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Abstract: Euendolithic microorganisms (boring endoliths) syn-vivo associated with modern corals are
commonly reported, but their fossil record is extremely rare. This paper reports the new finding reco-
gnized in the colonial scleractinian coral Clausastrea saltensis from the Upper Barremian of Bulgaria.
Large microborings (up to 50 pm, most ca. 15-25 pm in diameter) filled with calcite cement are distri-
buted medially along coral septa of some corallites. Borings were produced by microeuendoliths
growing from the skeleton interior outward during the life of the coral host. They are compared to
traces produced by the recent oligophotic filamentous chlorophyte Ostreobium, which is known to be
the most common skeleton-dwelling alga in modern living corals and regarded as neutral or beneficial
to the coral. In terms of general morphology, diameter and distribution pattern, the borings are similar
to those recently recognized in the Early Cretaceous microsolenid coral.
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Résumé : Découverte nouvelle d'algues endolithes affectant un corail d’age Crétacé inférieur
de son vivant.- Des microorganismes euendolithiques (endolithes perforants) sont souvent signalés
affectant des coraux modernes de leur vivant, alors qu'a contrario ils sont extrémement rares dans le
registre fossile. Cette publication fait état de leur présence documentée récemment dans un corail
scléractiniaire colonial, Clausastrea saltensis, du Barrémien supérieur de Bulgarie. Des perforations
relativement larges (jusqu'a 50 pm de diameétre, dans la plupart des cas de I'ordre de 15 a 25 um) col-
matées par un ciment calcitique sont réparties selon le plan médian des cloisons coralliennes de quel-
ques corallites. Ces perforations sont dues a des euendolithes microscopiques qui se développaient du
vivant de leur hote corallien depuis I'intérieur de son squelette vers I'extérieur. Elles sont comparées
aux traces laissées par le chlorophyte filamenteux oligophotique Ostreobium, une algue actuelle vivant
au coeur du squelette de coraux modernes, en fait la plus fréquemment observée, et dont l'impact sur
ces derniers est considéré comme neutre, voire comme bénéfique. En raison de leur forme générale, de
leur diamétre et de leur modeéle de répartition, ces perforations sont similaires a celles récemment
identifiées dans le corail microsolénidé d'age Crétacé inférieur.
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1. Introduction

Eukaryotic organisms may be animal or
plant holobionts that are associated with micro-
bial communities. The term coral holobiont re-
fers to a dynamic, complex association between
a coral host and internal and external microbio-
ta: dinoflagellates (zooxanthellae), other algae,
bacteria, archaea, viruses, fungi, and proto-
zoans living in the coral tissue, mucus micro-
layer and skeleton (RoHwer et al., 2002). Re-
cently, substantial progress has been made in
studies of coral-associated microorganisms
because interactions between them are crucial
for coral health and disease, hence for the
functioning of coral reefs (e.g., ROSENBERG &
Loya, 2004; THomMPsON et al., 2015). ZLATARSKI
(2010) drew attention to the concept of coral
holobionts in a paper addressed to researchers
of fossil corals.

Geochemical and biochemical criteria, and
fine-scale growth banding of the skeleton hold
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potential to identify symbiotic zooxanthellae of
fossil corals (FRANKOWIAK et al., 2016, and refe-
rences therein), but to reveal these features
requires exceptionally well preserved skeletons.
Among coral-associated microorganisms, euen-
dolithic algae, cyanobacteria and fungi are en-
doliths that actively penetrate hard substrates
(Gorueic et al., 1981). These endoliths leave
specific boring traces with fossilization potential
even in poorly preserved skeletons. However,
the fossil record of such coral-endolith asso-
ciations are extremely rare, even though traces
of boring microorganisms that colonized skele-
tons of live corals are as old as the Ordovician
(ELiAs & Leg, 1993). The best preserved micro-
endoliths are those described by Koropzie) et al.
(2012a) from the Lower Cretaceous (Aptian)
microsolenid corals from Romania. These au-
thors also discussed other scarce fossil records.
This paper reports large microborings produced
by endoliths associated with a coral from the
Barremian of Bulgaria.
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Figure 1:

A (A) Location of sampling site.

B () The outcrop in Lovech showing coral-bearing
marls of the Smochan Formation.
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Figure 2: Transverse sections through Clausastrea saltensis. A) General morphology of the corallite; Close-up of
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boxed area is shown in image C. B-F) Septa with microendoliths. Microborings are filled mostly with calcite sparite
cement, rarely by micrite (arrow in B and C). In image D microborings are clearly clustered (arrow); in E
microendoliths occur in the inner part (at the corallite centre) of coral septa; arrow in F shows two filaments
squeezed in the same borehole, possibly above the branch point.

2. Geological background and material

During the Barremian-Early Aptian (Early
Cretaceous) several carbonate platforms exis-
ted on the northern Tethyan margin in Bulgaria
(MinkovskA et al., 2002). Abundant and diver-
sified corals (about 120 species) were described
from marls and limestones of the Lovech Urgo-
nian Group in the Central Fore-Balkan. Level-
bottom assemblages and coral bioconstructions
(mostly matrix-supported reefs) represent
clear- and turbid-water environments (e.g.,
ZLATARSKI, 1967; IDAKIEVA & Ivanov, 2002; IDA-
KIEVA, 2008; Kotrobpzies et al., 2012b).

The studied specimen comes from the Upper
Barremian coral-bearing marls of the Smochan
Formation (IDAKIEVA & IvaNov, 2002). Marls crop
out along the road in the northern part of
Lovech (ca. 140 km ENE of Sofia), ca. 1 kmm NW
from the Lovech Railway Station (Fig. 1). Ten
transverse and longitudinal uncovered thin
sections of standard size (25 mm x 35 mm)
were prepared from a colony of Clausastrea sal-
tensis ALLOITEAU, 1960, in which microendoliths
were recognized.
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Figure 3: A-D) Longitudinal sections through Clausastrea saltensis showing septa with microendoliths. A) Arrows
indicate long algal filament. B) Longitudinal (left white arrow) and transverse/oblique sections (right white arrow).
Black arrow shows segmented filament; C) Segmented filament (lower arrow) and the cross wall in the filament
(upper arrow) suggesting the onset of a narrower lateral branch. D) Two filaments filled with micrite interpreted as
possible lateral branching (arrow) or alternatively as closely located filaments.

Thin sections were analyzed using binocular
microscope Nikon SMZ 1000, petrographic mi-
croscope Zeiss Axiolab and scanning electron
microscope Hitachi S-4700. Additionally, thin
sections were studied using cold cathodolumi-
nescence microscopy, apparatus Cambridge
Image Technology Ltd, 8200 Mk3. All obser-
vations were carried out at the Institute of Geo-
logical Sciences, Jagiellonian University. Micro-
boring diameters were measured using the
Palaeontological Database System PaleoTax,
module PaleoTax/Measure (http://www.paleo
tax.de/measure). Measurements were statisti-
cally analysed with the PAST software (HAMMER
et al., 2001). The specimen and thin sections
are housed in the Institute of Geological Scien-
ces, Jagiellonian University, Krakdw.

3. Results

The microeuendoliths, further referred to as
microendoliths or microborings, were recogni-
zed in septa of the thamnasterioid (corallites
without intervening wall) scleractinian coral,
Clausastrea saltensis ALLOITEAU, 1960, of the
Family Montlivaltiidae DieTriCH, 1926, Suborder
Astreoina ALLOITEAU, 1952. They occur in three
of the ten thin sections made from different
parts of the colony. Microendoliths are common
in septa in transverse thin section Lov 1c (Figs.
2 & 4). Longitudinal sections of borings are rare
(Lov 1b; Fig. 3). Microborings are absent in
dissepiments, that is tabular or vesicular skele-
tal elements connecting neighbouring septa.
The aragonitic coral skeleton was neomorphi-
cally transformed to calcite and recrystallized
(Fig. 2.A). Septa are not micritized. Interseptal
space is filled with blocky calcite cement, only
locally with fine-grained sediment (Fig. 2.E).
Calcite cement is lighter (more transparent)

than neomorphic calcite (pseudospar) forming
the coral skeleton. Observations under petro-
graphic (Figs. 2 - 3) and scanning electron mi-
croscope (Fig. 4) revealed that calcite crystals
filling microboring tunnels are coarser than
neomorphic calcite of the coral skeleton, which
is reflected by different solubilities of both
calcite types (Fig. 4.B). Only locally microbo-
rings are filled with micrite (Figs. 2.B-C & 3.D)
and rarely with pyrite crystals (Fig. 4.B). Stu-
dies under crossed nicols and under cathodolu-
minescent microscope revealed neither new
microborings nor enhanced their morphology.

In transverse sections, microborings are
distributed medially, along the septa (Figs. 2.B-
F & 4), both in their outer and inner parts,
which are close to the corallite centre (Fig. 2.E).
Locally microborings are clearly clustered (Fig.
2.D). A few microendoliths are cut in the longi-
tudinal direction evidencing that they are fila-
mentous (Fig. 3). The presence of lateral bran-
ches is uncertain both in transverse (Fig. 2.F)
and longitudinal (Fig. 3.C-D) sections. Two fila-
ments are segmented (Fig. 3.B-C).

662 measurements of microboring diameters
in transverse section were made using the pro-
gram PaleoTax/Measure. Microborings vary in
diameter ranging from 5 to 52 pm, most of
them are between ca. 15-25 pym. The histogram
showing the frequency distribution of diameters
is slightly right-skewed (Fig. 5.A & 5.C). For
comparison, 662 measurements of microbo-
rings in the Lower Aptian microsolenid coral
(the best preserved sample R31; KoroDzIE) et
al., 2012a) from Romania range from 7 to 45
um in diameter, mostly between ca. 18-32 um.
The histogram is normally distributed with a flat
top (Fig. 5.B-C).
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Figure 4: SEM images of microendoliths in coral septum in the transverse section. Image B is enlargement of the
septum partially visible in the lower part of the image A. Note differences in crystal sizes of neomorphic calcite
forming the coral skeleton and calcite cement filling microboring tunnels. Arrows indicate pyrite crystals in
microborings.

4. Discussion

Distribution patterns of microendoliths differ
in live and dead corals. Dead and denuded
parts of the skeleton are colonized at the sur-
face and bored inward. Skeletons of live corals
are bored from the inside upward and outward
by microorganisms living in close proximity to
and below the coral tissue and keeping pace
with the rate of coral growth (Le CAMPION-ALSU-
MARD et al., 1995). Filamentous morphology,
diameter and distribution patterns of microen-
doliths described here are very similar to those
revealed recently in skeletons of microsolenid
corals from the Lower Aptian of Romania (Ko-
robziel et al., 2012a). The presence of filament
branching is uncertain because of very rare and
poorly preserved longitudinal sections of
microendoliths in C. saltensis. For example,
possible branching shown in Figure 3.D may be
alternatively interpreted as a result of close
position of two unbranched filaments. Microbo-
rings are distributed medially along coral septa
evidencing they are not post-mortem, but
instead microorganisms lived in the skeleton of
a growing coral. It is worth underlining that
septa are not micritized in Bulgarian and Roma-
nian corals with microendoliths. Thus there is
no evidence of post-mortem activity of boring
microorganisms, although micritization is a
common phenomenon in many fossil corals,
including those from the Lower Cretaceous of
Bulgaria (e.g., Kotopziel et al., 2012b, Figs.
10C, 14E, 15D, 22A). Diameters of microendo-
liths described here are similar to those reco-
gnized in Romanian corals. Histograms of the
frequency of microendolith diameters are nor-
mally distributed and slightly right-skewed in
the case of microendoliths in the Bulgarian
coral. That indicates the presence of one domi-
nant morphotype (species?).

The spectacularly well-preserved, iron-stained
microendoliths from Romania allowed their
more detailed analysis and comparison with the
modern euendolithic siphonalean chlorophyte

Ostreobium (Kotopziel et al., 2012a). It is
worth noting that algal filaments in Romanian
and Bulgarian corals have large diameters. Fila-
ments of recent Ostreobium usually have
smaller diameters. For example, Lukas (1974)
described from living corals filaments of Ostreo-
bium quekettii BOoRNET & FLAHAULT, 1889, with
diameters of 1-25 um (typically 2-5 pm). In
Ostreobium constrictum LukAs, 1974, two types
of filaments occurred: cylindrical with diameter
of 3-20 um, and inflated ones with diameter of
13-60 pm. Ostreobium quekettii is a modern
producer of the ichnospecies Ichnoreticulina
elegans (RADTKE, 1991). Its galleries have dia-
meters of ca. 3 pm (see TRIBOLLET, 2008), which
are much less than microendoliths described
here and than most of those described by Ko-
ropziel et al. (2012a).

Although microendoliths are ubiquitous in
the modern living corals, they are poorly taxo-
nomically diversified and include algae (chloro-
phytes, rhodophytes), cyanobacteria and fungi
(Le CamMPION-ALSUMARD et al., 1995; GoLusiC et
al., 2005; TriBoLLET, 2008). Ostreobium que-
kettii is the most common autotrophic euen-
dolith and was recognized in over 85% of coral
species across a wide geographic and bathy-
metric range (Lukas, 1974; Le CAMPION-ALSUMARD
et al., 1995; TRIBOLLET, 2008; GUTNER-HOCH &
FINE, 2011).

Autotrophic and heterotrophic microorga-
nisms that actively bore into rocks (mostly
carbonates) might gain advantages in nutrient
acquisition, finding a niche with limited compe-
tition, protection from some physical environ-
mental stressors normally experienced by free-
living algae, exploitation of organic matter,
protection from predatory grazing, and desic-
cation. A skeleton of a living coral is an extreme
habitat, yet some photosynthetic algae and
cyanobacteria show extraordinary ability to
cope with low-light conditions (SCHLICHTER et al.,
1997; SHASHAR et al., 1997; GoLuBiC et al.,
2005; TriBoLLET, 2008).
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Figure 5: Frequency of microboring diameters. A-B) Histograms showing frequency of the minimum and maximum
diameters of microborings in Clausastrea saltensis from Bulgaria (A) and in the microsolenid coral from the Lower
Aptian of Romania (B) described by Kotobziel et al. (2012a). C) Boxplot depicting median and range of microboring

diameters in Bulgarian and Romanian corals.

Microborers that colonize dead carbonate
substrates are important primary producers and
greatly contribute to bioerosion and sedimen-
tation (TRIBOLLET et al., 2011). The role of the
euendolithic communities within skeletons of
living corals for their health and diseases re-
mains poorly understood (for review: TRIBOLLET,
2008). Although, rapid blooms of algal endoliths
may cause over 25% of skeletal carbonate to
be dissolved and removed (LE CAMPION-ALSUMARD
et al., 1995), most of the studies on endolithic
algae from reef corals suggest a neutral or posi-
tive effect on coral health, while fungi are
potentially pathogenic. Microendoliths can
translocate fixed carbon to the coral tissue
(e.g., SCHLICHTER et al., 1997), and may be im-
portant for the survival of some bleached corals
providing an alternative source of energy (FINE
& Lova, 2002).

Although its exact character is difficult to
determine, syn-vivo coral-microendolith asso-
ciations described here can be termed as facul-
tative ectosymbiotic relationships in a broad
(and original) sense of the term symbiosis. The
broad meaning of this term is accepted by
many biologists (e.g., PARACER & AHMADIIAN,
2000) and, especially by palaeontologists (e.g.,
DARRELL & TAYLOR, 1993).

Diagenetic bias (early or late diagenesis)
seems to be the main control of the poor fossil
record of this ecological group, especially of

these microendoliths that left very thin micro-
borings. Aragonitic skeletons of scleractinians
are commonly neomorphically transformed to
calcite, recrystallized, or dissolved (moldic
porosity is commonly later filled with calcite ce-
ment). However, as previously observed by Ko-
+opziel et al. (2012a) in the Lower Cretaceous
corals of Romania, microendoliths may be well
preserved even in coral skeletons strongly
affected by diagenesis. In Romanian corals the
filaments show diverse states of preservation,
which indicate that responsible taphonomic pro-
cesses (mostly impregnation by iron oxides)
operated on a small scale.

Alternatively, but less possible, the patchy
distribution of microendoliths may be interpre-
ted to be an increase in growth and diameter of
microendoliths, in some parts of the colony, for
instance during coral bleaching. That might
favour preservation of large filaments.

5. Conclusions and suggestions for
further studies

This report provides rare evidence of fossil
microendolith-coral association. Although they
are not as well preserved as the Early Creta-
ceous microendoliths described by Korobzies et
al. (2012a), the new record confirms that some
coral-associated microendoliths may be large
enough to be examined optically with standard
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petrographic microscope. However, careful ob-
servations of corals are required, because mi-
croendoliths might be preserved only locally.

The study of fossil microendoliths that inha-
bited growing corals is still in its infancy. This
type of symbiotic association was certainly
much more common, but it is extremely sparse
fossil record is likely due to taphonomic loss.
Moreover, microborings may be overlooked du-
ring taxonomic studies, or may be confused
with relics of coral skeletal microstructure. They
may co-occur with post-mortem borings, which
makes their identification more difficult. In
particular, further research should be oriented
towards revealing thin microendoliths (ca. 5 um
and smaller). This requires well preserved coral
specimens and SEM observations of natural or
resin casts (Korobpziel & RADTKE, 1999; K. SALA-
MON, work in progress) using casting-embed-
ding, which is commonly used for modern and
fossil material where microborings remained
empty (GoLuBic et al., 1970). Corals associated
with ferruginous sediments, like those from the
Cenomanian of Saxony (LOser, 2014), are po-
tentially perspective material for study of sym-
biotic microendoliths that may be preserved as
natural casts (K. SALAMON, work in progress).
However, as shown by this report, large micro-
endoliths may be readily visible under a petro-
graphic microscope, even though they are not
impregnated by other minerals.

Research focused on this aspect of coral
palaeoecology will certainly reveal new findings.
Such discoveries will be potentially significant
to the understanding of palaeoecology of corals,
microendoliths and their evolutionary relation-
ships. Although much information will remain
unrevealed due to taphonomic biases, new fos-
sil records and rapidly improving understanding
of modern coral-endolithic associations may
provide valuable insight into the palaeoecology
of ancient reefs. Potentially valuable research
material includes corals showing skeletal ban-
dings, which may be related to increased algal
or fungal growth associated with environmental
stress (e.g., LE CAMPION-ALSUMARD et al., 1995;
GoLuBiCc et al., 2005; CariLLl et al., 2010).
Distribution of fine microborings in some Pa-
laeozoic corals are compared by Risk et al.
(1987) and EuLias and Lee (1993) to algal ban-
ding in modern corals.

Lastly, due to the presence of early calcite-
filled borings great care must be taken when
even well preserved aragonitic corals are used
as trace element archives applied to palaeoen-
vironmental studies. Proper sampling techni-
ques are required to avoid calcite cement-filled
microborings produced by symbiotic microendo-
liths in recent corals (NoTHDURFT & WEBB, 2009).
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