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detail. The results indicate that, similar to Recent light-sen-
sitive ophiuroids, putative microlenses in Cretaceous ophi-
uroids and asteroids exhibit a shape and crystal orientation 
that would have minimized spherical aberration and bire-
fringence. We suggest that these lens-like microstructures 
evolved by secondary deposition of calcite on pre-existing 
porous tubercles that were already present in ancestral 
Jurassic forms.

Keywords Echinoderms · Photosensitivity · Cretaceous · 
Microlenses · Calcite · Tomography

Introduction

Echinoderms exploit their calcite endoskeleton for a vari-
ety of functions, including support, movement, protec-
tion, food gathering, and ion storage (Smith 1990). This 
multipurpose tissue can be modelled into different shapes 
through the use of an amorphous calcium carbonate pre-
cursor and the involvement of organic molecules during 

Abstract Echinoderms are characterized by a calcite 
endoskeleton with a unique microstructure, which is opti-
mized for multiple functions. For instance, some light-
sensitive ophiuroids (Ophiuroidea) and asteroids (Aster-
oidea) possess skeletal plates with multi-lens arrays that are 
thought to act as photosensory organs. The origins of these 
lens-like microstructures have long been unclear. It was 
recently proposed that the complex photosensory systems 
in certain modern ophiuroids and asteroids could be traced 
back to at least the Late Cretaceous (ca. 79 Ma). Here, we 
document similar structures in ophiuroids and asteroids 
from the Early Cretaceous of Poland (ca. 136 Ma) that are 
approximately 57 million years older than the oldest aste-
rozoans with lens-like microstructures described thus far. 
We use scanning electron microscopy, synchrotron tomog-
raphy, and electron backscatter diffraction combined with 
focused ion beam microscopy to describe the morphol-
ogy and crystallography of these structures in exceptional 
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the biomineralization process (e.g. Politi et  al. 2004; Kil-
lian and Wilt 2008). The role of the echinoderm skeleton in 
vision was suggested long ago (Raup 1966), but it is only 
recently that scientists have begun to examine this phenom-
enon more closely. For instance, it has been shown that 
some sea urchins use their skeleton as a shielding device for 
photoreceptor cells, forming numerous compound eye units 
(Ullrich-Lüter et  al. 2011). Another, strikingly different 
example of using the skeleton as a part of the photorecep-
tive system is reported for the light-sensitive ophiocomid 
ophiuroid Ophiocoma wendtii (Hendler and Byrne 1987). 
This species changes colour from uniformly dark brown 
during the day to grey and black banded at night when it is 
most active (Hendler 1984). This change is not connected 
with camouflage, but is related to their sensitivity to light 
(Hendler 2004). Indeed, it has been shown that this species 
possesses calcitic microlens arrays (Figs. 1a–c, 2a, b), sur-
rounded by pigment-filled chromatophores, which are able 
to focus light onto presumably light-sensitive nerve bundles 
(Aizenberg et  al. 2001). These microlenses are micron-
scale in size, lightweight, mechanically strong, aberration-
free, and birefringence-free, all properties that may be 
applicable to materials science (Zhang 2003; Aizenberg 
and Hendler 2004). Such lens-like microstructures are also 
present in other light-sensitive ophiocomid species, but do 
not occur in light-insensitive species (Hendler and Byrne 
1987). Interestingly, photosensitive proteins (both rhab-
domeric and ciliary opsins) have been recently identified 
in the arms of the ophiocomid Ophiopsila aranea, which 
possesses similar lens-like microstructures (Delroisse et al. 
2016). This species exhibits a high sensitivity to green 
wavelengths of light, indicating a directional phototaxis 
likely enhanced by the microlenses (Delroisse et al. 2016).

Comparable, though not homologous, structures are also 
present in some shallow-water asteroids (e.g. goniasterids 
and archasterids) that live within the photic zone (e.g. Mah 
2005; Vinogradova et  al. 2016). Although focusing light 
through microlens arrays has yet to be confirmed in these 
taxa, their morphology is strikingly similar to the micro-
lenses of ophiocomid ophiuroids, and they are thus con-
sidered to be involved in photoreception (e.g. Döderlein 
1898; Hendler and Byrne 1987; Dubois and Hayt 1990; 
Mah 2005; Vinogradova et al. 2016). Notably, in the case 
of the asteroid Iconaster, it has recently been shown that 
the microlenses are largely absent in deep-water sister and 
outgroup taxa, implying that their convergent expression is 
related to exposure to sunlight (Mah 2005).

The origin of microlens arrays in asterozoans (the clade 
comprising ophiuroids and asteroids) is unclear. Simi-
lar lens-like microstructures were recently documented 
in some Late Cretaceous ophiuroids and asteroids from 
Poland, implying that the origins of these putative complex 
photosensory systems should be traced back to at least the 

Campanian (ca. 79  Ma) (Gorzelak et  al. 2014). Although 
external faces in fossil asterozoans are commonly covered 
by various types of granular ornamentation, sometimes 
referred to as tubercles or pustules (e.g. Blake et al. 2000; 
Villier et al. 2004), in-depth microstructural investigations 
and functional interpretations of these structures are largely 
lacking. In this paper, we use state-of-the-art imaging tech-
niques to describe the morphology of isolated plates from 
the arms of select Mesozoic ophiuroids and asteroids, and 
compare these to modern specimens with lens-like micro-
structures. The results shed light on the origins and devel-
opment of microlens arrays in asterozoans.

Materials and Methods

Isolated asterozoan plates with lens-like microstructures 
were collected by one of us (MAS) during the course of 
field work on Cretaceous crinoids (Salamon 2009). The 
material came from late Valanginian (ca. 136  Ma) silts 
intercalated with clayey sands, which are exposed in an 
abandoned brick-pit in Wąwał near Tomaszów Mazowiecki 
(central Poland, 51°29′50ʺN 20°3′05ʺE, see Kaim 2001). 
For comparative purposes, we also surveyed mostly iso-
lated plates (>2000 elements in total) of shallow-water 
ophiuroids and asteroids (mainly belonging to the families 
Ophiuridae, Goniasteridae, Astropectinidae and Bentho-
pectinidae) from the Triassic, Jurassic and Cretaceous of 
Poland, Lithuania and Czech Rep., which are housed in the 
collections of the Department of Earth Sciences, Labora-
tory of Palaeontology and Biostratigraphy, University of 
Silesia (GIUS), Sosnowiec, Poland (Electronic Supplemen-
tary Material; for detailed description of sampling sites see 
Głuchowski 1987; Salamon 2007, 2008, 2009; Salamon 
and Zatoń 2007; Villier 2008; Zatoń et al. 2008a, b; Gor-
zelak and Salamon 2009; Salamon and Gorzelak 2010a, b; 
Hess et al. 2011; Salamon et al. 2012).

Plates of a specimen of the Recent photosensitive ophi-
uroid O. wendtii from southeastern Florida, which displays 
lens-like microstructures, were also investigated. Soft tis-
sues in this ophiuroid were removed by soaking the speci-
men in a 5% sodium hypochlorite solution for 2 h at room 
temperature.

High-resolution observations on carbon-coated plates 
of Recent and fossil specimens were performed with a 
Philips XL-20 Scanning Electron Microscope (SEM) at 
the Institute of Paleobiology of the Polish Academy of 
Sciences in Warsaw (accelerating voltage = 25  kV, work-
ing distance = 34  mm). In addition, the three-dimensional 
microstructure of select plates was studied using non-
destructive propagation-based phase-contrast synchrotron 
radiation X-ray tomographic microscopy. The small size of 
the samples and their low attenuation contrast necessitated 
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high-resolution synchrotron-based phase-contrast imaging 
instead of conventional lab-based X-ray micro-tomography 
(Sutton et al. 2014; Cunningham et al. 2014). Tomography 
was performed at the TOMCAT beamline (Stampanoni 
et al. 2007) of the Swiss Light Source, Paul Scherrer Insti-
tut, Villigen, Switzerland. The specimens were mounted 
on SEM stubs with nail polish and scanned at 4× opti-
cal magnification using an X-ray energy of 20  keV, 1501 
projections, and an exposure time of 125 ms. The detector 
consisted of a 20-µm thick LAG:Ce scintillator and a CCD 
camera, and the distance between the sample and the detec-
tor (propagation distance) was set at 40  mm. Slices were 
reconstructed using in-house software, including custom 
algorithms for ring artefact reduction and phase retrieval. 
This provided tomographic datasets with a voxel size of 
1.625 µm.

In order to non-destructively acquire precise crystallo-
graphic orientation data of lenses from Recent and fossil 
specimens, we used a focused ion beam (FIB) microscope 
to carefully remove only small portions of calcitic material 
(previously coated with a 20  nm layer of gold) from the 
top of selected lenses. FIB-based milling was usually oper-
ated at 30 kV and the following successive beam currents 
were typically used: 4 nA; 1nA; 600 pA; 240 pA; 120 pA. 
Finally, low voltage  and current (5  kV  and  240  pA) FIB 
milling was applied to remove the damaged surfaces. After 
this procedure, electron backscatter diffraction (EBSD) 
data were collected from fresh surfaces (up to about 
20 × 20  µm) without coating them, using an acceleration 
voltage of 15–25  kV and a beam current of about 15  nA 
(120 µm aperture and the “high current” mode). FIB-EBSD 
data were acquired and processed using a Quantax Crys-
tAlign 200 system equipped with  e−Flash detector installed 
on the Auriga 60 FIB-SEM microscope at the Faculty of 
Geology, University of Warsaw.

Results

Characteristic arrays of internally compact calcitic struc-
tures were identified on several isolated plates of asterozo-
ans collected from the Wąwał locality (two radial shields 
and one dorsal arm plate of Stegophiura? and nine mar-
ginal plates of taxa belonging to the family Goniasteri-
dae; Figs.  1d–i, 2c–g). These consist of thick imperforate 
stereom with a spherical top and an aspherical bottom. 
The fossil echinoderms have lens-like microstructures that 
are identical to one another and are very similar to those 
present in Late Cretaceous and Recent echinoderms (Gor-
zelak et al. 2014) (Figs. 1a-c, 2a, b). Indeed, the diameter 
of the structures (~40–140  μm) falls within the range of 
microlenses of living echinoderms (~30–150 μm) (Dubois 
and Hayt 1990). Detailed observations of these fossil plates 

using propagation-based phase-contrast synchrotron radia-
tion X-ray tomographic microscopy confirmed that, simi-
lar to Recent light-sensitive echinoderms, internal laby-
rinthic stereom with trabeculae that are about 15 μm thick 
and irregular pores extends dorsally into a regular array of 
lens-like microstructures with a Huygensian shape, possi-
bly involved in minimizing spherical aberration (Fig. 2c–e). 
Furthermore, the high-resolution electron backscatter dif-
fraction data indicate that the orientation of the calcite 
crystallographic c-axis in these Early Cretaceous forms 
(Fig. 3a–d) lies parallel to the lens axis and slightly fans out 
at lens edges, a pattern that is also present in Recent photo-
sensitive ophiuroids (Fig. 3e–h). This pattern was also rec-
ognized in the schizochroal lenses of trilobites and is even 
seen in trilobite lenses that underwent coarse recrystalli-
zation (Torney et  al. 2014). This specific crystallographic 
orientation eliminates birefringence of calcite (division of 
light into two components).

Microstructural inspection of asterozoans from other 
localities shows that granular ornamentation on plate sur-
faces is not rare among older (pre-Cretaceous) ophiuroids 
and asteroids. However, tubercle ornamentation patterns 
in Triassic–Jurassic forms are clearly different from the 
microlenses of Recent and Cretaceous echinoderms. First, 
these tubercles commonly coalesce locally to form irregu-
lar ridges and are rarely arranged in an apparently regular 
pattern (e.g. Villier et  al. 2004; Villier 2008; Gale 2011). 
Furthermore, although some seem to be comprised of thin 
imperforate stereom, internally they are typically porous 
and do not exhibit a characteristic lens-like structure 
(Figs.  1j–l, 2h–j). Finally, in contrast to the microlenses 
of Recent shallow-water asterozoans, which are mainly 
located on the dorsal plate surface, tubercles in pre-Cre-
taceous forms can also occur on the ventral side (Blake 
et al. 2000) and may be present in deep-water taxa (Villier 
et al. 2009). As stressed above, the function of this granular 
ornamentation is not well understood; some tubercles sup-
ported moveable spines (e.g. Villier et al. 2004; Blake et al. 
2000), but the function of the others is unknown.

Discussion

Echinoderms exhibit a wide range of photoreceptive abili-
ties (e.g. Yoshida 1966; Yamamoto and Yoshida 1978; 
Garm and Nilsson 2014). However, in contrast to the cal-
citic and non-biomineralized lenses that widely occur 
across arthropods (e.g. Zhao et  al. 2013; Torney et  al. 
2014), most echinoderm species appear to lack discrete 
organs for light perception. Photosensitivity in these echi-
noderms is chiefly thought to be related to diffuse dermal 
and/or neural light receptors, although these may be local-
ized in specialized body parts (Delroisse et al. 2016). A key 
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exception is the case of the calcitic microlenses possessed 
by some shallow-water ophiuroids (e.g. ophiocomids) and 
asteroids (e.g. goniasterids). Until now, however, little was 
known about the origins of these lens-like microstructures.

In Recent echinoderms, the external imperforate stereom 
layer, which is used to construct the microlenses, is formed 

via two phases of biomineralization, i.e. deposition of 
porous stereom that is secondarily filled by calcite (Heat-
field 1971; Dubois and Hayt 1990). Our close examina-
tion of some dorsal arm plates of the Recent ophiuroid O. 
wendtii reveals that some microlenses are incompletely 
formed and are still locally porous, confirming the two-step 

Fig. 1  Skeletal microstructure of extant and fossil asterozoans. The 
images are scanning electron micrographs (SEM). a–c Microlenses 
on a dorsal arm plate (DAP) of the Recent ophiuroid Ophiocoma 
wendtii (ZPALV.42REC_op1); arrows in a show incompletely formed 
microlenses. b Magnification of a single lens. c Cross-section of a 
fractured single lens. d–f Microlenses on a radial shield of the Early 
Cretaceous (Valanginian) ophiuroid Stegophiura? (GIUS 9-3468o1). 
e Magnification of a single lens. f Cross-section of a fractured sin-

gle lens. g–i Microlenses on a marginal plate of an Early Cretaceous 
(Valanginian) asteroid belonging to the family Goniasteridae (GIUS 
9-3468a1). h Magnification of a single lens. i Cross-section of a frac-
tured single lens. j–l Granular ornamentation on a marginal plate of 
a Late Jurassic asteroid belonging to the family Goniasteridae (GIUS 
8-3577a1). k Magnification of a single tubercle. Cross-section of a 
fractured single tubercle. Dotted lines indicate lens morphology
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model of their formation (Dubois and Hayt 1990) (Figs. 1a, 
2a). Interestingly, tubercle ornamentation in pre-Cretaceous 
asterozoans examined in this study is typically internally 
porous, whereas it is compact and imperforate in some 
younger, Cretaceous forms. Based on these morphological, 
developmental, and paleontological data, we suggest that 
lens-like microstructures in Cretaceous asterozoans likely 
evolved by secondary deposition of calcite on the pre-exist-
ing internally porous tubercles that were already present in 
ancestral Jurassic forms.

It has been hypothesized that visual systems with micro-
lenses were independently acquired in ophiuroids and 
asteroids by the Late Cretaceous (Gorzelak et  al. 2014), 
and this could be linked to the onset of increased predation 
pressure during the Mesozoic Marine Revolution (MMR), 
which resulted in the evolution of many antipredatory traits 
in benthic organisms, including echinoderms (Vermeij 
1977; Gorzelak et al. 2012, 2014). This predation hypoth-
esis is consistent with behavioural observations of the 
Recent ophiuroid O. wendtii, which is able to escape from 

predators, such as Perciformes fish, presumably thanks in 
part to its complex visual system (Hendler 1984). Notably, 
recent molecular clock analyses suggest a Late Jurassic ori-
gin for the common ancestral lineage of Perciformes fish, 
with a subsequent familial radiation during the Cretaceous 
(Wei et  al. 2014). Moreover, independent data on the fre-
quencies of sublethal arm damage (regenerating arms) in 
fossil ophiuroids and the temporal distributional patterns 
of dense ophiuroid populations both support the hypothesis 
that predation pressure on ophiuroids increased in the Cre-
taceous (Aronson 1987, 1989, 1991).

Although a defensive function of the visual system with 
microlenses has yet to be tested in asteroids, it is likely that 
these structures might have provided an advantage not only 
for finding food, but also for avoiding predators, includ-
ing Perciformes fish, which are likewise known to feed on 
asteroids (Walker 1978; Sweatman 1995).

Our new data push back the origins of this putative 
visual system considerably, into the Early Cretaceous. 
This timing is roughly coincident with the MMR, which is 

Fig. 2  Synchrotron slices illustrating internal microstructure of 
extant and fossil echinoderms. a, b Contact (delineated by dotted 
line in b) between microlenses (L) comprised of compact imper-
forate stereom layer and the underlying porous labyrinthic stereom 
(S) in a dorsal arm plate (DAP) of the Recent ophiuroid Ophiocoma 
wendtii (ZPALV.42REC_op1); slices aligned perpendicularly (a) or 
longitudinally (b) to the ossicle surface, arrows show incompletely 
formed microlenses  (a) and “spoke-like” appearance  of lens-like 
microstructure (b). c–e Contact (delineated by dotted lines) between 
microlenses (L) forming a compact imperforate stereom layer and 
the underlying porous labyrinthic stereom (S) in a marginal plate of 
an Early Cretaceous (Valanginian) asteroid belonging to the family 

Goniasteridae (GIUS 9-3468a1); slices aligned perpendicularly to the 
ossicle surface. f, g Examples (arrows) of characteristic “spoke-like” 
appearance of lens-like microstructure in a marginal plate of an Early 
Cretaceous (Valanginian) asteroid belonging to the family Gonias-
teridae (GIUS 9-3468a1) (f) and the ophiuroid Stegophiura? (GIUS 
9-3468o1) (g); slices aligned longitudinally to the ossicle surface 
close to the dorsal side. h–j Coarse rectilinear or labyrinthic stereom 
(S) homogenously distributed within the marginal plates with granu-
lar ornamentation of a Late Jurassic asteroid belonging to the family 
Goniasteridae (GIUS 8-3577a1); slices aligned perpendicularly (h) or 
longitudinally (i, j) to the ossicle surface
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Fig. 3  Crystallographic data obtained from fossil and Recent echino-
derms. a SEM micrograph of the lens of the Valanginian ophiuroid 
Stegophiura? (GIUS 9-3468o1) after FIB treatment showing lens and 
calcite c-axis (red dotted line); dotted black rectangle indicates region 
sectioned almost perpendicular to the lens axis from which EBSD 
data were collected (b–d). b Pole figure with the orientation of the 
calcite c-axis in d. c Graph showing misorientation across the white 
line shown in d, implying the presence of subdomains. d Combined 
diffraction intensity and crystallographic orientation data with key to 
colour coding; the uniform colour of calcite implies a uniform crys-
tallographic orientation, dark areas in the interior indicate poor dif-
fraction due to the irregular topography after FIB treatment. e SEM 

micrograph of the lens of the Recent ophiuroid Ophiocoma wendtii 
(ZPALV.42REC_op1) after FIB treatment showing lens and calcite 
c-axis (red dotted line); dotted black rectangle indicates region sec-
tioned almost perpendicular to the lens axis from which EBSD data 
were collected (f–h). f Pole figure showing the orientation of the 
calcite c-axis in h. g Graph showing misorientation across the white 
line shown in h, implying the presence of subdomains. h Combined 
diffraction intensity and crystallographic orientation data with key to 
colour coding; the uniform colour of calcite implies a uniform crys-
tallographic orientation, dark areas in the interior indicate poor dif-
fraction due to irregular topography after FIB treatment and/or pres-
ence of organic inclusions. (Color figure online)

Author's personal copy



Evol Biol 

1 3

thought to have started during the Jurassic and continued at 
an accelerated pace during the Cretaceous (Vermeij 1977). 
The simultaneous appearance of apparently similar lens-
like microstructures in two distantly-related echinoderm 
groups, which ancestrally lacked such traits, is a clear case 
of convergence. We hypothesize that some ophiuroid and 
asteroid lineages, occupying the same ecological niches 
and facing similar selective pressures, might have indepen-
dently evolved similar photosensitive organs to reduce the 
risk of predation.
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