturity after a year. Kiene 

[10], Gektidis [9] and Chacón et al. [12] examined hard mineral carbonates as well, 

finding that euendolithic cyanobacteria, not algae, were the dominant boring organisms 

there and that hard substrates led to more diverse cyanobacterial populations than those 

of corals.  

Although early research was informative in identifying and characterizing major 

euendolithic players, the use of morphological characterization alone has been found to 

underestimate microbial diversity in endolithic cyanobacterial communities [12,13]. 
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Indeed, in the case of marine carbonate communities, high-throughput amplicon 

sequencing has demonstrated that morphology-based studies can underrepresent 

cyanobacterial diversity estimates by factors of 10 to 100 [12,14,15]. Early research 

identified three major morphotypical groups of euendolithic cyanobacteria. One is 

represented by the thin, filamentous, Leptolyngbya-like organisms most commonly 

assigned to Plectonema terebrans (or Leptolyngbya terebrans), which are typically one 

of the most abundant euendolith morphotypes, at times exceeding 80% of total 

euendolithic biovolume [6]. Unfortunately, no 16S rRNA gene sequence of P. terebrans 

has been obtained from cultures, making it impossible to identify it with certainty in 

molecular surveys. Environmental sequences best matching Halomicronema and 

Leptolyngbya species have been tentatively suggested to represent the elusive P. 

terebrans [14]. The second group corresponds to the species Mastigocoleus testarum, 

which is characterized by a complex, true-branching filamentous morphology, making it 

easily identifiable from microscopic examination. It has been recently redescribed on the 

basis of a polyphasic approach based on strain BC008, showing congruency between 

molecular and traditional approaches [16], has served as a model to elucidate the 

physiological mechanism of boring [16–18], and is the first euendolith whose genome 

has been fully sequenced [19]. Mastigocoleus testarum is one of the earliest colonizers in 

soft carbonates, being found as early as one week after initial exposure [3,11,20]. A third, 

diverse group includes several members of the order Pleurocapsales in the genera 

Hyella, Solentia, Hormathonema, and the recently described Candidatus Pleuronema. 

Members of the Pleurocapsales typically act as pioneer borers but can bore only to 

shallow depths and are easily preyed upon by grazers, leading to low abundance in 

mature communities [6,7,11,20].  
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Through comprehensive, high-throughput molecular surveys, we recently found a 

diverse phototrophic community in the endolithic habitat of coastal hard carbonates, 

which included four distinct anoxygenic phototrophic bacterial (APB) groups. The most 

dominant APBs were members of the Chloroflexales (green nonsulfur bacteria) [21–23] 

and Erythrobacter (aerobic anoxygenic phototrophs) [24,25]. APBs could comprise 

upwards of 80% of the total phototroph community [15] in some samples. Our findings 

broadened the known habitats for APBs and suggested that some microscopic 

characterizations of endolithic thin filamentous organisms (Plectonema-like) may have 

in fact been APBs. Thus, APBs could be euendolithic in nature, potentially upending the 

long established understanding of endolith ecology by broadening the pool of possible 

pioneer organisms and boring mechanisms.  

Therefore, to provide new molecular insights into euendolith colonization and 

succession and to attempt to answer questions that arose from our prior work, we set up 

a colonization experiment in the intertidal zone of Playa Ulvero, Isla de Mona, Puerto 

Rico. We anchored nonporous travertine (a dense, compact form of calcium carbonate) 

tiles onto beach rock 5 m from shore and collected samples every 3 months over a 9-

month period. Our study had four specific aims: (1) to elucidate APB colonization timing 

to identify if APBs are pioneer organisms with the ability to bore; (2) to examine 

cyanobacterial euendolith colonization and succession using molecular methods; (3) to 

measure the colonization dynamics of the Leptolyngbya-like (Plectonema), 

Mastigocoleus-like, and Pleurocapsalean euendolithic cyanobacterial groups; and (4) to 

compare colonization progress to previously described steady-state climax communities 

of similar geological composition and geographic location in order to gauge community 

maturity.  
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2. Materials and Methods 

2.1. Tile Placement and Sample Collection 

Commercial, 4 inches wide, 1.5 inches thick travertine square tiles, were 

anchored onto intertidal beach rock some 5 m from the high-tide shoreline at Playa 

Uvero on Isla de Mona, Puerto Rico, (18°03′36.2″N 67°54′21.8″W) (Figure 1) after 

having received permits from the Departamento de Recursos Naturales y Ambientales 

(Commonwealth of Puerto Rico). Tiles were fastened to the beach rock using a 

combination of Red Head 5” × 3/8” 316 Stainless Steel Wedge Anchors and JB Weld 

Waterweld putty. Three tiles were sacrificially collected every three months, air-dried 

and shipped, reaching the laboratory in less than a week, and then stored on arrival at 

−80°C until analysis. 

 

 

Figure 1. Experimental tile placement. (a) Location near Playa Uvero (yellow 
star) on Isla de Mona, Puerto Rico. (b) Anchoring on a stretch of intertidal beach 
rock (yellow box) as seen at low tide. (c–f) Aspect of virgin (c) and exposed tiles 
harvested after harvested after 3 (d), 6 (e), and 9 months (f). Part of the growth 
observable in the pictures was epilithic in nature. 
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2.2. Endolithic Community DNA Extraction 

Tiles were vigorously brushed with sterile toothbrushes and sterilized seawater to 

remove epilithic biomass. To ensure a consistent sampling effort, each tile was sampled 

four times in 2 cm by 2 cm squares, 1 cm from the edge of the tile (sampling is shown in 

Figure 2d–f). Sampled fragments were ground in sterile mortars following the protocol 

described in Wade and Garcia-Pichel 2003 [26], and 0.5 g of powered rock was used as 

the input material for a MoBio PowerPlant Pro DNA extraction kit (Mo Bio Laboratories, 

Inc., Carlsbad, CA, USA) following the protocol provided, except that, before the first 

lysis step, the contents of the bead tubes were homogenized horizontally at 2200 rpm for 

10 minutes, and, additionally, subjected to seven freeze–thaw cycles using liquid 

nitrogen to ensure full disruption of bacterial membranes. 

 

2.3. Quantitative PCR of 16S rRNA Gene Content 

In order to quantify the number of 16S rRNA gene copies in the extracts, 

quantitative real-time PCR was conducted using universal V3 16S rRNA gene primers 

338F (5’- ACTCCTACGGGAGGCAGCAG-3’) and 518R (5’-GTATTACCG CGGCTGCTGG-

3’). PCRs were performed in triplicate using Sso Fast mix (Bio-Rad, Hercules, CA, USA) 

following Couradeau et al. [27]. Following quantification, triplicate 16S rRNA gene 

counts were averaged and then converted to counts per square meter using the surface 

area of the tile analyzed. The total counts per square meter were then multiplied by the 

associated proportional abundance of any clade of interest in order to obtain absolute 

population size for that clade. Separate biological replicates (i.e., tiles) were then 

averaged. 
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2.4. 16S rRNA Gene Library Preparation and Illumina Sequencing  

Amplicon sequencing of the V3–V4 variable region of the 16S rRNA gene was 

performed using the universal bacterial PCR primers 341F (5’-

CCTACGGGNGGCWGCAG) [28] and 806R (5’-GGACTACVSGGGTATCTAAT) [29]. PCR 

amplifications were done in triplicate, then pooled and quantified using Quant-iT™ 

PicoGreen® dsDNA Assay Kit (Invitrogen). Two hundred forty nanograms of DNA per 

sample were pooled and then cleaned using QIA quick PCR purification kit (QIAGEN). 

The PCR pool was quantified by Illumina library Quantification Kit ABI Prism® (Kapa 

Biosystems). DNA pool was determined and diluted to a final concentration of 4 nM then 

denatured diluted to a final concentration of 4 pM with a 30% of PhiX. Finally, the DNA 

library was loaded in the MiSeq Illumina sequencer using the chemistry version 3 (2 × 

300 paired-end) and following the guidelines of the manufacturer. 

 

2.5. Data Analysis Pipeline  

Raw sequences were processed using the QIIME2 2018.2 analysis pipeline [30]. 

Demultiplexed sequences were imported into QIIME2 and processed using the DADA2 

[31] denoised-paired plugin with the following parameters: trunc_len_f:280, 

trunc_len_r:235, trim_left_f:20, trim_left_r:25, and max_ee:8, so as to obtain 

amplicon sequence variants (ASVs). After resolving ASVs, any sequences found in the 

control tile extracts (uncolonized tiles) were filtered from the final feature table. 

Sequencing depth of the experimental tiles ranged from 21,897 to 180,168 (post 

filtering), and alpha-rarefaction analysis indicated that all samples had reached 

convergence (Figure S1). In order to conduct diversity analysis, representative sequences 

were aligned using MAFFT7 [32], and a phylogenetic tree was generated using FastTree 
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[33]. Diversity metrics were calculated using the core-metrics-phylogenetic plugin, 

including Weighted and Unweighted UniFrac metrics [34]. ASVs were initially classified 

using the classify-sklearn plugin, (Available online: https://github.com/qiime2/q2-

feature-classifier) with a Green Genes 13_8 [35] based classifier. The feature table was 

then exported, and differential abundance analysis was conducted using the QIIME1 [36] 

plugin differential_abundance.py and the DESeq2 algorithm [37]. PCoAs were 

generated using the vegan package [38], and graphics were created using R [39] and the 

ggplot2 package [40]. Statistical analyses were conducted either using R (Student’s t-

test) or within Qiime2 (Kruskal–Wallis, PERMANOVA).  

 

2.6. Cyanobacterial ASV Classification 

To identify key euendolithic cyanobacterial clades, the representative sequence 

output from QIIME2 was filtered to only include cyanobacterial sequences (plastids were 

removed). These comprised at least 95% of the total number of reads within each 

sample. Next, the sequences were aligned to the Cydrasil reference alignment [41] using 

PaPaRa [42], and placed into the Cydrasil reference tree using the Evolutionary 

Placement Algorithm (based on the maximum-likelihood model) feature of RAxML8 

[43]. The output was visualized using the ITOL3 website [44]. An ASV was considered a 

likely euendolith if it was placed on a branch containing only known euendolithic 

cyanobacteria with a >70% certainty. Biomass was calculated for each tile by multiplying 

the total relative abundance of the cluster by the total areal concentration of 16S rRNA 

genes in that sample. Then, biological replicates for each time point were averaged and 

graphed using R and ggplot2.  
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2.7. Steady-State Climax Community Comparisons 

Three natural substrate samples from Couradeau et al. [14] and Roush et al. [15] 

(samples denoted as H001-H003 in SRA) were used as proxies for steady-state climax 

communities for comparison of colonization progress. The samples were chosen based 

upon their geographic proximity to the tile placement location and their similar 

geological composition (calcite). The raw sequencing data was processed using the same 

parameters and pipeline as described above. Pigment analysis was conducted in the 

same manner as for the tiles.  

 

2.8. Unknown Boring Cluster (UBC) Phylogenetic Tree  

In order to assess the nearest neighbors of the unknown boring cluster, a 

multiple sequence alignment (MSA) was generated using SSU-Align [45]. The MSA was 

comprised of the three most differentially abundant ASVs identified from DESeq2 and 

EPA placement analysis, the nearest sequences from Cydrasil, and the top seven most 

similar NCBI nr database sequences identified using BLAST [46]. The resulting 

alignment of 398 sequences was then used as input into RAxML8 [47] to generate a 

phylogenetic tree using the rapid-bootstrap algorithm with 1000 bootstraps and the GTR 

GAMMA model. The remaining ASVs were then checked using BLAST and the nr 

database for proximity to the resulting clade. 

 

2.9. Pigment Extraction and Analysis  

In order to extract lipid-soluble pigments, the remaining powdered sample (the 

same samples used for DNA extraction) was suspended in 7:2 acetone:methanol solvent 

and sonicated twice for 30 s in an ice bath in the dark. Extracts were centrifuged at 2100 

× g for 10 min, decanted, and the supernatant filtered through a 0.22 µm nylon filter. 
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These steps were repeated and the supernatants were pooled until the extract was devoid 

of color. The resulting extract was then evaporated under a N2 stream in the dark and 

resuspended in 200 µL of HPLC-grade acetone. HPLC analysis was conducted on a 

Waters Alliance e2695 HPLC with an inline Waters 2998 photodiode array detector, 

using a protocol adapted from Frigaard et al. [48] for use on a CORTECS C18 4.6 mm × 

150 mm (90 Å pore size, 2.7 µm particles) column. Separation was performed as follows: 

the initial solvent gradient composed of ethyl-acetate:methanol:acetonitrile:water in a 

21:23.9:47.6:7.5 ratio by volume and linearly changed to 30:20:50:0 ratio by volume in 

13.43 minutes, held for 3.87 minutes, and then immediately returned to the initial ratio 

(21:23.9:47.6:7.5 by volume) and held for 5.7 minutes. Total runtime per sample was 23 

minutes, at a flow rate of 2 mL  min–1 and column temperature of 30 °C. Pigment 

identification was done by comparison of retention time and spectrum against standards 

of Chl a and BChl a obtained from Sigma Aldrich. All other pigments were identified 

from known spectra [49]. 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 Au), em is the extinction 

coefficient in L mg-1 cm-1, and d is the path length of the PDA detector (1 cm). Extinction 

coefficients were taken from Ley et al. 2006 [50].  

 

2.10. Data Availability  

Isla de Mona steady-state climax community raw sequencing data is deposited 

under NCBI BioProject PRJNA603780. Raw sequencing data from the experimental tiles 

is deposited under NCBI BioProject PRJNA596277. 

 

 



  66 

3. Results 

3.1. Endolithic Bacterial and Phototrophic Growth 

Visual inspection of the colonized tiles showed a marked increase in both 

pigmentation and erosion with time (Figure 2c–f). The tiles sustained both 

nonphototrophic and phototrophic bacterial growth over the 9-month exposure period. 

Bacterial biomass increased at an average rate of 3 × 1010 16S rRNA gene copies per m−2 

month−1, reaching a mean value of 1.1 x 1011 16S rRNA gene copies per m−2 at 9 months 

(Figure 3a). As expected, phototroph colonization followed a similar trend with 

photopigment content increasing at a rate of 2.3 mg m−2 month−1, reaching an average 

value of 7.22 mg m−2 by 9 months. (Figure 3b), at which point 16S rRNA gene counts 

were not significantly different from those found in steady-state climax communities 

described by Couradeau et al. [51] and Roush et al. [15] (Student’s t-test, p < 0.05). 

While total chlorophyll pigment concentrations were not significantly different between 

9 months and steady-state climax communities either, cyanobacteria-specific counts 

were actually higher at 9 months than in steady-state climax communities. 
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Figure 2. Endolithic colonization of travertine tiles. (a) Areal concentration of 
16S rRNA gene copies. Each bar is an independent replicate. Error bars are from 
biological replicates. (b) Areal concentration of total photosynthetic chlorins 
(chlorophylls plus bacteriochlorophylls). Single determinations were carried out 
for each replicate tile. (c–f) Photographic evidence of colonization after removal 
of epilithic biomass by brushing. (c) Initial, virgin tile. Excising squares were 
samples used for analyses. 

 

3.2. Incidence of Anoxygenic Phototrophs 

APB abundance measured by bacteriochlorophylls increased with time but trailed 

in concentration by some two orders of magnitude to cyanobacterial abundance 

measured by chlorophylls during the colonization period. This situation obviously 

changed significantly later during succession, as bacteriochlorophylls were statistically as 

abundant as chlorophylls when compared to steady-state climax communities (Figure 

3b). The magnitude of the difference between APB and cyanobacteria was less marked, 
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but still very significant, when measured by 16S rRNA gene abundance (Figure 3a). By 

using this metric, it was obvious that although APB trailed cyanobacteria during the 

colonization period, they eventually matched and even exceeded cyanobacteria in steady-

state climax communities. We found very differing dynamics between populations of 

relevant APB groups: while Chloroflexales were only present in very small quantities 

during early phases (Figure 3c) and reached only 6.2 × 106 16s rRNA gene copies per m-2 

after 9 months, Erythrobacter abundance was stable throughout the colonization, with 

an average of 1.2 × 109 16S rRNA gene copies per m-2 at 9 months. In comparison, the 

situation was reversed in steady-state mature communities, where Erythrobacter sp. 

decreased to some 1.6 × 108 16s rRNA gene copies per m-2 in steady-state climax 

communities, but Chloroflexales increased to populations close to those of cyanobacteria 

(Figure 3c). The apparent differences in trends between bacteriochlorophyll and 16S 

rRNA genes as proxies for population size can be explained by the relatively low 

bacteriochlorophyll content of Erythrobacter spp. compared to members of the 

Chloroflexales [52,53], which essentially made the total content of bacteriochlorophyll be 

very sensitive to the population size of the latter.  
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Figure 3. Time series of bacterial biomass proxies detected in colonized tiles and 
steady-state climax communities by guild or taxon. (a) Areal concentrations of 
16S rRNA gene copies based on quantitative PCR and high-throughput 
sequencing phylogenetic assignments (b) Areal photosynthetic chlorins as 
biomarkers for oxygenic phototrophs (total chlorophylls) or APB (total 
bacteriochlorophylls) (c) areal population size of APB clades Erythrobacter spp. 
and Chloroflexales based on quantitative PCR and high-throughput sequencing 
phylogenetic assignments. (d) Endolithic colonization dynamics of specific 
microboring cyanobacterial clades, based on qPCR and bioinformatic placement 
of high-throughput environmental sequences using the Cydrasil cyanobacterial 
reference tree and database. Error bars are for biological sample triplicates. 

 

3.3. Cyanobacterial Succession: Diversity and Composition 

Unexpectedly, cyanobacterial richness gauged by the number of observed 

amplicon sequence variants (ASVs) was not significantly different across time points and 

when compared to steady-state climax communities (Kruskal–Wallis, p = 0.33; Table 1), 
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whereas ASV evenness (measured as Pielou’s Evenness) decreased significantly 

(Kruskal–Wallis, p = 0.04) with time. Pairwise Kruskal–Wallis comparisons indicated 

that the difference was driven by a drop in evenness between early (3 and 6 months) and 

late succession communities (9 month and steady-state climax) (adjusted p = 0.07 for all 

four comparisons). Shannon’s diversity also followed the evenness trend, with significant 

differences with time (Kruskal–Wallis, p = 0.02) where late succession samples were less 

diverse than early succession samples (adjusted p = 0.06 for all four comparisons). 

Regarding cyanobacterial community composition (beta-diversity), all time points and 

steady-state climax communities were significantly different from each other 

(PERMANOVA, p < 0.05, pairwise Kruskal–Wallis p < 0.05), a result also supported 

statistically by a PCOA (principal coordinates ordination analysis; Weighted UniFrac 

metric; Figure S2). 

  

Table 1. Alpha diversity metrics of cyanobacterial endolithic communities in 
tiles placed in the intertidal zone of Isla de Mona and metrics from geographically 
similar natural substrate communities on Isla de Mona described by Roush et al. 
[15]. 

Timepoint n Observed ASVs 
Pielou’s 

Evenness 
Shannon’s Diversity 

3 months 3 78 ± 4 0.74 ± 0.06 a 4.55 ± 0.45 a 
6 months 3 98 ± 6 0.79 ± 0.01 a 5.22 ± 0.07 b 

9 months 3 73 ± 3 0.60 ± 0.06 b 3.67 ± 0.50 c 

Climax1 3 69 ± 3 0.62 ± 0.02 b 3.67 ± 0.45 c 
1Community composition of steady-state climax communities was taken from 
calcite samples published in Roush 2018. Lower-case letters denote samples not 
significantly different (α = 0.1). ASVs, amplicon sequence variants. 

 

3.4. Identification of Endolithic Cyanobacteria Clades  

In nonporous virgin substrates, only euendolithic organisms can colonize and 

grow to large abundance. Since we removed all epilithic biomass before sequencing, 

those organisms found to be abundant early on can be deemed to be bona fide 
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euendoliths since they must have been able to excavate the substrate. Therefore, to 

identify pioneer euendolithic cyanobacterial clades, the most abundant cyanobacterial 

ASVs from the 3-month-old tiles were placed using the RAxML Evolutionary Placement 

Algorithm into the Cydrasil reference cyanobacterial 16S rRNA gene tree containing 980 

curated cyanobacterial sequences, which includes all full-length 16S rRNA gene 

sequences traceable to known euendolithic cyanobacteria (Figures 3d and S3). 

Euendolithic sequences that were not full length were included in the query sequence list 

and checked for correlation with known clades. In order to pare down the dataset for 

placement, we ranked each sample’s cyanobacterial ASVs in order of abundance until 

cumulative counts reached 95% of the total abundance in each sample, yielding 213 

unique ASVs across all tile samples and steady-state climax communities. We then 

placed the resulting pared ASV dataset into the Cydrasil reference tree. Of the 213 initial 

ASVs, 139 were placed with high confidence and clustered onto four distinct tree nodes. 

Two of the nodes contained known euendolithic species: Cluster 2 (containing 37 unique 

ASVs) encompassed endolithic members in the Pleurocapsales, and Cluster 3 (27 ASVs) 

contained Mastigocoleus testarum. The other two did not align with known euendoliths: 

one contained Leptolyngbya species (Cluster 1; 60 ASVs) and the other was a novel clade 

that contained only environmental sequences lacking taxonomic assignment and only 

distantly related (<95.2% similarity) to Stanieria cyanosphaera. We named this clade 

UBC (15 ASVs), for “unknown boring cluster”.  

 

3.5. Colonization Dynamics of Euendolithic Cyanobacterial Clades 

To quantify colonization dynamics, qPCR-normalized abundances of the 

euendolithic clusters were plotted over time (Figures 3d and S3). Members of the UBC 

were double to an order of magnitude more abundant than the other groups after 3 
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months of exposure, with an average biomass of 9.1 × 109 16S rRNA gene copies per m-2. 

UBC abundance remained stable throughout the experiment and was not significantly 

different when compared to steady-state climax communities. Cluster 1 (Leptolyngbya-

like) population size lagged that of UBC, reaching a maximum after 6 months (1.1 × 109 

16s rRNA gene copies per m−2). Clusters 2 (Pleurocapsalean) and 3 (Mastigocoleus-like) 

colonized substrate at the slowest rate, reaching maximum populations after 9 months 

(8.7 × 1010 and 9.9 × 109 16S rRNA gene copies per m−2, respectively). Clusters 2 

(Pleurocapsalean) and 3 (Mastigocoleus-like) also decreased in abundance in steady-

state climax communities. 

 

3.6. Differential Abundance Analysis 

In order to identify which cyanobacterial colonizers were driving compositional 

differences between early (3-month) and late (9-month) tiles, we conducted a differential 

abundance analysis. The most abundant and significant ASVs at both time points were 

members of the four clades delineated above (Figure S4). At 3 months, representatives of 

the UBC were three of the four most abundant cyanobacteria (p < 0.05), both in total 

sequence count and in differential relative abundance (fold change) with respect to 9-

month communities. The fourth ASV was a member of Cluster 1, allied to Leptolyngbya. 

At 9 months, Cluster 2 (Pleurocapsalean) and Cluster 3 (Mastigocoleus-like) sequences 

were found to be the most differentially abundant with respect to 3-month communities.  

 

3.7. New Pioneer Euendolith Clade 

Both qPCR-adjusted relative abundance and differential abundance analysis 

revealed that the previously unknown UBC clade played a significant role in early 

colonization of hard intertidal carbonates. In order to better constrain its identification, 
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we conducted a maximum-likelihood phylogenetic reconstruction of 395 sequences, 

largely from cyanobacterial isolates (Figure 4), but including those of the most 

differentially abundant UBC and the seven sequences most similar to UBC that we could 

find by BLAST analyses. As before (i.e., Figure 3d), UBC members were only distantly 

related (<5.2% similar) to cultured cyanobacteria, the nearest being Stanieria 

cyanosphaera (formerly Chroococcidiopsis cyanosphaera), an epilithic freshwater 

unicellular cyanobacterium [54]. UBC was distant from the canonical euendolithic 

groups, with the Cluster 2 (Pleurocapsalean) being the closest. However, UBC members 

were phylogenetically close to environmental sequences obtained from marine carbonate 

microbialites, a habitat not dissimilar from the interior of hard carbonates and 

containing known euendoliths [55].  
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Figure 4. Detailed phylogenetic relationships of sequences in the “unknown 
boring cluster (UBC)”, with environmental (uncultured) cyanobacterial 
sequences from stromatolites (shaded in green) and the closest known euendolith 
cluster (shaded in blue). Branch lengths are substitutions per site and node labels 
indicate bootstrap values. 
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4. Discussion 

We recently reported that APBs can be major components of endolithic intertidal 

ecosystems and could potentially be euendolithic in nature [15], for which no precedent 

existed. Alternatively, these APBs may constitute secondary colonizers of opened pore 

space that rely on metabolic interactions with cyanobacteria, as they commonly do in 

other benthic environments like microbial mats or microbialites [50,55,56]. We 

hypothesized that examining colonization using molecular techniques and photopigment 

analysis specifically targeting APBs could help solve this question, in that early 

colonizers of bare substrates can be logically assumed to be active borers, while a 

dependency on cyanobacteria should result on delayed colonization by APBs. The 

temporal dynamics of endolithic population of Chloroflexales indeed suggest that this 

group of APBs are not euendoliths but instead act as secondary colonizers whose 

populations do not attain significance until communities of cyanobacteria are mature 

and the substrate has significantly eroded. The case of the proteobacterium 

Erythrobacter sp. was clearly different, since significant populations of Erythrobacter 

were present early in the colonization process and were sustained through the 

experimental period. Erythrobacter are aerobic anoxygenic phototrophs that conduct 

photoheterotrophy, have a low BChl a content, and require a source of organic carbon 

[24,57]. Our endolithic sequences were most similar to those in Group I Erythrobacter 

genomes [58]. Under our hypothesis, these organisms could still be euendoliths, even 

though their populations remained low throughout the experiment. Alternatively, since 

these small unicellular bacteria are abundant in coastal marine waters [24,57], they 

could have easily washed into fresh pits made by cyanobacteria in exposed tiles. Our 

current data cannot fully solve these alternatives. In fact, the metabolic action of 
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photoheterotrophs can increase pH levels around cells, leading the precipitation, not 

dissolution, of calcium carbonate [15], which would make a boring activity more difficult 

[59]. By contrast, the lack of the more complex photosynthetic Chloroflexales and low 

total bacteriochlorophylls suggests that, during colonization, euendolithic cyanobacteria 

dominate the photosynthetic niche due to their ability to excavate habitable space and 

utilize the mineral carbon for autotrophy [18,60]. Only once sufficient habitable space 

has been created by cyanobacteria can significant populations of APBs develop. 

We found that the patterns of endolithic cyanobacterial succession within hard 

intertidal carbonates sustain three distinct phases (early, late succession, and steady-

state climax). In our habitat, early colonization is predominantly conducted by a 

previously undescribed group of euendolithic cyanobacteria (UBC) that rapidly colonizes 

rock to maximal levels within 3 months. This clade could exceed 40% of endolithic 

cyanobacterial populations early on. Cluster 1 (Leptolyngbya-like) organisms also 

contribute to early colonization but only reach 60% of the biomass of UBC. By 9 months 

of incubation, the three canonical groups of euendolithic cyanobacteria, Leptolyngbya 

(which we tentatively equate to the Plectonema terebrans morphotype), boring members 

of the Pleurocapsales, and Mastigocoleus testarum gain a foothold. Finally, as the 

community reaches a steady-state climax composition, euendolithic cyanobacteria are 

displaced in relative importance by other cyanobacteria and by significant populations of 

Chloroflexalean APBs. The initial large abundance of the UBC could be explained by the 

presence of fast-growing propagules in natural seawater that quickly attach and bore into 

the substrate. Since boring microorganisms are fixed in place in their boreholes, 

competition for space, which can influence patterns of distribution in benthic 

cyanobacterial communities [61] is likely not a relevant factor until significant 

proportions of the rock surface become colonized. Hence, having an early foothold on the 
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substrate may have ensured their persistence through time, as we observed. However, 

UBC did not continue to increase in population size through the colonization, unlike the 

total cyanobacterial population, which did. The dynamics of the Cluster 1 

(Leptolyngbya-like) members were not very different from those of UBC, although they 

seemed to sustain net population losses in late stages of colonization. The net gains in 

later stages can be attributed to Cluster 3 (Mastigocoleus) and, even more so, Cluster 2 

(Pleurocapsalean) cyanobacteria (Figure 3d). As these slow colonizers begin to excavate 

more carbonate, they could reach a threshold where individual pore spaces become 

connected and pioneer organisms are no longer fully insulated from competition for 

space. Chlorophyll and qPCR data suggest that this carrying capacity is reached by 9 

months of incubation. This density-dependent competition would also explain the 

overall decline in cyanobacterial evenness/Shannon diversity with successional progress. 

Finally, at maturity, as endolithic space has been colonized and the rock has become 

porous, nonboring endoliths can begin to colonize. One can imagine a scenario where 

nonboring endoliths, which need not spend energy for excavation, can outcompete 

borers in the outermost sections of the rock. Euendoliths would still have a competitive 

advantage deeper within the rock. This would be consistent with the relative decline of 

boring cyanobacterial ASVs in steady-state climax communities, as they are better 

adapted to diffusion-limited conditions. Interestingly, we did not see a difference in 

cyanobacterial pigment concentrations between the 9-month samples and steady-state 

climax communities, which suggests that nonboring phototrophs may colonize the upper 

interior of the rock, shading the deeper euendoliths and contributing to their decline. 

A comparison of our results with prior colonization studies shows that there exist 

similarities, as well as marked differences, with the dynamics of porous, biogenic coral 

skeletons. For example, early work [4,62] demonstrated the divergence in euendolith 
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composition between shells and inorganic calcites. However, careful consideration must 

be taken as both substrate composition [9,10,12,14] and water depth [9,10] influence 

community structure, and, as discussed above, there are substantial differences in 

methodology. Even bearing those caveats in mind, the fact that all four major 

euendolithic clades are present after 3 months of colonization corroborates the prior 

conclusions that cyanobacterial colonization happens swiftly, in as little as 4 weeks, with 

Plectonema, Mastigocoleus, Solentia, and Hyella species all present [3,8–10]. 

Interestingly, there are no reports of any Chroococcidiopsis-like organism that could 

potentially represent our UBC. We also found that though Mastigocoleus does colonize 

quickly, it does not reach large abundances until the community approaches a steady-

state climax composition, in contrast to the findings from corals where it is one of the 

first and most abundant pioneer organisms. Our observations on Cluster 1 

Leptolyngbya-like euendoliths agree with the patterns of P. terebrans described by 

Grange et al. [11]. We find that this cluster peaks in abundance after 6 months, which 

was also found for coral systems. However, when comparing 9-month Cluster 1 

Leptolyngbya-like populations to those of steady-state climax communities, we found 

that Cluster 1 Leptolyngbya-like populations were less than 10% of the 9-month totals, 

whereas in corals, P. terebrans remains very abundant through maturity [6]. Cluster 2 

Pleurocapsalean euendoliths were not very abundant (sometimes <1%) in previous 

colonization experiments and surveys , which was attributed to their alleged 

susceptibility to grazing by fish and chitons due to their shallow mode of boring [11]. This 

was clearly not the case in our system, with Cluster 2 Pleurocapsalean organisms being 

the most abundant euendoliths after 9 months. Perhaps grazing pressure was unusually 

low in our setting, even though we did see abundant, actively grazing chitons during 

sampling. Though the abundance of eukaryotic euendoliths are widely reported in coral 
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systems [6,11], we did not find a significant contribution of plastid 16S rRNA genes in 

our samples, and those that were there were not phylogenetically related to known 

euendoliths.  

In summary, by applying molecular approaches to euendolithic systems we were 

able to confirm that Chloroflexalean APBs act as secondary colonizers of marine 

carbonates, illustrate the complex dynamics of cyanobacterial colonization, and define a 

new clade of likely euendolithic cyanobacteria, highlighting the differences and 

similarities in succession dynamics between mineral and biogenic carbonates. Our work 

provides a first look at the complex colonization dynamics that drive bioerosion on these 

substrates.  
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Supplementary Materials 

 

 

Figure S1. Alpha rarefaction curves of observed otus (Unique ASVs) at 180,000 
(a) and 28,233 (b) sequencing depth. All samples reached convergence at their 
respective maximum sequencing depth.  
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Figure S2. Principle coordinates analysis based on the weighted UniFrac metric 
of all bacteria (a) and all cyanobacteria (b) both showed that community 
composition was significantly different between all time points (PERMANOVA, p 
< 0.05). 
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Figure S3. Endolithic colonization dynamics of specific microboring 
cyanobacterial clades, based on qPCR and bioinformatic placement of high-
throughput environmental sequences using the Cydrasil cyanobacterial reference 
tree and database (left, colored by traditional morphotypical sections, sensu 
Rippka 1979 [1]). Error bars are for biological sample triplicates.  
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Figure S4. Volcano plot of cyanobacterial ASVs comparing differential 
abundance between tiles incubated for 3 months and 9 months. Red data points 
are significantly different (p < 0.05) between time points. DESeq2 analysis 
showed the presence of three previously unidentified ASVs not attributable to any 
known euendolithic genus (UBC).  
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Abstract: Cyanobacteria are one of the most widespread and important bacterial groups 

on the planet, providing essential ecosystem services like carbon and nitrogen fixation. 

However, reliable and accurate taxonomic classification of cyanobacterial 16S rRNA gene 

sequences is muddled due to mixed nomenclature rules and conflicting definitions of the 

phylum Cyanobacteria. To address this problem, we present Cydrasil 2 

(https://www.cydrasil.org), a curated 16S rRNA gene reference package, database, and 

web application designed to provide a full phylogenetic perspective for cyanobacterial 

systematics and quick identification. The database, containing over 1400 manually 

curated sequences longer than 1100 base pairs, can be used with sequence placement 

algorithms, or as a reference sequence set for de novo phylogenetic reconstructions. The 

web application (utilizing PaPaRA and EPA-ng) can place tens of thousands of sequences 

into our reference tree and has detailed instructions on how to analyze the results. While 

https://github.com/FGPLab/cydrasil
https://cydrasil.org/
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it makes no taxonomic assignments, it provides the framework to do so. Cydrasil 2 

includes a searchable database with relevant metadata, notes and curation notes, and a 

mechanism for community feedback.  

 

1. Introduction 

 Cyanobacteria are photosynthetic microorganisms that are widespread in both 

terrestrial and marine ecosystems [1,2] and are responsible for many ecosystem services 

including carbon [3]  and nitrogen fixation [4]. Their detection in an environment 

informs researchers about the primary productivity potential of an ecosystem [1,3].  

The rise of inexpensive high-throughput DNA sequencing, the development of easy to 

use analysis pipelines like Qiime2 [5] and mothur [6], and the availability of 

comprehensive taxonomic databases has made it easy for microbial ecologists to conduct 

preliminary microbial surveys of an ecosystem, including the abundance and diversity of 

cyanobacteria. Unfortunately, assigning taxonomy to organisms in a survey has inherent 

uncertainty due to both the computational methods commonly employed and the 

accuracy of reference databases. Indeed, errors in the two most used databases, Silva [7] 

and Greengenes [8], have been well documented [9–11], leading to spurious taxonomic 

assignments and error amplification. Though this uncertainty may be accepted as a 

trade-off for efficiency, it becomes amplified when examining cyanobacteria, due to the 

complex history of cyanobacterial systematics.  

Unlike all other prokaryotes, cyanobacterial taxonomy is governed by both the 

International Code of Nomenclature of Prokaryotes [12] (ICNP) and the International 

Code of Nomenclature for algae, fungi, and plants [13] (ICN). Historically, cyanobacteria 

were originally classified as blue green algae, and much of the early work on 

cyanobacterial classification utilized botanical principles, including identifying new 
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isolates based upon their morphology. The application of molecular phylogeny 

techniques has since been beneficial in that it not only sped up the identification process, 

but also the detection and discovery of new organisms. However, the current use of 

molecular phylogeny techniques has at the same time resulted in the discovery of many 

“bad” genera, remnants of the early taxonomic system. Frequently, researchers find two 

organisms, sharing the same genus and at times the same species, are in fact separated 

by vast phylogenetic distances (Two examples of which are Leptolyngbya [14]  and 

Microcoleus [15]).  This stems from the practice of delineating new taxa by comparing 

sequence-based phylogenies from just a few sequences of known organisms most closely 

related to the one being studied, given the efforts associated to place them into 

comprehensive phylogenies that would provide the big picture. More uncertainty arises 

from the recent push for the inclusion of non-phototrophic organisms in the 

Cyanobacterial phylum. Soo et al. [16,17] described two sibling clades, Melainabacteria 

and Sericytochromatia, that are the phylogenetically closest non-phototrophic 

prokaryotes to the previously defined phylum of Cyanobacteria. Though this 

classification has been contentious within the cyanobacteria research community (see 

Garcia-Pichel et al. 2019 [18] ), their classification as Cyanobacteria has been propagated 

through the major taxonomic databases, leading to confusion by researchers.  

To overcome these sources of uncertainty, researchers should optimally move 

away from a laissez faire approach based on sequence similarity algorithms and 

databases with cosmopolitan criteria for sequence inclusion, to either manually curate 

the resulting amplicon sequences after traditional taxonomic assignment, or better, to 

use a complete phylogenetic perspective based upon curated, organism specific 

databases. Bioinformaticians have already taken steps to alleviate these issues by 

developing new algorithms that use the principle of phylogenetic placement. 
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Phylogenetic placement algorithms represent a phylogenetic-accurate and efficient way 

to perform classification if done on trusted databases. These algorithms were developed 

to place query sequences (like those from an amplicon survey) onto a precalculated 

reference phylogenetic tree, inferred from a curated set of reference sequences [19]. 

Maximum-likelihood based programs such as PPLACER [20], RAxML-EPA [21], and 

EPA-ng [22] take any query sequence (or a set) supplied by the user, along with a 

reference package (precalculated reference phylogenetic tree and alignment of all the 

curated sequences included in the tree), and generate a placement file (JPLACE) that 

contains the query sequences placed onto leaves of the reference tree with confidence 

values. Although phylogenetic placement is a robust method of classification, it has not 

been widely adopted perhaps due to the time investment required for the creation of 

reference packages, or the complexity in initial data analysis.  

Here we present such a reference package, Cydrasil 2, intended for Cyanobacteria 

and its sibling bacterial clades. It offers a framework to simplify cyanobacterial 

classification, by providing a comprehensive and curated alignment, phylogeny, 

database, and web application (available at https://www.cydrasil.org) that a researcher 

with moderate experience can use to conduct a broad examination of the phylogeny of 

their sequence(s) of interest. For example, researchers could gain clarity as to which 

Leptolyngbya clade a new isolate belongs or if a set of environmental sequences 

classified by automated classifiers as Cyanobacteria are truly photosynthetic. In addition, 

we have also developed a JSON-based database file that includes notes and warnings 

about inconsistencies for every sequence in the reference package. We envision three 

common use cases for the Cydrasil reference package: provide a “first look” at the 

phylogenetic location of a given 16S rRNA cyanobacterial sequence within the context of 

a full phylogenetic reconstruction, alleviate researchers need to spend time collecting 
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sequences for de novo phylogenetic analysis, and act as a reference package for sequence 

placement algorithms. 

 

2. Materials and Methods 

2.1. Cydrasil Database Construction and Sequence Inclusion Criteria 

 From the onset, we implemented strict criteria for sequence inclusion and 

curation procedures of the Cydrasil database (Figure 1). Inclusion criteria were as 

follows: 

1. The sequence must come from an isolated strain or a single-cell genome. 

Exceptions were made for metagenome-assembled genomes on a case by case 

basis after manual review of the genome (needed for most sibling clade 

sequences). 

2. Each reference sequence must be 1100 base pairs or longer. The minimum length 

was chosen as a compromise between strain coverage and sequence information 

for phylogenetic reconstruction. Of note, this excludes all cyanobacteria 

sequenced using the Nübel et al. [23] cyanobacteria-specific primers.  
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Figure 1. Process diagram describing the Cydrasil database construction 
workflow for each release. Yellow shapes indicate final reference package files. 
Standard flowchart diagram shapes were used.  

 

 Initial data collection for the Cydrasil version 1 (v1) included all available 

cyanobacterial 16S rRNA gene sequences that fit the above criteria and were available 

through the NCBI taxonomic browser up until June 2017 (Table 1), along with an 

outgroup comprising the closest known non-phototrophic organisms at the time, 

Vampirovibrio spp. (sister clade Melainabacteria).  

Cydrasil 1.5 (v1.5) then expanded upon v1, by including all available 

cyanobacterial 16S rRNA sequences from genomes available on the JGI IMG/M database 

up until June 2019 and incorporated the first set of researcher-submitted sequences 

(Table 1). In this release, we also included six plastid sequences to help resolve newly 

discovered Greengenes errors. A new outgroup was also added that did not include any 

members of the sibling clades, as we were planning on doing a large sibling clade 

sequence addition in the 2.0 release.  

Cydrasil 2, the current version, is an expansion of the v1.5 release, it includes 

additional curation measures reducing the total number of Cyanobacteria sequences 

from the previous release (described below, Table 1). For the reference package 

(sequence list, alignment, phylogenetic tree), we also incorporated all available 16S rRNA 

sequences from the sibling clades (Gastranaerophilales, Obscuribacterales, 

Vampirovibrionales, Margulisbacteria Saganbacteria, and Sericytochromatia) that were 

available through the NCBI taxonomy browser in August 2019. Since this release was 

also going to coincide with the release of the Cydrasil website and web application, we 

also created a JSON file (searchable on the Cydrasil website; included in the GitHub data 

deposit) that included metadata for every sequence. 
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Table 1. Summary statistics for major releases of Cydrasil. 
 Number of Sequences 
Cydrasil 
Version 

Total Cyanobacteria Outgroup Plastids Sibling clades 

1 (rc1) 982 980 0 0 2 (root) 
1.5 1494 1481 3 6 4 
2 14821 1405 3 6 68 
1 The source distribution of sequences are as follows: 1003 NCBI, 440 IMG/JGI, and 
36 researcher submissions. 

 

2.2. Data curation and phylogenetic reconstruction 

 The post-data collection curation procedure for each release began with a global 

check of the reference sequence file for header or sequence duplication. Duplicate 

sequences were first removed. Then, if sequence headers were found to be identical but 

the respective sequences were found to be unique, the headers were then modified 

(appending _1, _2, etc. to the header). Next, to identify duplicate aligned sequences, a 

curation alignment was generated using SSU-Align [24] with default parameters and 

masked using the ssu-mask feature of SSU-Align with per-alignment calculated masks, 

which removes alignment insert columns and those columns that aligned with low 

confidence (posterior probability < 0.95). The curation alignment was then manually 

examined in Geneious version 8 [25] for duplicate aligned sequences, non-16S rRNA 

sequences, and alignment errors. Sequences that were found to be identical post-

masking were combined (one sequence was kept, and the headers combined) to reduce 

database redundancy and computational overhead. Sequences that were poorly aligned 

(typically due to the unlabeled inclusion of the ITS and/or 23S regions) were trimmed 

and removed if their length fell below the 1100 base pair threshold. Alignment-based 

curation for all Cydrasil versions 1 (rc1) and 1.5 ended here with a validated reference 

sequence file and the generation of a final “validated alignment.” 
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For Cydrasil 2, an additional alignment curation step was added. Due to the 

introduction of 440 JGI IMG/M genome 16S rRNA sequences in v1.5, some organisms 

had both an NCBI sequence and an IMG/M sequence, or even multiple IMG/M 

sequences. These sequences were kept due to the previous curation protocol indicating 

that the sequences were unique. However, upon closer examination, some entries were 

found to be the exact same sequence, with the only difference being sequence overhang 

on the 5’ and/or 3’ end. The inclusion of both the parent and child sequences had little 

effect on the final reference alignment and phylogenetic tree, but for reduction of 

computational overhead and user readability, the longest sequence was kept, and the 

children sequences were removed. Then, a final “validated alignment” was generated.  

After the alignment curation step, each release then underwent the same 

phylogenetic tree-based curation procedure. In the case of Cydrasil 2, the validated 

alignment was used as the input for a full maximum likelihood phylogenetic 

reconstruction using RAxML 8.2.12 [26] in the RAxML-HPC2 Workflow on XSEDE, part 

of the CIPRES [27] science gateway. The run included a maximum likelihood tree search 

and thorough bootstrap workflow that ran for 1000 bootstrap iterations using the GTR 

model with GAMMA distribution. The output curation phylogenetic tree was examined 

using iTOL v4 [28] for inconsistencies in taxonomic groupings, anomalous phenotypic 

clustering, lone wolf sequences, and sequences that directly contradict widely accepted 

theories regarding the evolution of Cyanobacteria. If a sequence fit any of these criteria, a 

literature search was conducted to identify possible causes for the abnormality. 

Typically, the erroneous sequences were removed, but in special cases where the 

organism was the type species for a genus or in common databases for taxonomic 

assignment, the sequence was kept with a clear warning in the header. This warning was 

also included in the Cydrasil 2 JSON database metadata file. Once all anomalous 
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sequences were removed, the tree was re-run and marked as the validated phylogenetic 

tree. A collapsed version of the Cydrasil 2 validated tree is shown in Figure 2, with the 

full tree available online (APPENDIX A).  

 

 

Figure 2. The Cydrasil 2 validated reference 16S rRNA cyanobacterial tree 
collapsed and colored based upon sections identified in Rippka et al. [29]. 

 

3. Discussion 

3.1. Data Records 

 The Cydrasil reference dataset contains a reference sequence list (FASTA), an 

alignment (FASTA and PHYLIP), a SSU-Align masking file (.mask), a model file 

(.bestModel), a phylogenetic tree (NEWICK), a database file (JSON), and a README file 
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that includes instructions for using the reference database for sequence placement and 

data analysis using iTOL. All files are deposited in GitHub 

(https://github.com/FGPLab/cydrasil) and available in APPENDIX B.  

 The reference sequence list is a standard FASTA file with a header name that 

either includes the IMG id (IMG_XXXXXXXXXX) or the NCBI accession number. The 

header name has been formatted to be compatible with various alignment and 

phylogenetic programs, and as such, most non-alphanumeric characters have been 

converted to underscores to improve program compatibility. If a sequence is shared by 

multiple organisms after alignment masking with SSU-Align, the entries were combined, 

and the header formatted to include all names. 

 The Cydrasil alignment is provided in both FASTA and relaxed PHYLIP formats. 

This allows for the user to use various popular algorithms for aligning query sequences 

to the Cydrasil reference alignment. We have also included the SSU-Align mask file that 

was generated during reference alignment construction, in the case the user desires to 

use SSU-Align or Infernal for query sequence alignment.  

 An unrooted tree file is included in the dataset for use with sequence placement 

algorithms. A tree model parameter file has also been included for use with epa-ng for 

sequence placement. 

 The JSON formatted database file contains the sequence and metadata fields to 

provide the user with basic information about the organism and a link to the data in its 

respective database. An overview of these fields is described in Table 2.  

  

https://github.com/FGPLab/cydrasil
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Table 2. JSON keys, data type, and description for cydrasil-v2.json.  
JSON Key Type Description 
name string The name of the sequence from the 

FASTA file with underscores removed. 
id string The id number of the sequence, initially 

assigned alphabetically. 
sequence string The DNA sequence corresponding to the 

16S rRNA gene with no masking. 
dataSource string Database, publication, or lab where the 

sequence was retrieved. 
dataSourceLink string A link to the entry in the corresponding 

dataSource or contact information for the 
submitting lab. 

notes string Contains notes about sequences 
including other names if strains are 
identical, or if the organism is part of an 
outgroup. 

warnings string This is reserved for warnings regarding 
sequence quality, taxonomic naming 
errors, or other oddities. 

 

Each release also contains a README file that includes instructions and tips for 

using the Cydrasil reference package. The file contains step by step instructions on using 

Cydrasil on a local computer, links to the Cydrasil web application and a visualization of 

the phylogenetic tree, instructions on how to interpret results, and contact information.  

 

3.2. Technical Validation 

 Database construction was entirely based upon a manual search and download of 

sequences from either NCBI or JGI IMG/M. Each entry was manually verified to fit the 

inclusion criteria before going through the extensive curation process described in the 

Methods. In the case of researcher submitted sequences, each sequence was manually 

checked for fidelity and then the submitter contacted for verification of the inclusion 

criteria. All sequences contain their original header names. Every sequence in the 
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database has dataSource and dataSourceLink information to allow for the end user to 

verify the original source of the sequence.  

 

3.3. Usage Notes 

 The Cydrasil reference database and web application (available at 

https://www.cydrasil.org) is provided as a free public resource for researchers 

conducting taxonomic and phylogenetic analyses of cyanobacteria. We encourage any 

researcher looking to identify a new isolate or those conducting amplicon surveys to 

examine their data in the context of the full Cydrasil 2 phylogenetic reconstruction. 

The construction of the Cydrasil 2 reference dataset allows for multiple use cases. 

The two most common (a quick check of a single sequence or an analysis of a full 

amplicon survey) are both based on the same sequence placement bioinformatic pipeline 

designed to place sequences (originally short reads from amplicon surveys, but long 

sequences work as well) onto the branches of a reference tree without modifying the 

topology. The sequence placement algorithms at the heart of this workflow, like EPA-ng 

and PPLACER, require a comprehensive reference package that is typically time 

consuming to create and curate. Cydrasil solves this problem for cyanobacterial research. 

We designed a web application to simplify the workflow so a user could obtain a “first 

look” at the phylogenetic location of a given 16S rRNA cyanobacterial sequence or 

analyze a full amplicon survey without the need to install any programs locally. 

Importantly, the web app does not provide any taxonomic assignments, but rather 

provides a framework for the user to those assignments on their own. The Cydrasil web 

application has a free, user-friendly sequence placement pipeline based on PaPaRa[30] 

and EPA-ng with in-depth instructions on how to analyze the output using iTOL. In the 

case of a full amplicon survey, the app can scale to tens of thousands of 16S rRNA 

https://www.cydrasil.org/
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sequences and includes instructions on how to prepare the output of Qiime2 for use with 

Cydrasil. If a user wants to use the Cydrasil 2 database for sequence placement locally, 

an in-depth README file containing detailed instructions is available on the Cydrasil 

website and the GitHub repository.  

A third use case is to use the reference dataset as a framework for de novo 

phylogenetic reconstruction of novel long to full length sequences. A user would first 

conduct an exploratory analysis using the sequence placement pipeline. Then, they 

would retrieve sequences from the database where the query sequence was placed, along 

with sequences belonging to the nearest neighbors and a small collection of 

phylogenetically close, but unrelated sequences to act as an outgroup. With the addition 

of other high similarity sequences from NCBI (found using a simple BLAST [31] search), 

a user could then generate and alignment and conduct a full de novo phylogenetic 

analysis.  

Important to the underlying design of Cydrasil is the use of community feedback 

for future updates. Cydrasil is intended as a “living” reference package, that grows and 

expands with researchers’ needs. We invite all users of Cydrasil to suggest possible new 

clades for inclusion, and additionally, submit new sequences to be incorporated in the 

next release. Cydrasil is under continuous development and we intend on Cydrasil being 

a mainstay in cyanobacterial systematics moving forward.  

 

3.4. Code Availability 

 The source code for the web app is in APPENDIX C. 
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CHAPTER 5 

CONCLUSIONS 

1. General Conclusions 

Through the use of modern molecular methodologies for microbial ecology and 

phylogeny, the work presented in this dissertation contributes a phylogenetically sound, 

functionally more defined understanding of the carbonate endolithic microbiome as it 

pertains to its component microorganisms and their dynamics. As an additional 

contribution, I demonstrated that the use of a bioinformatic pipeline based on curated, 

comprehensive databases can effectively assist in the notoriously difficult task of 

cyanobacterial identification and systematics.  

I demonstrated that anoxygenic phototropic bacteria (APBs) are numerically 

important endoliths of marine carbonates in a variety of rock types and geographical 

locations. These APBs belong to the Chloroflexi (genera Roseiflexus and Chlorothrix), 

the proteobacterial Erythrobacter sp. (affiliated to strain NAP1) and purple non-sulfur 

alphaproteobacterial. Furthermore, APBs were differentially distributed with geography, 

with Chloroflexi dominant on Isla de Mona (Caribbean Sea) and Erythrobacter on 

Menorca (Mediterranean Sea), indicating that endolithic APB composition may be 

dependent upon water temperature. Given their ubiquity and numbers, endolithic APBs 

may have been misidentified as morphologically similar cyanobacteria and could 

potentially play important metabolic roles by exerting geomicrobial effects on coastal 

carbonates.  

I could also establish through experiments using de novo colonization of artificial 

carbonates, that filamentous Chloroflexalean APBs were not euendoliths but secondary 

colonizers that invade the substrate only after it has been excavated and made porous by 

cyanobacterial euendoliths. In contrast, small unicellular Erythrobacter were present 
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throughout the colonization period making it unclear if they were euendolithic, or 

opportunistic endolithic colonizers. In these experiments, the endolithic photosynthetic 

microbiome reached steady state maturity within nine months and showed clear 

temporal dynamics.  I proposed a three-phase endolithic succession pattern (early, late 

succession, and steady-state climax) to describe it. The early phase was populated by a 

novel clade of cyanobacteria (UBC), accompanied by a lesser number of Leptolyngbya-

like organisms. Late successional phases were characterized by the advent of traditional 

cyanobacterial euendoliths: Leptolyngbya (equated to the Plectonema terebrans 

morphotype), boring members of the Pleurocapsales, and Mastigocoleus testarum. The 

steady-state climax phase exhibited density-dependent competition where non-boring 

phototrophic endoliths partly displaced euendolithic cyanobacteria, including significant 

populations of Chloroflexalean APBs and cyanobacteria. This molecular-based 

colonization model differs significantly from that found in the traditional literature, 

illustrating that euendolith ecology is more complex than previously thought. 

Lastly, I developed and presented Cydrasil, a curated 16S rRNA gene reference 

package, database, and web application designed to provide a complete phylogenetic 

perspective for cyanobacterial systematics and molecular ecology.  While fully functional, 

Cydrasil was designed as an evolving tool, with inherent capacity for continual expansion 

and updating by users. It should find application well beyond the field of endolithic 

microbiomes.  

 

2. Future Perspectives 

 While I set out to establish a baseline understanding of phototropic endolith 

ecology in carbonates, many questions remained unanswered. The most interesting of 

which concern astrobiology and planetary evolution. On young planets (including Earth) 
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with no atmospheric oxygen, the endolithic habitat provides a ready-made microbial 

bunker to protect from UV-C DNA damage. Additionally, anoxygenic photosynthesis is 

thought to have evolved early in Earth’s history. Could endolithic anoxygenic 

phototrophs have evolved as some of the first land inhabiting organisms, supporting the 

first non-aquatic biospheres? Earth’s early chemistry would support anoxygenic 

photosynthesis, and combined with an abundance of exposed rocky substrates, one could 

imagine a possibility where APBs act as the primary producers in the some of the first 

land-based biospheres. There are examples of endolithic and euendolithic microbes in 

the fossil record, but they have been attributed to cyanobacteria. The fossils may need to 

be reexamined, taking into consideration the existence of endolithic APBs. These fossils 

may in fact support early land-based APB biospheres.  Extending this hypothesis to 

exoplanet exploration and astrobiology, researchers should now include APB 

photopigments as potential biomarkers when looking for life on other worlds.     

In modern endolithic habitats, I hypothesized that endolithic anoxygenic 

phototrophs were most likely photoheterotrophs due to their phylogenetic proximity to 

known photoheterotrophic APBs. Understanding the geomicrobial effects of both APBs 

(through cultures) and whole prokaryotic community metabolism will be essential to 

properly model and understand bioerosion in this era of rapid climate change. 

Unpublished data from both high-throughput carbonate surveys [1,2] revealed a large 

non-phototrophic prokaryote community comprised of fermentative organisms, 

suggesting that carbonates submerged at high tide and/or at night rapidly become 

anoxic, supporting diverse fermentative metabolisms. Many fermentation products are 

acidic and would have the ability to dissolve carbonate, potentially providing another 

bioerosive vector in these ecosystems. This question should be answered using combined 
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isolation-, metagenomics-, and metabolomics-based approaches to ascertain the 

metabolic potential of these organisms.  

 While I saw clear geographic differences in the survey, the small number of 

climatically different locations, made generalization impossible. Mapping the global 

distribution of endolithic APBs thus remains an open question.  Preliminary data 

(APPENDIX V) obtained from Churchill, Manitoba Canada, Tonto Natural Bridge, 

Arizona USA, and Isla de Mona hint that APBs may be widespread within carbonate 

endolithic communities, and not just limited to carbonate platform islands. Churchill sits 

on the Hudson Bay at the edge of the Arctic, and dolomite endolithic microbiomes from 

the intertidal zone there showed the presence of the same APB groups as both Isla de 

Mona and Menorca. Similar findings came from freshwater and terrestrial carbonates 

from Tonto and cliffs in the rainforest interior of Isla de Mona. If endolithic APBs are 

indeed a global phenomenon, then the potential biomass reservoir must be considered 

when looking at phototrophic potential in the environment. The geomicrobial 

contributions from APBs on a global scale would need to be reevaluated, including their 

role in the carbon cycle, and other potential knock-on effects in various nutrient cycles.  

The colonization experiments I conducted also provided a few unexpected 

discoveries that have opened questions about the nature of cyanobacterial euendoliths. 

The novel clade, UBC, is phylogenetically distant from all known euendoliths and most 

cultured cyanobacteria. It likely represents a new genus.  UBC’s nearest cultured relative 

is Stanieria cyanosphaera which may indicate that UBC may be the elusive unicellular 

euendolith that has a passing mention in the literature [3]. Only microscopic 

identification, or a cultured isolate will be able to resolve this question. Finally, the 

phylogenetic location of Leptolyngbya-like organisms identified in my colonization 

experiment may provide a clue to resolving the Plectonema mystery and provide 
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coherence between ages old morphological descriptions and modern phylogenetics. 

Efforts to cultivate such novel euendoliths should be pursued as a means to advance the 

impasse.  

The intention of my dissertation was to lay a modern microbial ecology 

foundation and provide a framework that other researchers would benefit from in the 

field of endolith ecology. The application of modern methods led to novel findings and 

suggests that further investigation of endolithic microbiomes in this manner will 

undoubtedly reveal more complex microbial and geomicrobial interactions. 
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Figure 1. Phototrophic composition of dolomite endoliths based on 16S rRNA 
gene sequence reads from Churchill, Manitoba Canada. Sample identifiers are on 
the very left. (a) Distribution of major phototrophic groups showing that all 
samples contained both oxygenic and anoxygenic phototrophs. (b) Ratio of 
phototrophic prokaryotes to non-phototrophic prokaryotes. Churchill dolomites 
tended to have very low phototrophic sequence abundance compared to 
temperate and tropical endolithic communities. (c) Phylogenetic distribution of 
16S rRNA gene sequences reads attributed to cyanobacteria.   
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Figure 2. Phototrophic composition of dolomite endoliths based on 16S rRNA 
gene sequence reads from freshwater and terrestrial environments.  

 

 


