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Photoautotrophic euendoliths, including cyanobacteria, and red and green microalgae, are part of the endolithic
community. The term ‘endolith’ refers to a morphologically and physiologically heterogenous group of
microorganisms living within a rock or other stony matter, such as coral skeletons or animal shells, and more
specifically, to organisms that actively bore into relatively soluble substrates, such as phosphate and carbonate
substrates. Euendoliths are ubiquitous, as they can be found in almost every environment, geographical location,
or depth, where the appropriate substratum (e.qg., relatively soluble carbonate and phosphate substrates) is
available and the requirements for photosynthesis are met. The most diverse and abundant modern euendolithic
communities can be found in the marine environment. Euendoliths, as microorganisms infesting inanimate
substrates, were first thought to be ecologically irrelevant. Numerous studies have subsequently shown that
euendoliths can colonize living marine calcifying organisms, such as coral skeletons and bivalve shells, causing
both sub-lethal and lethal damage. Moreover, under suitable environmental conditions, their presence can have
surprising benefits for the host. Thus, infestation by photoautotrophic euendoliths has significant consequences for
calcifying organisms that are of particular importance in the case of ecosystems underpinned by calcifying

ecosystem engineers.

bioerosion ecosystem engineers parasitism mutualism boring microflora

| 1. What Are Euendoliths and How Are They Observed?

Initially thought to be part of the substrate morphology &, microborings observed in calcium carbonate substrates
were later correctly attributed to the activities of autotrophic (cyanobacteria, and red and green microalgae) and
heterotrophic (fungi) microorganisms EIBI4 which became known as ‘endoliths’. The term ‘endolith’ refers to a
morphologically and physiologically heterogenous group of microorganisms living within a rock or other stony
matter, such as coral skeletons or animal shells &, and more specifically, to organisms that actively bore into

relatively soluble substrates, such as phosphate and carbonate substrates EIZIE (Figure 1).
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Figure 1. Types of endolithic organisms in relation to a hard rocky substrate (modified from &),

Within 'endolith’, a broad distinction is made among:

Epiliths that live on the surface of the substrate;
» Chasmoliths (chasm = cleft) that adhere to the surface of fissures and cracks in the substrate;

» Cryptoendoliths (crypto = hidden) that adhere to the surface of pre-existing cavities within porous rocks,

including spaces produced and vacated by euendoliths, with no dissolution action;

» Euendoliths (eu = true) that actively penetrate carbonate (and phosphate) substrates and reside partially or

completely inside cavities of their own making.

More detailed classifications exist (e.qg., [9]) and these distinctions are not mutually exclusive as some organisms

can display more than a single boring habit or may alter their habits during their life cycles 2QL1112]113][14]

The first descriptions of euendoliths were derived from dead mollusk shells gathered from the coast 213,
Euendolithic green algae were observed through a thin shell fragment, forming a horizontal layer parallel to the
surface, with an underlying network of ramifications into the substrate. Relatively inaccessible (Figure 1),
euendolithic microorganisms and their microborings require basic but specific techniques to be observed under

light and electron microscopy RIS These include:
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« Isolation of endoliths by dissolving the surrounding carbonate substrate [18][191[20]:
« In situ observations in standard thin sections LH7;

» Cast-embedding of microboring networks in polymerized resin that preserves the euendolithic organisms in situ
(ZI[11][24]-

« Cultivation on inoculated agar plates [13I[14]19][22][23][24].
 Non destructive 3D-visualization tools, such as X-ray computed tomography (CT) and micro-computed
tomography (micro-CT) (reviewed in [231(26127](28])

Most techniques used to observe euendoliths focus on the characteristic pattern of their microborings (i.e., form,
diameter, direction, length, and pattern of the tunnel), which allows taxonomic identification even in the absence of
the organism itself 22, Both biological and mineralogical factors should be considered in the characterization of
microborings 22, Critically, a single euendolithic species can display a large variety of morphologically different
patterns when boring into different substrates or under different ecological conditions of light and water supply,
amongst others . While morphological features of the organism or its traces (i.e., microborings) are useful in the
initial discovery of unknown entities &% taxonomic identification is best achieved using genetic and molecular
techniques Bl and/or cultivation 22, Used as a complement to morphological descriptions, single- and muilti-
marker genetic approaches allow the identification of cryptic clades and/or species within euendolithic species
complexes and provide tools to determine the composition of natural euendolithic communities [241(321[33][34]1[35](36][37]
(381[39]40]41]  The use of environmental DNA (eDNA) metabarcoding, in combination with other techniques, such as
microscopy, spectrophotometry, and cultivation, has revealed previously undisclosed diversity of prokaryotic and

eukaryotic endolithic organisms [22l34137142] and can help resolve their phylogenetic history 341,

2. Incidence of Photoautotrophic Euendoliths in Marine
Ecosystems

Photoautotrophic euendoliths have a cosmopolitan geographical distribution and have been recorded in a variety of
habitats, including terrestrial 43441 freshwater and volcanic lakes 22481 prackish 424, and marine environments 48
491 Eyendoliths are ubiquitous in the marine environment, occurring in enclosed seas, such as the Adriatic Sea (0]
and the Mediterranean Sea 152 in cold-temperate 531541551 tropical waters ROIBABEEIBA 55 well as in the Arctic
and Antarctic 4289, present essentially anywhere, there is sufficient light to allow for photosynthesis and a
carbonate substrate to bore into; euendolithic communities play an important role in ecological processes in the
marine environment 4861 Although they appear to erode virtually all suitable substrates, the distribution of
euendoliths and the composition of euendolithic communities are extremely variable and depend on light
availability, the nature of the substrate, and a variety of abiotic and biotic environmental factors acting in synergy
[22][62][63]

2.1. Light Availability
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As photosynthetic organisms, light availability is the major determinant of euendolithic activity and distribution and
has a strong influence on the composition of euendolithic communities 62!, reflecting the specific light requirements
of different species 4. As boring by euendoliths is an active mechanism, it is often restricted to environmental
conditions optimal for growth 83, In most marine habitats, light availability is highly variable and is influenced by

the topography of the area, the presence of 3D structures, the nature of the substrate, and water depth.

Euendoliths are more abundant, and erosion more severe, in microhabitats with high light availability, such as sun-
exposed surfaces in the intertidal, mostly horizontal, and moderately inclined surfaces high on the shore [681671[68]
(69 or in shallow waters 83, compared to microhabitats with low light availability, such as down-facing and shaded
substrates B9 Reduction of light availability at polluted sites Z2IZ31 or in habitats at greater depths 58163l
similarly reduces euendolith abundance. Geographically, photoautotrophic euendoliths are more abundant, and
erosion more severe, at lower latitudes than higher latitudes, where unfavorable environmental conditions slow

down endolithic infestation in both the intertidal and underwater £EAZLI74][75][76][77]

While the composition of euendolithic communities shifts as light availability decreases with increasing depth, their
bathymetric distribution is consistent around the world (see Tables 1 and 2 in [11]) [Z[621[63][70]{71][75](78]{79][80][81][82](83]

Euendoliths are ubiquitous in the supratidal, intertidal, and wave spray zones [B4 where assemblages are

dominated by cyanobacteria and chlorophytes, referred to as the CyChlo-association 3, in sediments 28 as well
as mollusk shells and coral skeletons 231631681 |n the shallow photic zones, the additional conchocelis stages of
rhodophytes can be observed (CyChloRho-association) in the early stages of colonization [63l. In the disphotic zone
or in shaded microhabitats, where light availability is dramatically reduced, only heterotrophs and low-light
specialists amongst the photoautotrophs occur, forming the so-called OstPleHet-association B3IE3IE These
include the cyanobacterium Plectonema terebans Bornet and Flahault ex Gomont (1892) and the chlorophyte
Ostreobium quekettii that have been recorded down to about 300 m [E8IB7IE8] Finally, heterotrophic organisms (i.e.,
fungi and bacteria) dominate the benthic assemblages of the deep, aphotic zone. At a finer scale, different clades
within the same euendolithic species can be distributed along a depth gradient, suggesting different physiological
traits 3. Not only does the composition of euendolithic communities change with depth, but also with time, as

mature euendolithic communities, even in shallow, clear waters, are dominated by the OstPleHet-association 3],

Reéfdlatntaf the Substrate
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ske&uchn of cogao? [E]r[—]]_[gégngéoekﬂ%ﬁlg&ixxv , in the shells of mollusks B892 and brachiopods 23, in
the tests of foraminifera 4, in the calcareous tubes of annelids Y and the plates of barnacles 9, and in

21&r6lsapA-#a0n the Frequent Occurrence of Vegetable Parasites in the Hard Structures of
Animals. Proc. R. Soc. Lond. 1860, 10, 95-99.
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substrate, such as | mera sity, translucency, de or architecture 8 Whlle most euendoliths
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appear to be generalists, substrate preferences are found in some, such as the cyanobacterium Mastigocoleus
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BsGary, it MeAdeatoRealilot, GrhoGlessatytolds enlogyt Amestban Genlogisaldistitakelcdashingiont
caldfifndtBdenidTSare more susceptible to euendolithic infestation than other carbonate substrates [12[27158](95]
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skeletons of massive or branchlng corals or bivalve sheIIs which are mostly composed of aragonite [28187], |n

Hiv&RRISIDIgheS . pReEkiRS, &-RighHiaJakelaBoliRg MishoarlANISMEIRNSHMISCIARAIINGSIMCRILANAIE by
phorsHRRbiReS c lELERGo R danIBIBEAZe JraSSilso Myae FeN¥udrch by RERSSFoRRE N(EIRISIRIRE 19 o Cerbraay,
1975; pp. 229-259. ISBN 978-3-642-65925-6.

IQ Ii&e calc(%l 8 hgstsl__\( Lt]:j cobals car Illng %q.a& blvalv%s%: \fvge B:lv% {defeaslg/m)rev?g th% cqlonization of
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uerto Rico Oge SCI nces
other mollusk shells have a protective layer, the periostracum, which deters fouling organisms [101][102][103][104][105]

RoMmaredle. Me (rRIiased of - chidmiBiAicEnfagidd deniléie At AMgreligRieriss idmighe frssacical ixole,
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eucPBHIECEISPBN AGkilD G MG BENALPYPAS BINGH ) 88 imddi e BRI SH EPwerdwida 122l EENIOT Grfer

theQm%QtQ%?%‘galcifying organisms, colonization becomes more intense, as euendoliths do not have to overcome
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rategoRfoflying A SR PRHATIGUE. BullM REVAL RYNRRIR S8RdSER RONE ST alss, dgugaession of microborer

communltles can be observed, boring from the surface down into the substrate [28I[106I[107][108]. (j ploneer species,

Such/ gk My MIg &%Hayﬁ‘ejs el M8 SIORNSRS 1878 AT SRS %bﬁac‘?e"rl% IBSTSEAa s R tarum,
settlee\t/\nt%rlka%desfrzsm’l%’eg%u Abl)p{%egg' %rez %%Io@gaj\lo)g/%% (i)nt4e£r14 503§e stage, between 3 and 6 months,
1@he&se lihe et ap iyt eCaMtitieeiURil am stagsofoato Bindtsithiendigithin ReveumiBs; rand fiilRbefindl stage Jatudly
donGressk dFa astrebMonafled Tagre97a, 6 r@Ehs of exposure.

jf?rﬁ‘ivoﬁd\’hr?&J%lB?d‘E%‘%ﬁ?z%%?ﬁaﬁtﬁ'l EH%Hst'HiStory of Porphyra Umbilicalis (L.) Kiutz. Var.
Laciniata (Lighf.) J. Ag. A. The Conchocelis-Phase in Culture. Ann. Bot. 1954, XVIII, 184—-209.

12, BRI RIRES 1A BRI RNHO RIBBR AR EBhBRDETY PHALR B BTG B FSERSH iR L

der&n}m\w )ewwa(ﬂ%qﬁ;@mﬂ%leﬁuﬁ wellas, thair I@S%Sbﬂf %b|g6r0§§§_§17 e intertidal, the abrasive effects

of sand and other sediments carried by the winds or the waves favor the initial colonization of the substrate by

TudrRERHE TGt QIR i YR & EMATIIWOULHS N UNESHF AR RES S s MARRS df LIS ReRrs,
nutﬁmcmmgﬁﬁﬁseﬂﬂ%ﬂ:rit?@é@%ﬁdlthQSEr%gence of macroborers and macrograzers interact to shape

1®enenitie, commeniesdeT 2L e S ampiviniaIasifRRPeTR S pIsE Eal MeghkaTsms Radtke, G.

Approaching Microbial Bioerosion. Facies 2019, 65, 25.
» Photoautotrophic euendoliths penetrate the substrate until they reach their compensation depth, where

17. RSO sR- balrtddEsfir ok SHRUIRRARGH R BPQICRIBD KiCAIACe s I ARPING OLgR s BSIs2)

within Sediments of the Arlington Reef Complex, Australia. Geol. Soc. Am. Bull. 1972, 83, 1139—
1150.

18. FIFSIRER APAGIFILO ﬁSé%%Hﬁt%P%H‘%BF%?ﬁHEeA‘?&QWQW&REW&NiE)ﬁR%’&"e"é“B?’ KR ISBS R T e
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19. AlbEhakainyiicA. c&ofabitats. tHeosetieGerl @fv rhaoblokiisicvily ansibacte rtdckasivieadalngnaa Rahlkas
grditige Arabian Gulf: Hyella Racemus Sp. Nov. 1. J. Phycol. 1994, 30, 764—-769.

20. RS A RSO35S SRR ol e Edah ReeTs, PSS BLBAS: Bhaeigiing e
RIS it A i R PR RIS e Ko 0B € L 8 R S5 o 5 sggesing
microboring rates 11211141 Grazing also reduces the settlement and growth of epilithic organisms that compete

21. G uRiendRitR G6H s b d-Brid AR ITghP 6RRBGFESITen MIctascorinal RREBHEHS NdarRMMliferent
RHEGI rsi0e MM RASS dd AHBERMERAUB G MRRIMIH Bnbsihaias 187803, ZR3rwisle products act

22, EHiEReEOreSuRRARING CEMTANERE PIBISE e BHeR ELRBYRIATSR MATIRSS M RIBIsHHYY in the vicinity
elyaRIBRRa ‘Usmimtnities in Marine Carbonates from Cabo Rojo, Puerto Rico. Sediment.

Geol. 2006, 185, 215-228.
Under intense grazing pressure (e.g., sea urchin > fish [3IZA117][118]) ey endolithic growth and boring rates cannot

22 eDIpharkain M rabialrialing BeringuFataeh BYdpilRic, Cyanahanteiir HYRIsHbnRRARe Ingef grazing
exceaBOAIORYHARANIPAS - HksBirdeter oL BirdedradeR0al, BnHRADEAd the denuded surface must be

JRcPaghd WERT: Lee, M.-F.E.; Marcelino, V.R.; Willis, A.: Verbruggen, H. Ten Ostreobium

(Ulvophyceae) Strains from Great Barrier Reef Corals as a Resource for Algal Endolith Biology

Depending on its nat the epilithj mmunities covering the bored substrate can also influence the abundance
D L RO Ry I SHIA 2D 53T E S5 QugIing
and composition of euendolithic communities, by diminishing light availability and attracting/deterring macrograzers
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@lsb)@_dgr ESWI _g%i_ngdﬁg’sszxfg’(q_.QS-ﬁ_s@Sggg pioneer species Mastigocoleus testarum dominates euendolithic

communities on experimental substrates covered with algal turfs, joined by the low-light specialists Plectonema
ZtZa're%lrIgrlgez{hé\l Os(t;rgt%ﬁ%othug{éty/hgnmsﬁgdgd %%Q@Qgg ’c%é%%evrlﬁhsgﬁgtfggén coNrg fﬁg %585'8 I’c])rt(r)nal\lcer(galgae (73]
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mogl igEEeed S iBele metire B UATHSERdracterised via Micro-CT. Foss. Rec. 2017, 20, 173-199.
RuFAG EnPIRTRUI NSRRI Sh R Rl Mering Radithic Alage: AToERS), and

mic:rlo fligérgs%ﬁ?ra_tég]ﬁf euendolithic communities, as well as the density and species composition of the epilithic

3@nmkaeK EHR A\ Spitsiesiétesl GhyopinjtstiGrrmisosrerobiemydtesrbs leelkedelishef Adarnitioeanan in
mo@avligotraphResdtesrals AdsEintonl Witi7 it 18812335 high grazing pressure 1141 Conversely, nutrient-
enriched turbid inshore waters are ?haracterized b% lower. microbioerosion rates comp%r_ >d to clear oligotrophic
31. Verbruggen, H. Morphological Complexity, Plasticity, and Species Diagnosability in the Application
offshore waters at the Great Barrier Reef, suggesting that increased turbidity resuzlténgggtom the entrapment of

of Old Species Names in DNA-Based Taxonomies. J. Phycol. 2014, 50, 26-31. _ o
sediments in the epilithic cover at inshore sites diminishes light availability and, thus, restricts euendolithic

3ebIMerRiita IR AMNEht Ybih s biten ST, BrdaainhcentraiRegWitinbrg pasivag ents. (g CAMRGHLN,
phdsorlditlaraBli&nLiitlesdyb Mhel ebiagrity FofA ddatiiZa@enls thenapalimiash&iegeayoidbgately the
mickipldenrrith Geean HlgasniitithRhylpganetidsv@lspdly 50, G2-868ence of macrograzing [1201[1211[122]
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nutdent.and ihe specific fimiglons of e eéﬂlf?%'s;éﬁlgl_eé%edgrotrophic euendoliths increase in abundance when

exposed to increased levels of organic matter, euendolithic green algae and cyanobacteria react to higher levels of
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Jitrdfarcelid mhddRhave rismpgeveyH LRAGAHRAAr ke rivetahifyoad g ofder ah S kdfstanst ReviealsaddRiah on
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species composition and density of epilithic communities [£2, with an indirect impact on the underlying euendolithic
Sriwials Ziiapat, frleolaOrees QRANRWSnuRRNENEZds) - thCanmPiEUaHR ERJQEICAIgay algal turfs
assDSaRGaliRRSRRMesephplitRegfBriding GaigtCRLR RGRiTetie37 wile—if0%efs subjected to
FURRRIFAHO BreigiomPane it vnasTaglear, anE STHRRIFGIRne vt guHSEnaiaRt e tekititigs
undsgying S ¢sRYGuRIE SRBIYROARPLRLAING 19 $86p8ls P Allfera Skeletal Microbiome. Coral Reefs

2021, 40, 275-282.
With their specific niche specializations, in terms of nutrition, light, temperature, nutrient concentrations, and other

SShyLaRerjhdmefeRissRe e RORBARAN MRIBEBMGE Niney: WWilRkRle \nietctammishhiiext{>rBrRr8lighic
eudBiRitMeISity RssesPRENE s ingebidbMeirhatePdindyMeld FaRbrtyindiic BRI at the species
3 SPABUBIevetanidonSRlarly, fessi eypaaglite caphpeienialldigaisedsyndichirs\if st riaperagres,
saliginlg vess.ior fopNiedyparics) bvidpeER FRSRACBRSIgEsEaE, "hd Functional Characterization of
Predominant Endolithic Green Sulfur Bacteria in the Coral Isopora Palifera. Microbiome 2019, 7,

3. Euendolithic Infestation in Marine Bioengineered

.E&BﬁX?EﬁH&%nva, A.; Garcia-Pichel, F. Cydrasil 3, a Curated 16S rRNA Gene Reference

WhiE o e N e s Sl e g R G e r o oF catbonate kefetal Thienats, until
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or Wedatuggers HZEVRuy Refogelidiats dts Eratien Qatheoltiens@ss gald ol edHotoblndesptan dingn i A lgae
gerGantyl ineughRockeanthStatp imBu sigestabesnintCalldaewgBioh R@22g31i084952 HAR000dES.only the

[124]
4%p§rerﬂ?gtn|8{eﬁ;qig} S%P%@\tf;wgsr%aé%, A.; Qvortrup, K.; Chen, M.; Ralph, P.; Sgrensen, S.J.;

Ovérrra% ep?dsltz"-[hlr(euehld('yclé ens(,jogﬁtgd%ticrig I%‘aggr%gdﬁgg ”stﬁéﬂmgtﬁaqoﬁﬁ’émé?%hés'éﬂc%v‘?tyzg ]f)hgfoiégt?o%rr)phic

107
euendoﬁsths can be the source of severe, often lethal, damage to living calcifying organisms [see Table 1 in Dievart
4&.dfr(edzagnn, I.E.; Hua, M.; Ocampo-Friedmann, R. Cryptoendolithic Lichen and Cyanobacterial

Communities of the Ross Desert, Antarctica. Polarforschung 1988, 58, 251-259.

Table 1. Summary of the negative and positive effects observed and suspected (underlined) of euendolithic
44, Ascaso, C.; Wierzchosb, J.; Castelloa 3 gtuc&y of th%Bfo enic Weatherln% O%_Calcareo,us .
infestation on the physiological’ pafameters, calcified structures, bio ogqlca Interactions, a ioengineering qualities

Lith renitt? ; t.one;]s Caused by Lichen and Endolithic Microorganisms. Int. Biodeterior. Biodegrad.
of main live calci ying hosts.

1998, 42, 29-38.

4 Live Calcifying Hosts References an
Responses to Endolithic Infestation Corals Coralline BivalvesOthers
Algae
Physiological Parameters _ _
‘ Growth = i . losizsieiieriieaize M€ SCI
General condition = ! [52][67][125][127][130][131][132]

41 AU s IVCT VDIV VT WY YOI ST T TAVNIDTT IVIVUL T T IVIATIYI UV S VATV O; TV IY el T, IChnOS

1990, 1, 125-132.
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4 Live Calcifying Hosts References larine
Responses to Endolithic Infestation Coralline .
P Corals BivalvesOthers
Algae
4 Physiological Parameters S A
>ara,
Reproduction ! = 125/1128][133]1134]
o Attachment strength ! (67)132][133
[66][105][106][125][130][131]
General survival t= L ! [133][135][136][137]
£ and
. _ [68][69][74][76][138][139](140]
Individual survival to heat stress p (tim) () 141 l. 2006,
Calcified structures
=
N [18][56][68][91][105][125](129] on of the
Microbioerosion 1 T 1 1 142
S Thickness ; L% . [54][105][125][126] ion,
[67][105][125][129][132][134]
Strength l [t l [136][137][143]
£ inthus
Porosity 1 1 1 [L8]56][68][126]
T TR ; N ; [52][66][126][134][144][145][146]
ar-
Ve ; N ; [52][54][105][125][126][128][144]
£ Mineralogy ~ = 52e7] Biol.
Biological interactions
[~
N Epibionts A 132 ve and
, 149—
Predators 1 N [67]
c Grazers 1 N N 113][137 N
Photoautotrophic euendoliths = & = LEleEL00L26ILS0]Lsd] y
Bioengineered ecosystems
o .
Y Architectural complexity Tl ! [20197] ion of
Coastal protection from waves and other . . . . [671[911[971[134][136][142]
E stressors 'rn
Mitigation of environmental stressors for . [69][74][76]
associated species .
€ )sion

Traces in Polar Barnacles of Svalbard. Polar Res. 2020, 39, 3766.

61. Campbell, S.E. The Modern Distribution and Geological History of Calcium Carbonate Boring
Microorganisms. In Biomineralization and Biological Metal Accumulation; Westbroek, P., de Jong,
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Live Calcifying Hosts References )46-8.

Responses to Endolithic Infestation Corals Coralline BivalvesOthers
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