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ABSTRACT - An endosymbiotic relation between the solitary rugose corals ?Yuanophyllum and ?Dibunophyllum and a large soft-bodied 
worm-like organism is described from the Hezhou Formation (Serpukhovian), Lower Yangtze Platform, South China. The endosymbiont lived 
in a U-shaped tube, probably with a horizontally sideways bent base connecting the vertical shafts. A membranous epidermis and relicts of a 
probable cuticulo-muscular tube are preserved. The corals reacted with skeletal encasement of the infesting organism and irregular, in part 
dense growth of additional skeletal elements adjacent to it. This is the first description of such an endosymbiotic, parasitic or commensal 
relation of solitary rugose corals after the Frasnian-Famennian Boundary Event. Similarities between the Devonian association of 
pleurodictyoform tabulates and the ichnotaxon Hicetes are remarkable. Moreover, the association proves the extraordinarily rare persistence 
of bioclaustrations in corals after the Hangenberg Event at the Devonian-Carboniferous boundary during the Permo-Carboniferous period 
of arrested endosymbiont development.

INTRODUCTION

Symbiosis, in its wide sense, is defined as the intimate 
association of two organisms “living together.” According 
to Darrell & Taylor (1993), it ranges from parasitism 
through commensalism and amensalism to mutualism, 
but the kind of relationship between the two organisms 
is already difficult to evaluate in modern, and even more 
in fossil examples (Smith & Douglas, 1987; Fagerstrom, 
1996; Taylor, 2015). If there are great size differences 
between both symbionts, the larger one is called host, the 
smaller one symbiont (Smith & Douglas, 1987). 

In spite of the limitations, evidence of symbiotic 
interactions of organisms through time helps us to better 
understand the evolutionary history of the ecosystem, 
exploitation of ecospace (Bambach et al., 2007), and 
formation of specific niches. Palaeozoic corals, as a major 
group of marine calcareous skeleton producers, dwell 
in a wide range of habitats from reefs to bottom-level 
communities (Aretz, 2010). Together with other skeletal 
colonial organisms like stromatoporoids and bryozoans, 
they were the most favoured hosts for symbiotic 
organisms. Endosymbiotic interactions between corals 
(Tabulata and Rugosa) and other macro-organisms in the 
Palaeozoic have been frequently reported (e.g., Sokolov, 
1948; Plusquellec, 1968; Oekentorp, 1969; Oliver, 1983; 
Zapalski et al., 2008; Zapalski, 2009; Stewart et al., 
2010; Vinn & Wilson, 2015; Vinn et al., 2017; also see 
the reviews by Darrell & Taylor, 1993; Tapanila, 2005; 
Vinn, 2017a, b). They are most easily recognised when 
organisms caused changes in the growth of the coral 
skeleton. In many cases, the organisms settling within a 
living coral were embedded in the skeleton of the host 
during growth, with apertures connected to the outside, 
or were totally overgrown, resulting in internal tubes 
or cavities. Such process is termed “bioclaustration” 

(Palmer & Wilson, 1988), and provides direct evidence 
of symbiotic activities. Bioclaustrations have been often 
studied and described in the manner of ichnology and 
can be used as proxies for the health of reef ecosystems 
of the past (Tapanila, 2005; Vinn et al., 2018).

The oldest records of endosymbiosis between macro-
organisms and corals are from the Late Ordovician, with 
corals either as hosts (Elias, 1986) or as endosymbionts 
(Vinn et al., 2016). Abundance and diversity of 
endosymbiosis in corals during the Palaeozoic peaked in 
the Middle Devonian. Both dropped dramatically in the 
Late Devonian (Darrell & Taylor, 1993; Tapanila, 2005; 
Zapalski, 2009). In fact, the extreme drop of the coral 
diversity caused by the Kellwasser Event at the Frasnian-
Famennian boundary also almost wiped out the symbiotic 
dependant ecosystem (Tapanila, 2005; Vinn, 2017b) and, 
as a consequence, the Famennian was almost devoid of 
endosymbiosis in corals. Hitherto, the youngest record of 
bioclaustration was from the late Famennian (“Strunian”) 
tabulate coral Yavorskia (Zapalski et al., 2008).

Despite the fact that diversity and abundance of corals 
recovered in the Mississippian, bioclaustrations caused 
by endosymbiotic worms and tentaculitoid tubeworms 
were missing and the ecospace apparently was vacant. 
An exception outside of corals is the tentaculitoid 
genus Streptindytes, which infested Pennsylvanian 
chaetetid sponges (Tapanila, 2005; Vinn, 2010, 2016). 
The few records for macro-symbiosis of corals in the 
Carboniferous refer to intergrowth or encrustation 
(Darrell & Taylor, 1993; Tapanila, 2005; see review in 
Vinn, 2017b). The roles that different taxonomic groups 
of corals played in the symbiotic associations also 
differed. Tabulate corals had been more preferable hosts 
than rugose corals. In the latter group, records as hosts 
are rare, even more for solitary taxa (Darrell & Taylor, 
1993; Tapanila, 2005).
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Two specimens of solitary rugose corals retrieved 
from the upper Mississippian (lower Carboniferous) from 
South China bear structures of endosymbiotic origin, 
shortly described by Lin & Herbig (2019). The aim of this 
contribution is to detail these structures that are extremely 
scarce in the Carboniferous, and to compare them with 
older endosymbiotic ichnofossil types.

GEOLOGICAL SETTING AND LOCALITY

During the Carboniferous, the South China block 
was located in the northeastern Palaeotethys near the 
palaeoequator. Its northeastern part was constituted by the 
Lower Yangtze Platform, which was bound by the northern 
margin of the Yangtze Land to the south and modern 
day Tanlu Fault Zone and Qingling-Dabie Orogen to the 
north. The Mississippian strata of this region are largely 
composed of carbonate rocks (mudstones, wackestones, 
packstones, dolostones), sandstones, and siltstones 
intercalated with coal-bearing strata (Wang et al., 2013). 

The Wangjiacun section (Fig. 1, GPS coordinates: 
N 31°31’00”, E 117°48’18”) is located close to the 
eastern banks of Chaohu Lake, Yingping County, Anhui 
Province. Geologically, the section is located near the 
northern margin of the Lower Yangtze Platform. Two 
lithostratigraphic units can be recognised: the lower part 
represents the upper part of the Gaolishan Formation, 
which mainly consists of calcareous mudstone with a 
thin layer of sandstone (about 20 cm thick) near the top; 
the upper part represents the Hezhou Formation, which 
mainly consists of argillaceous limestone intercalated 

with calcareous mudstone, topped by a seven meters 
thick dolomite, sometimes being referred as a separate 
lithostratigraphic unit named Laohudong Formation. 
The Gaolishan and Hezhou formations yielded relatively 
abundant rugose corals (Wang et al., 2010; Lin, 2013). 
The specimens bearing the endosymbiotic structures were 
retrieved from the Hezhou Formation.

In the Gaolishan Formation, the rugose coral fauna is 
dominated by solitary corals, including Arachnolasma, 
Dibunophyllum and Koninckophyllum, associated with a 
few colony fragments of Siphonodendron pauciradiale 
(McCoy, 1844). The coral fauna in the lower and middle 
part of the Hezhou Formation is more diverse than in 
the formation below. It comprises Koninckophyllum, 
Yuanophyllum ,  Bothrophyllum ,  Arachnolasma , 
Dibunophyllum, Axophyllum, Siphonophyllia and cf. 
Empachyphyllum, with more numerous occurrences 
of the colonial coral Lithostrotion. In the upper part of 
the Hezhou Formation, just below the dolomite, only 
two fragments of Aulina rotiformis Smith, 1917 were 
recovered.

Further corals from the Hezhou Formation were 
described by Xia & Xu (1980) some 20 km north of 
Wangjiacun from the Fenghuangshan section, which is 
a parastratotype of the Hezhou Formation (Li & Jiang, 
1997). 

The coral assemblage of the Wangjiacun section in 
general is typical of the Yuanophyllum Zone of South 
China (Yu, 1931; Wu, 1964; Tan, 1987), which has a 
range from middle Visean to Serpukhovian. Aulina 
rotiformis, which occurs in the top of the section, is a 
characteristic latest Visean to early Serpukhovian marker 

Fig. 1 - (color online) Location of the Wangjiacun section east of Chaohu Lake, Anhui Province.
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in South China (e.g., Poty et al., 2011; Lin et al., 2012), 
opposed to western Europe, where it enters at the base 
of the Serpukhovian (Rugose coral Zone RC9; Poty et 
al., 2006, 2011). However, based on foraminifers, and 
refining the earlier stratigraphic assignment of Xia & 
Xu (1980) and Cai & Xi (1985), Sheng et al. (2018) 
defined the Tarussian Plectomillerella tortula Interval 
Zone and placed the complete Hezhou Formation into 
the Serpukhovian. This relies on the occurrence of the 
foraminifers Plectomillerella tortula (Zeller, 1953) 
(= Millerella tortula auct.), Asteroarchaediscus cf. 
postrugosus (Reitlinger, 1949) (= Neoarchaediscus 
postrugosus auct.) from the base of the Hezhou Formation, 
and the entry of Janischewskina delicata (Malakhova, 
1956) slightly above.

MATERIAL AND METHODS

Totally 126 specimens were collected from the 
Wangjiacun section for taxonomic and biostratigraphic 
studies (Lin, 2013). Among them, only two solitary coral 
specimens, tentatively assigned to ?Yuanophyllum and 
?Dibunophyllum, carry the endosymbiotic structures. 
Both specimens are incomplete, missing the apex, the 
calice and part of the dissepimentarium. For the purpose of 
taxonomy, they were originally sectioned, including: four 
transverse sections for ?Yuanophyllum; four transverse 
sections and one longitudinal section for ?Dibunophyllum. 
Herein, the description of each specimen includes two 
parts: host and endosymbiont. The description of the 
endosymbiont remains informal, as it is not assigned to 
an existing or new taxon.

Thin sections were studied with a Wild M420 optical 
microscope and photographed using the 500 megapixel 
Leica MC170 HD microscope camera. Specimens 
described herein are deposited in Nanjing Institute 
of Geology and Palaeontology (repository number of 
thin sections for ?Yuanophyllum: 171989-171992; for 
?Dibunophyllum:191993-191997).

INFESTATION OF ?YUANOPHYLLUM SP.

The host
Two transverse sections are from the neanic stage 

(Fig. 2a-b). They are 7.3 mm and 15.6 mm in diameter 
and have 28 and 36 major septa, respectively. The major 
septa in cardinal quadrant are strongly dilated and almost 
contiguous to each other in the tabularium. In the first 
(smallest) transverse section (Fig. 2a), the cardinal septum 

Fig. 2 - Transversal sections of ?Yuanophyllum. a) Neanic stage 
with 28 major septa. Repository no. 171989. b) Neanic stage with 
36 major septa, both not affected by the endosymbiont. Repository 
no. 171990. c) Ephebic stage with U-shaped tube of soft-bodied 
endosymbiont in the counter quadrants. Repository no. 171991. 
d) Ephebic stage showing two cavities interpreted to be vertical 
shafts of the endosymbiont which rise from the U-shaped tube 
of the underlying transversal section figured in (c). Larger cavity 
presumably associated with tentacle-bearing mouth of the organism, 
smaller one with the anus. Repository no. 171992. Scale bar is 
equal to 2 mm.
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is continuous with the counter septum. In the centre 
of this continuation, the plate is thickened and shows 
the early development of a columella. In both neanic 
sections, a few major septa reach the centre and connect 
to the columella, whereas others are contratingent to their 
neighbouring septa.

The other two transverse sections are from the ephebic 
stage (Fig. 2c-d). They are 18.9 mm and 22.5 mm in 
diameter and have 44 and 47 major septa respectively. 
In the third transverse section (Fig. 2c), most of the 
major septa do not reach the centre. The cardinal septum 
significantly retreats from the axis and an open fossula 
can be seen. No columella is present in this section, 
probably due to the interference of the endosymbiont. In 
the fourth transverse section (Fig. 2d), the adaxial end of 
the counter septum extends to the centre and connects to 
the cardinal septum with a thin lamella. In both sections, 
the major septa in the cardinal quadrants are more 
dilated than those in the counter quadrants. A few series 
of herringbone dissepiments can be seen in the partly 
preserved dissepimentarium.

This specimen is assigned to Yuanophyllum with doubt 
due to the lack of a longitudinal section and the unstable 
development of the columella.

The endosymbiont
Both transverse sections of the early growth stages do 

not show any trace of the endosymbiont (Fig. 2a-b). In 
the third transverse section (Figs 2c and 3a) a U-shaped, 
sediment-filled tube with a maximum diameter of 3.6 mm 
and occupying more than one quarter of the area of the 
section occurs in the tabularium of both counter quadrants. 

In the uppermost, fourth thin-section (Fig. 2d), 
two slightly elliptical cavities are seen. They occur in 
comparable position as the tube in the transverse section 
below, which is proved by the position of the cardinal 
septum of the coral. According to their distance, they 
fit to the outermost parts of the U-shaped tube below. 
Therefore, they are interpreted to be its vertical shafts. 
The larger cavity, measuring 4.8 x 3.65 mm, is completely 
filled with sediment. An “inflow” of sediment between 
two septa seems to be related to a hole within the wall of 
the tube-dweller after death. The smaller cavity measures 
2.8 x 1.7 mm. Its outer part is closed by dense yellowish 
calcite; only the central part, about half the diameter of 
the hole remained sediment filled (Fig. 3b).

Sediment filling of tube and cavities consists 
of blackish carbonate mud including abundant tiny 
idiomorphic dolomite rhombs. The inner margin of the 
endosymbiotic structure is partly lined by a very thin black 
line which is interpreted to be a membranous epidermis 
and overlying cuticula. This is supported by small parts 
that peeled off after death of the endosymbiont (Fig. 3c). 
Inside, an about 0.32 mm thick, fragmentarily preserved 
layer is observed (Fig. 3a, d-f). Darker than the sediment 
infill, it is interpreted to be the organic remain of the 
typical muscular tube forming the hydrostatic skeleton 
of a worm-like organism.

The U-shaped tube from the third section is mostly 
encased by the coral skeleton (Fig. 3a). The encasement 
appears to be an integrative part of the stereoplasmatic 
thickening of dissepiments. In some cases, the axial 
ends of the septa protruded faintly into the tube causing 

a festoon-like dilated external margin (Fig. 3e); in others 
they stopped at the encasement with a sharp boundary, 
which is related to their frontal growth zone. Finally, in 
a third case the distal ends of the septa are bent laterally 
aside at the boundary of the tube (Fig. 3d). Rarely, the 
boundary of the tube is only formed by thin dissepiment-
like structures and even small cement-filled spaces might 
remain between the skeleton of the coral and the tube-
forming organism (Fig. 3f). The axial structure of the coral 
is completely distorted. It is formed by the extensions of 
irregularly connected axial ends of the major septa (Figs 
2c and 3a). 

In the overlying fourth transverse section, the 
encasement of the larger cavity is similar to the section 
below; some irregular vesicles that formed in the 
tabularium part of the major septa are close to this cavity 
(Fig. 2d). The type of dense yellowish calcite filling the 
outer part of the smaller cavity is also seen along a very 
short segment of the bigger cavity, forming a thin, callus-
like rim (Fig. 3c). The septa connected to the calcite filling 
of the smaller hole and septa near-by are thickened (Fig. 
3b).

INFESTATION OF ?DIBUNOPHYLLUM SP.

The host
All four transverse sections are from ephebic stage. 

The axial structure mainly consists of loosely spaced axial 
tabellae and a few septal lamellae which relate to the major 
septa. No distinct columella is seen (Fig. 4a). There are 
52 long major septa, all dilated in tabularium (more in the 
cardinal quadrant). Their adaxial ends connect to the axial 
structure with thin lamellae which all bend to one side. 
Although only partly preserved, the dissepimentarium is 
obviously wide and consists of herringbone dissepiments. 
In longitudinal section (Fig. 4b), the axial tabellae are 
more densely spaced than the abaxial tabellae, though the 
boundary between both is not very distinct. Dissepiments 
are large, elongated on the inner side and globular on the 
outer side.

This specimen is assigned to Dibunophyllum with 
doubt due to a missing columella (compare Hill, 1981, fig. 
237, 1g) and the asymmetrical shape of the axial structure, 
which, however, might be caused by the endosymbiont.

The endosymbiont
In the available longitudinal section (Fig. 4b) a tear-

shaped, sediment-filled cavity is observed, 6.7 mm long 
and 3.3 mm wide. At its right side a smaller, somewhat 
irregular roundish, sediment-filled pouch is seen, 1.2-1.6 
mm wide. It is connected to the larger cavity along a neck 
slightly outside the plane of the thin-section (Fig. 4c-d). 
Sediment infill of the complete structure is identical to that 
of the endosymbiont in ?Yuanophyllum. Existence of its 
black external lining is doubtful. Instead, a dark greyish 
line is seen resembling the median lines present in all 
skeletal elements of the coral skeleton (Fig. 4c). 

The external margin of the tear-shaped cavity connects 
to the axial end of a septum, which is identified by its dense 
calcitic fibres (Fig. 4b, d). Below and above the cavity, 
and along its internal side, dense, irregular tabulae are 
developed, which considerably differ from the smooth, 
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wide spaced tabulae on the other side of the wide axial 
structure. Also the development of a discontinuous 
columella, bent away from the cavity is apparently related 

to the formation of the cavity (Fig. 4b). Externally of the 
dark greyish line that rims the cavity, a thick, multi-layered 
stereoplasmatic calcareous layer completely encases the 

Fig. 3 - Details of the endosymbiont in ?Yuanophyllum. a) U-shaped tube almost completely encased by the coral skeleton with a completely 
distorted axial structure. Blackish external lining of the tube interpreted as remnants of the cuticulo-muscular tube; lower ephebic stage (Fig. 
2c) (scale bar = 2 mm). b) The smaller cavity from the upper ephebic stage (Fig. 2d), mostly closed by callus-like skeletal material secreted 
by the coral; cavity additionally encapsulated by thickened septa and added small skeletal elements (scale bar = 1 mm). c) Detail of the larger 
cavity from the upper ephebic stage (Fig. 2d) (scale bar = 1 mm). Cavity separated from the coral by skeletal encasement, in part callus-like 
thickened. Thin black structure peeled off from the rim of the cavity at lower right interpreted as membranous epidermis and cuticula of the tube 
dweller. d) Laterally bent aside septa in reaction to the growth of the endosymbiont. Blackish lining of cavity interpreted as remnants of cuticulo-
muscular tube, lower ephebic stage (Fig. 2c) (scale bar = 1 mm). e) Continued growth of septa causing festoon-like dilatation of the supposed 
cuticulo-muscular tube of the soft-bodied tube dweller, lower ephebic stage (Fig. 2c) (scale bar = 0.5 mm). f) Supposed epidermal-cuticular 
layer and underlying cuticulo-muscular tube peeled-off from the encasing coral skeleton, lower ephebic stage (Fig. 2c) (scale bar = 0.5 mm).
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structure (Fig. 4c-d). At least the latter is thought to be 
secreted by the coral.

DISCUSSION

The Chinese material
The evident reaction of the coral hosts that encased 

the endosymbiont with skeletal material as well as the 
irregular structure of the surrounding skeleton proves 
the interaction of both organisms and, therefore, the syn-
vivo relation. According to the comparable size of the 
endosymbiontic structures in both corals, the same type 
of organism might be assumed. Some doubts remain, as 

in ?Yuanophyllum only transverse sections were available, 
while in ?Dibunophyllum only the longitudinal section 
bears such a structure. Moreover, the organic lining of the 
cavity as well as the assumed muscular tube below that 
occur in ?Yuanophyllum are not seen in ?Dibunophyllum. 
The somewhat different shapes of the cavities (elliptical 
versus tear-shaped) might be related to the different 
plane of sectioning (transversal versus longitudinal), to 
the reaction of the host, or to growth restrictions of the 
endosymbiont due to its position close to a septum in 
?Dibunophyllum. 

The syn-vivo relationship means that the endosymbiont 
settled at the base of the calice above the coral skeleton. 
At least in ?Yuanophyllum, settlement took place during 

Fig. 4 - Endosymbiotic infestation of ?Dibunophyllum. a) Transversal section; endosymbiotic infestation not seen, but most probably documented 
by the asymmetrical shape of the axial structure and missing columella. Repository no. 171993 (scale bar = 5 mm). b) Longitudinal section 
with sediment-filled endobiotic cavity (left) surrounded by dense, irregular tabulae and dilated axial structure with discontinuous columella 
bent away from the cavity. Size and shape of normally developed tabulae on right side of the axial structure clearly differ from those adjacent 
to the cavity. Repository no. 171995 (scale bar = 5 mm). c) Detail of the tear-shaped cavity and small, secondary pouch connected by a neck 
to the main cavity. The external lining of the cavities resembles the median lines of the skeletal elements of the coral. Its origin is doubtful. 
Cavities completely encased by thick, multi-layered stereoplasmatic skeletal material secreted by the coral (scale bar = 2 mm). d) Position 
of the large, tear-sized cavity adjacent to septum (left), encasement by multi-layered stereoplasmatic skeletal material and surrounding by 
irregular, densely growing skeletal elements (scale bar = 2 mm).
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the adult stage of the coral, as neanic growth phases are 
not affected. The reason is unknown. It solely might be 
late infesting, but also related to the size of the neanic host 
versus the infesting organism. Interestingly, also Zapalski 
(2009) noted the absence of endosymbionts in the early 
astogenetic stages of Emsian-Eifelian Favosites. It is not 
clear whether the infestation occurred from the lateral 
side, between the tissue of the polyp and the skeleton, or 
if the organism could settle from above, vanquishing the 
obstacle of the coral tentacles. During further growth of 
the coral, the organism was gradually encased in the host 
skeleton. In the case of ?Yuanophyllum, this resulted in 
an initially more or less horizontal U-shaped tube, later 
growing upward into two parallel vertical shafts (Fig. 
5). As a working hypothesis, the smaller tube, which is 
partially sealed by secreted coral skeleton, is interpreted 
to be the posterior of the endosymbiont, whereas the larger 
tube appears to be connected with its anterior end. The 
larger size at the mouth might have been related to feeding 
tentacles, whereas the anal opening might be situated at 
the end of a thin cauda, as known for example in modern 
tube-building sabellariids (sandcastle worms, Polychaeta) 
(Dales, 1963; Rouse et al., 2000; Rouse & Pleijel, 2001; 
Capa et al., 2012, fig. 5; Sanfilippo et al., 2019, fig. 5). 
The related terebellids (bristle worms, Polychaeta) that 
are mostly encased in particle-encrusted mucous tubes 
also have a wide, tentacle-bearing anterior end and a long 
tapering posterior end (Dales, 1963; Rouse et al., 2000; 
Rouse & Pleijel, 2001). 

In the longitudinal section of ?Dibunophyllum no hint 
of a three-dimensional shape of the tube is recorded. The 

reason remains unclear, but might be related to rapid lethal 
overgrow of the endosymbiont by the coral.

Both endosymbiontic structures are interpreted to 
represent soft-bodied worm-like organisms that differ from 
the tube-forming sabellariids and terebellids mentioned 
above. This is indicated by a missing external shell. 
Instead, the outer, thin black organic lining is interpreted as 
a membranous epidermal tissue and external cuticula (e.g., 
Hausen, 2005, for polychaetes). The partially preserved 
blackish layer of regular thickness below is regarded 
as the muscular tube of the hydrostatic skeleton of the 
organism. Both structures form the cuticulo-muscular 
tube of worm-like phyla. Strength and thickness of the 
cuticula varies widely and therefore might be preserved. 
It has to be noted that an extremely flexible and resilient 
cuticle in nematodes is of special relevance in parasitic 
life-forms (Wright, 1987; Bird & Bird, 1991), though we 
are not aware of nematodes parasitising in corals. 

The soft-bodied anatomy of the organism is also 
indicated by some minor indentations of its outer margin, 
produced by the continued growth of septa. In spite of the 
almost complete encasing by the coral skeleton, few small 
cement-filled spaces between the epidermis/cuticula of the 
endosymbiont and elements of the coral skeleton might 
indicate the earlier direct contact between the coral tissue 
and the endosymbiont. 

Various abnormal structures in the coral skeletons 
indicate that the hosts tried to fend off the endosymbiont 
and to strengthen their skeletal structure. Based on the 
large size of the endosymbionts that might occupy more 
than a quarter of the transverse section in one specimen, 

Fig. 5 - (color online) Reconstruction of the endosymbiontic relation between ?Yuanophyllum and a soft-bodied endosymbiont, Hezhou 
Formation (Serpukhovian, Wangjiacun section, Lower Yangtze Platform, South China). a) First stage of settlement consisting of a horizontal 
U-shaped tube nested inside the soft tissue of the coral calice. b) Late stage of settlement showing development of two vertical shafts and pace 
keeping of the endosymbiont with further growth of the coral. In ?Dibunophyllum from the same section the vertical tubes were not observed, 
probably due to completed overgrowth by the coral and death of the endosymbiont. Coral drawing strongly schematic.
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it is reasonable to assume that the fitness of the hosts 
must have been reduced by the symbiotic relationship. 
However, the level of deduction seems to have been low. In 
spite of almost complete encasement of the endosymbiont 
and secretion of additional irregular skeletal elements, 
all septa in the two available transverse sections of 
?Yuanophyllum remained intact and there is no indication 
of further major defects, like reduction of the coral 
diameter. Thus, the feeding function of the coral polyp 
apparently remained normal. Concerning the soft-bodied 
worm-like endosymbiont, it must have benefitted from 
the protection of the coral polyp and gained advantages 
in feeding, which might have been taken place by a 
tentacle apparatus intermingling with the tentacles of the 
coral polyp (Fig. 5). Additionally, intermingling of the 
tentacles might result in a protecting camouflage effect 
for the endosymbiont. As a result, the relationship of both 
specimens probably was parasitic, at best commensal.

Comparisons
A certain modern comparison concerning the assumed 

tentacle apparatus is provided by Christmas tree worm 
Spirobranchus that can aggregate within many coral 
taxa. However, opposed to our material this serpulid 
secretes a calcareous tube. Also the infestation differs. 
Spirobranchus larvae settle on hard substrate and are 
overgrown and embedded by the coral host except for the 
tentacle crown (Hoeksema et al., 2019, cum lit.). 

Similar overgrowth is observed between the 
solitary corals Heterocyathus (Caryophylliidae) and 
Heteropsammia (Dendrophylliidae). They settle on 
and overgrow dead gastropod shells, rarely other shells 
like scaphopods, inhabited by the sipunculan worm 
Aspidosiphon muelleri Diesing, 1851. Even if the shell is 
completely overgrown, the worm will maintain a more or 
less horizontally spiralled housing with a main pore and 
several small pores in the lower part of the corallum. The 
extensively documented association (e.g., Hoeksema & 
Best, 1991, cum lit.) is known since the Early Cretaceous 
(Albian; Stolarski et al., 2001, cum lit.). This is an example 
of an endosymbiontic relation between corals and a soft-
bodied worm, but without distinct mouth tentacles, and 
proboscis narrower than trunk. In spite of the similar size 
of the endobiont, the scleractinian-sipunculid association 
differs from our material by the type of infestation, the 
shape of the worm tube and positioning of its orifices.

In size, shape, and type of infestation, the endosymbiont 
is strongly similar to the common association between 
pleurodictyform tabulate corals and the worm-like incertae 
sedis Hicetes innexus Clarke, 1908, which is known 
from the Lower and Middle Devonian (Nicholson, 1879; 
Clarke, 1908, 1921; Gerth, 1952; Schindewolf, 1959; 
Fuchs & Plusquellec, 1982; Plusquellec, 2007). Hicetes 
is almost constantly associated with certain genera 
(Pleurodictyum, Kerfoneidictyum), and occasionally 
seen or completely unknown in other pleurodictyforms 
(Plusquellec, 2007). Secretion of an own tube-forming 
skeleton is missing. The tube is cylindrical; diameter 
depends on the size of the host and might grow from 
0.6-0.8 mm up to 3.0-3.5 mm (Schindewolf, 1959; Fuchs 
& Plusquellec, 1982). The endosymbiont settles on the 
protocorallite with a simple arc-shaped outline and during 
further defined mode of budding and adding of corallites 

rapidly develops its S-shaped base (Fuchs & Plusquellec, 
1982; Plusquellec, 2007). Further growth results in 
vertical, U-shaped tubes (Nicholson, 1979; Clarke, 
1921; Gerth, 1952; nicely depicted also by Tapanila & 
Ekdale, 2007, fig. 19.7). Settling of the endosymbiont on 
the protocorallite clearly differs from the scleractinian-
sipunculid association described above, as suggested by 
Gerth (1952) for the pleurodictyform-Hicetes association 
(for rejection see Schindewolf, 1959; Fuchs & Plusquellec, 
1982; Plusquellec, 2007). Destruction of certain corallites 
by Hicetes points to a parasitic relationship (Schindewolf, 
1959; Fuchs & Plusquellec, 1982; Plusquellec, 2007). 

Also comparable in size is the Late Ordovician to 
middle Silurian bioclaustration ichnogenus Cornulites. It 
is probably obligatorily associated with tabulate corals and 
stromatoporoids (Dixon, 2010). The maximum diameter 
of cornulitid tubes in general ranges from 1.0 mm to 11.8 
mm (Dixon, 2010; Vinn & Wilson, 2010; Vinn & Mötus, 
2012). Major difference from our specimen concerns its 
low-divergent conoidal shape, secretion of a calcareous 
tube, and the presumably obligatory occurrence in colonial 
hosts. Cornulitids surviving into the Carboniferous did not 
form endosymbiotic associations (Vinn, 2016, 2017b).

As elucidated above, bioclaustrations in tabulate 
and rugose corals caused by endosymbiotic worms and 
tentaculitoid tubeworms hitherto were not recorded from 
the Carboniferous and the association was thought to 
became extinct in the latest Famennian (Tapanila, 2005; 
Zapalski et al., 2008). In fact, besides our record, only 
a single specimen of Kiyasarophyllum fluegeli Ogar, 
Falahatgar & Mosaddegh, 2013 infested by a large-sized 
endosymbiont is known to us (Ogar et al., 2013, fig. 
12A1-A2). Like in our material, two roundish, but smaller 
cavities, maximum 1.5 mm × 1.6 mm wide, were figured 
that are completely encased by the coral skeleton; one 
cavity is also surrounded by dense irregular skeletal 
elements.

Endosymbionts infesting solitary or fasciculate corals 
were much less frequently recorded than those associated 
with massive colonial Rugosa or with tabulate corals. 
Oliver (1983) reported vermiform tubes in phaceloid and 
solitary rugose corals from the Devonian. Elias (1986) 
recorded Trypanites borings and a tubular chamber in 
Late Ordovician solitary Rugosa. In both cases, the tubes 
of the infesters were parallel to the axes of the corals and 
surrounded by skeletal material secreted by the coral hosts. 

Despite the considerable size differences, the Late 
Ordovician and Devonian endosymbionts in general are 
similar to our specimens in the assumed behaviour. They 
entered the hosts through the calice openings and stayed 
there for a long term symbiotic relationship with direct 
contact to the polyps of the hosts. 

The late Palaeozoic arrested development of 
endosymbionts

The diversity and abundance of endosymbionts 
declined after the Givetian and collapsed during the 
Kellwasser biotic crisis (Tapanila, 2005; Vinn, 2017a, 
b). They apparently were missing in the Carboniferous 
except for the record of the tentaculitoid Streptindytes in 
chaetetid sponges (Tapanila, 2005; Vinn, 2010, 2016). 
This was related to the decline, respectively extinction 
of the favoured, in part genus-specific host taxa among 
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stromatoporoids, tabulate and cerioid rugose corals. In 
spite of the recovery of the coral diversity in the Visean 
(Scrutton, 1997; Aretz, 2010), colonial rugose corals were 
of relatively low diversity (Flügel, 1974; Yao et al., 2020). 
Tabulate corals remained a subordinate faunal element, 
mostly composed of fasciculate and small coralla (Herbig 
et al., 2011). Coral-dominated reefs also remained mostly 
small, in spite of some notable exceptions, and occurred 
relatively scarcely in space and episodically in time (e.g., 
Copper, 1994; Webb, 1994; Aretz, 2002, 2010; Shen & 
Webb, 2005; Aretz & Chevalier, 2007; Aretz et al., 2010; 
Rodríguez et al., 2012; Yao & Wang, 2016). The relatively 
low number of suitable colonial organisms and the unstable 
conditions concerning especially the growth of coral reefs 
(Copper, 1988; Webb, 1994, 2002; Aretz, 2002; Aretz & 
Chevalier, 2007) were major obstacles for the recovery of 
endosymbionts, which apparently were almost completely 
missing during the late Palaeozoic. Missing recovery 
appears to be related to the intricate process to acquire a 
long-term symbiotic relationship, as both the host and the 
endosymbiont must reach a balanced status living together 
without killing each other quickly, e.g., by overgrowth or 
encrustation (e.g., Zann, 1987). This problem was also 
addressed by Cowen (1988) concerning the presumed 
protracted reestablishment of photosymbiosis in ancient 
reefs. Thus, the arrested development of endosymbionts 
after the Frasnian-Famennian boundary event mostly 
mirrors the arrested reef development lasting throughout 
the Carboniferous, as described by Copper (1988, 1989) 
and Webb (2002, p. 239: “depressed reef building”).

CONCLUSIONS

After the extinction events at the Frasnian-Famennian 
boundary, symbiotic associations between corals and 
macro-organisms had collapsed due to extinction of the 
hosts. Hitherto, endosymbiotic relations by bioclaustration 
were thought to became finally extinct during the 
Hangenberg Event at the Devonian-Carboniferous 
boundary. Succeeding symbiotic associations differed, 
consisting of intergrowth or encrustation, but documented 
examples remained rare throughout the Late Palaeozoic 
(e.g., Tapanila, 2005; Vinn, 2016, 2017b) during a 
period of arrested endosymbiont development. In 
general, solitary rugose corals are less affected than 
massive colonial Rugosa and Tabulata. Herein, the 
first symbiotic occurrence of a soft-bodied, worm-like 
organism and solitary rugose corals is documented from 
the Serpukhovian (late Mississippian) Hezhou Formation, 
Lower Yangtze Platform, South China. Moreover, it is 
the first bioclaustration, i.e., endosymbiotic relation in 
Carboniferous corals proving that in extraordinary rare, 
inadvertent cases this ecospace could be settled after the 
Hangenberg Event. The organism strongly resembles 
in size, shape and type of infestation the Devonian 
ichnotaxon Hicetes. It consists of a horizontal, U-shaped 
tube during first settling in the calice of the coral. During 
further skeletal secretion of the hosting coral, frontal and 
anal ends are bent upwards into vertical raising shafts. 
The organism, respectively the resulting endosymbiotic 
ichnofossil remains unnamed due to the scarce material. 
According to the large size of the endosymbiont and the 

reaction of the coral, a parasitic or commensal mode of 
life of the infesting organism is assumed.
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