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Abstract Pectinidae, a large group of marine bivalves com-
prising more than 300 species worldwide, inhabit a diverse
array of habitats, enabling an enormous radiation, and yielding
many different life forms and adaptations. This apparent diver-
sity led to the distinction of ecotypes based on shell morphol-
ogy and lifestyle. Eyes in Pectinidae (Bivalvia, Pteriomorphia)
have long sparked scientific interest and have been described
for various species over the past two centuries. These eyes are
morphologically and functionally highly complex. Despite this
complexity, studies have focused mostly on functional aspects
with only few examining the relationships associated with
different environmental or evolutionary traits. Here, the pallial
eye structure within the Pectinidae was examined usingMasson
Goldner Trichrom staining, and ancestral character estimation
with BayesTraits was performed to reconstruct macro-
evolutionary patterns. To evaluate the connection of substrate
type and lifestyle to the evolution of eyes, we compared eyes
within the major subgroups of Pectinidae while considering the
different lifestyles and substrate types as well as different depth
ranges. The results indicate a tendency towards a taxon-/clade-
specific evolution in respect to characters such as the cornea
and lens while depth specific adaptations occur mainly in the
light sensitive compartments of the retina. Successive reduction

of eyes seems to occur from shallow to deep water species and
ends in a total reduction of all structures in deep sea species.
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Introduction

Eyes are known in many different groups of Bivalvia. Each
group manifests its own type of eyes, many demonstrating
simple anatomy and function (Morton 2008; Salvini-Plawen
2008). Pallial eyes of Pecten and allied species have long
attracted the attention of scientists and have been described
in several studies (e.g. Patten 1887; Dakin 1910, 1928; Land
1965; Morton 2000a, b; Speiser and Johnsen 2008a). Their
structure is one of the most complex amongst mollusc eyes
(Cronin 1986) and the function of the various layers is well
studied. Pectinid eyes are externally composed of a single-
layered cornea and a pallial pigment epithelium, which en-
cases the distal part of the eye and thus prevents light from
entering except through the multicellular cornea epithelium
(Fig. 1). The internal structures, such as the mesenchymate
multi-cellular lens, the two epithelial layers of distal and
proximal retina, the tapetum and a pigment layer, are encased
by a layer of connective tissue (Dakin 1909; Fig. 1). Land
(1965) showed how reflection by the tapetum (there argentea)
leads to a focussed image on the distal retina. Furthermore, he
concluded that the tapetum is not homologous to the tapetum
lucidum of vertebrates. Wilkens (2008) described the physi-
ology of the two retinal layers responsible for vision, where an
inhibitory off-response of the distal retina is responsible for
perception of movement and images while an excitatory on-
response of the proximal retina is responsible for
distinguishing between light intensities and for escape re-
sponses (Morton 1980).
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Some authors have attempted to compare the eyes of
different scallop species based on functional aspects (Dakin
1928; Land 1965; Morton 2001, 2008; Speiser and Johnsen
2008a, b; Speiser et al. 2011). Recently, Speiser et al. (2011)
investigated the spectral sensitivity of eyes of two species
from different depth regimes and concluded that receptors of
the proximal retina show specific absorption maxima corre-
lating to depth. The distal retina photoreceptors have a shifted
absorption maximum and are, therefore, specified for different
tasks (Speiser et al. 2011). This is consistent with earlier
studies on the physiology of pectinid eyes (Wilkens 2008).
Speiser and Johnsen (2008a) investigated pectinid eye func-
tionality in respect to the bivalve’s life style by considering life
traits such as swimming ability, preferred substrate type and
range of habitat depth. Life traits as described by Stanley
(1970) or Waller (2006) circumscribe the mode of life based
on habitat, and combine swimming ability and preferred sub-
strate type as well as shell morphological features. These life
traits comprise byssal attachment, recessing, cementing, op-
portunistic byssal attachment and swimming. Speiser and
Johnsen (2008a) showed that swimmers have a better visual
acuity than non-swimmers and species inhabiting sandy bot-
toms tend to have more acute vision than species inhabiting
other substrates. Additionally, they detected specific responses
to different grain sizes suspended in the water column and
thus, improved food detection (Speiser and Johnsen 2008b).
Since morphological and physiological changes often go hand
in hand with functional adaptations (Stanley 1972; Otten

1982), we compared the morphological changes in different
eye characters and tried to reconstruct the ancestral pectinid
eye.We argue that the evolution of eyes in different taxamight
well be greatly influenced by life trait and/or ecological factors
such as substratum or depth, and therefore, light intensity.
Although, morphological developments could have led to
higher taxon-/clade-specific eye morphology and thus, eye
evolution to reflect higher taxon evolution. Hence, in this
initial study on pectinid eye evolution, we investigate and
compare pallial eyes of several species belonging to five
different subgroupings and combine morphological results
with the previously published phylogenetic results of
Malkowsky and Klussmann-Kolb (2012) to obtain a compre-
hensive study on the evolution of eyes in Pectinidae.
Subsequently, transitions of eye character states along the
species phylogeny were evaluated. Furthermore, we tried to
reconstruct the transition of life traits and substrate type along
the species phylogeny and discuss possible effects of these
transitions on evolution of the eyes. So far, no higher taxon
comparison has been conducted, and an analysis of potential
evolutionary trends is needed.

Materials and methods

We investigated a total of 14 pectinoidean species from
European waters. The specimens were either collected in the
field by dredging [and deposited in the department of
Phylogeny and Systematics at the Goethe-University (PS)] or
were a loan from the Senckenberg Natural History Museum
and Research Institute (SMN), the Gothenburg Museum of
Natural History (Moll. övr.), the Zoological Museum
Hamburg (ZMH) or the Swedish Museum of Natural History
(SMNH) (Table 1). Samples were preserved in 4% formalin in
sea water and later transferred to 70 % ethanol, except for
Mimachlamys varia, which was preserved in PFA in 0.1 M
PBS and stored in 0.1 M PBS. Taxonomy, collecting locations
and depths and number of investigated eyes and specimens of
the sampled taxa are described in Table 1. Since most of the
visible spectrum of light is absorbed at about 200 m depth
(Johnsen and Sosik 2004), taxa sampled below that mark were
categorized as deep water taxa. For specimens with missing
information on sampling depth, data from literature was con-
sidered (Flexopecten flexuosus down to 250 m, Flexopecten
glaber down to 900 m but here sampled in the sublittoral,
Mimachlamys varia down to 83 m and both Pecten species
down to 250 m, all Poppe and Goto 1993). Eyes, including
stalk and mantle tissue, were dissected from the ventral and the
posterior and anterior part of the mantle and dehydrated via an
increasing isopropanol series (70, 80, 90 and two times 100%,
30 min each), further dehydrated in Rotihistol (Roth,
Karlsruhe, Germany) for 30 min, infiltrated in Rotihistol-
RotiPlast (Roth) overnight and washed three times in

Fig. 1 Schematic drawing of a pectinid eye. c Cornea, ct connective
tissue, d distal chamber, dr distal retina, es eyestalk, l lens, mvmicrovilli
region of proximal retina, p pallial pigment epithelium, pl pigment layer,
pr proximal retina, t tapetum
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Rotiplast, 1 h each. Longitudinal sections (7 μm) of eye stalks
were cut by using a stainless steel knife on a LeicaRM2165
microtome and transferred to Thermo Scientific Superfrost
Plus slides (Menzel, Braunschweig, Germany).

Slides were treated in Bouin solution at 60 °C for 2 h prior
to staining. Staining was conducted via the staining kit,
Masson Goldner Trichrom provided by Morphisto GmbH
(Frankfurt, Germany) with tripled staining times for Weigert
iron hematoxylin, Acid fuchsin-Ponceau-Azophloxin and
Phosphomolybdic acid-Orange G. For details on staining
procedure see Online Resource 1.

Stained slides were mounted in Eukitt quick-hardening
mounting medium (Sigma-Aldrich, Munich, Germany).
Images of sections through the median part of the eye were
taken under a Leica DM LB2 stereomicroscope with a
Moticam 2300 digital camera and finalized with Adobe
Photoshop 6.0, including image arrangement and subtraction
of background by default settings.

The BEAST tree topology published by Malkowsky and
Klussmann-Kolb (2012) was used as basis for character esti-
mation and only large eyes from the ventral part of the mantle
were used for inter-specific comparison. For intra-specific
comparison small and large eyes from different parts of the
mantle were investigated. The respective eye characters were:

the cornea shape (flat, slightly convex or strongly convex), the
appearance of the cornea cells (small flattened, small cubic-
like or large pillar-like), the lens shape (conical, broad elliptic,
round or absent) and the appearance of the microvilli region of
the proximal retina (short, long or seemingly unstructured).
Further non-morphology based tests included the following
characters: life trait (free living including opportunistic byssal
attachment, permanent byssal attachment, recess, cement or
byssal nesting) and substrate type [sand and muddy sand
(<0.63 mm grain size), sand to gravel (0.63 mm–20 mm grain
size), gravel to rocks (20 mm–200 mm grain size), rocks and
corals (>200 mm grain size) or sand to gravel to rocks].
Estimation of character states along the phylogeny utilized
the multistate mode of BayesTraits (Pagel 1994; Pagel et al.
2004) that allows testing of how traits that adopt a limited
number of discrete states evolve along phylogenetic trees. A
Markov Chain Monte Carlo approach was used for estimating
the likelihood of each state at the internal nodes (n1–n8, see
also Fig. 5 and Online Resource 3) with the AddNode com-
mand. The chain was run for 7,048,800 generations with a
burn-in of 50,000 generations and sampling every 100th gen-
eration. Rate parameters were set so the acceptance rates were
between 20 % and 40 %, 2.7 for the reconstruction of lens
character, 0.16 for the remaining eye characters and 0.65 for

Table 1 Collection number (PS Phylogeny and Systematics at the
Goethe-University, SMN Senckenberg Natural History Museum and
Research Institute, Moll. övr. Gothenburg Museum of Natural History,
ZMHZoological MuseumHamburg, SMNHSwedishMuseum of Natural

History), examined taxa, author, locality, coordinates, depth in meters,
number of investigated eyes and number of investigated specimens in
brackets

Collection
number

Species Author Locality Coordinates Depth (m) Investigated
eyes (no. of
individuals)

PS Aequipecten opercularis Linnaeus 1758 North Sea: Doggerbank 54°37,48' N – 55°34,776'
N / 1°9,86' E – 4°8,7' E

18–68.1 4 (3)

SMNH 76787 Chlamys islandica Müller OF 1776 Off northern Norway 65°39' N / 32°20' E 33–164 3 (3)

SMNH 95880 Delectopecten vitreus Gmelin 1791 Arctic Ocean, Northern Norway,
north of Sørøya, Tørnerose oil
field

71°35' N / 022°51' E 410–416 2 (1)

Moll. övr. 2955 Delectopecten vitreus Norway, Trondheim fiord,
Hjertögrunn

n.d.a 50–200 2 (2)

ZMH 62514 Flexopecten flexuosus Poli 1795 Italy: Campania: Napoli: Napoli n.d. n.d. 3 (2)

ZMH 62522 Flexopecten glaber Linnaeus 1758 Italy: Pulgia: Manfredonia n.d. n.d. 2 (1)

Hyalopecten frigidus Jensen 1904 Arctic Ocean, Svalbard and Jan
Mayen, west of Svalbard

79°03' N / 003°50' E 2,732 No eyes (1)

PS Mimachlamys varia Linnaeus 1758 Mediterranean Sea: off Banyuls
sur mer

n.d. n.d. 3 (2)

SMN 309401 Palliolum incomparabile Risso 1826 North Sea: Norwegian shelf 57°14,1' N / 05°18,2' E 58.1–58.6 2 (1)

SMN 309321 Palliolum striatum Müller OF 1776 North Sea: off Stavanger 58°37,7' N / 03°56,0' E 217.8–221.7 3 (1)

SMN 309265 Palliolum striatum IND2 North Sea: Norwegian shelf 57°54' N / 04°51,2' E 36–102 1 (3)

SMN 309992 Palliolum tigerinum Müller OF 1776 North Sea: Teufelsloch 56°31,9' N / 00°40,6' E 237–256 3 (2)

ZMH 62528 Pecten jacobaeus Linnaeus 1758 Italia: Campania: Napoli: Napoli n.d. n.d. 2 (1)

PS Pecten maximus Linnaeus 1758 English Channel: off Roscoff n.d. n.d. 4 (3)

SMN 309979 Pseudamussium peslutrae Linnaeus 1758 North Sea: Teufelsloch 56°44' N / 00°59' E 216–224 3 (2)

Moll. övr. 2608 Talochlamys pusio Linnaeus 1758 Norway, Trondheim fiord SW
Terningen

n.d. 70–90 2 (1)
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life trait and substrate reconstruction. Furthermore, parameters
were all restricted to one estimated parameter (q03) via the
RestrictAll command. An exponential prior for all parameters
in each analysis was set to 0.5, 1 and 1, respectively and an
empirical base frequency was determined. Details for charac-
ter coding of cornea, lens, microvilli region, life trait and
substrate type are given in Table 2. Further details and refer-
ences for life trait and substrate type are given in Online
Resource 2.

Results

Histology of eyes

The pallial pigment epithelium of eyes of Aequipecten
opercularis (Fig. 2a) is composed of pillar-like cells

containing a dark brown pigment at the cells basis. The
pigment epithelium increases in thickness towards the cornea.
The eyes have a flat cornea composed of small, flat cells with

Table 2 Character matrix for investigated specimens, including collec-
tion number (PS Phylogeny and Systematics at the Goethe-University,
SMNSenckenberg Natural History Museum and Research Institute,Moll.
övr. Gothenburg Museum of Natural History, ZMH Zoological Museum
Hamburg, SMNH Swedish Museum of Natural History) and character
states for cornea cells: 0 no eyes present, 1 small, flattened cells, 2 small,
cubic cells, 3 large, pillar like cells; cornea shape: 0no eyes present, 1 flat,
2 slightly convex, 3 strongly convex; lens shape: 0no eyes present, 1 lens

conical, 2 lens broad elliptic, 3 lens round, 4 lens absent; rhabdomeric
region: 0 no eyes present, 1 short microvilli region, 2 long microvilli
region, 3microvilli region unstructured; life trait: 0 free living (including
opportunistic byssal attachment), 1 permanent byssal attachment, 2 re-
cess, 3 cement, 4byssal nesting; substrate type: 0 sand and muddy sand, 1
sand to gravel, 2 gravel to rocks, 3 rocks and corals, 4 sand to gravel to
rocks; ? no data available

Collection Number Taxon Cornea cells Cornea shape Lens shape Rhabdomeric region Life trait Substrate type

PS Aequipecten opercularis 1 1 2 1 0 1

SMNH 76787 Chlamys islandica 3 3 1 2 1 2

Moll. övr. 2955 Delectopecten vitreus 'shallow water' 1 1 4 1 1 3

ZMH 62514 Flexopecten flexuosus 2 1 2 1 0 1

ZMH 62522 Flexopecten glaber 2 1 2 1 0 0

PS Mimachlamys varia 3 3 1 1 1 3

Mizuhopecten yessoensis 3 3 2 ? 2 0

SMN 309401 Palliolum incomparabile 3 3 1 2 0 4

SMN 309401 Palliolum incomparabile 3 3 1 2 0 4

SMN 309265 Palliolum striatum 'shallow water' 3 3 2 2 0 2

SMN 309992 Palliolum tigerinum 3 2 2 3 0 1

SMN 309992 Palliolum tigerinum 3 2 2 3 0 1

ZMH 62528 Pecten jacobaeus 2 1 2 1 2 0

PS Pecten maximus 2 1 3 1 2 0

SMN 309979 Pseudamussium peslutrae 3 2 2 2 0 0

Pseudamussium clavatum ? ? ? ? 0 0

Pseudamussium sulcatum ? ? ? ? 0 4

Talochlamys multistriata ? ? ? ? 1 3

Moll. övr. 2608 Talochlamys pusio 3 3 1 1 3 3

Lima lima 0 0 0 0 1 2

Limaria hians 0 0 0 0 4 3

Ostrea edulis 0 0 0 0 3 3

Mytilus galloprovincialis 0 0 0 0 1 3

SMNH 95880 Delectopecten vitreus 'deep water' 1 1 4 3 1 3

SMN 309321 Palliolum striatum 'deep water' 3 3 2 3 0 2

Fig. 2 a–pMedian sections of pectinid eyes from the ventral part of the
mantle of investigated taxa stained after Masson-Goldner and collection
number in brackets. a Aequipecten opercularis (PS), b Flexopecten
flexuosus (ZMH 62514/3), c Flexopecten glaber (ZMH 62522/1), d
Pecten jacobaeus (ZMH 62528/1), e Pecten maximus (PS), f
Mimachlamys varia (PS), g Chlamys islandica (SMNH 76787), h
Talochlamys pusio (Moll. övr. 2608), i Palliolum incomparabile (SMN
309401), j Palliolum striatum from shallow water (SMN 309265), k
Palliolum striatum from deep water (SMN 309321), m Delectopecten
vitreus from shallow water (Moll. övr. 2955), n Delectopecten vitreus
from deep water (SMNH 95880), o Pseudamussium peslutrae (SMN
309979), p Palliolum tigerinum (SMN 309992). c Cornea, ct connective
tissue, d distal chamber, dr distal retina, es eyestalk, l lens, mvmicrovilli
region of proximal retina, p pallial pigment epithelium, pc artificial
“proximal chamber”, pr proximal retina, t tapetum. Bars 100 μm

b
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an adjacent, broad elliptic lens composed of cells of irregular
order, increasing in size towards the centre. The distal retina is
flat and wide. The microvilli region of the proximal retina is
short. Adjoining, the tapetum is attached to the microvilli
region and free- hanging at the margins within the distal
chamber. A continuous pigment layer lines the back of the
eye. As an artifact there occurs an enlarged space between the
tapetum and the pigment layer, which will be termed “proxi-
mal chamber” subsequently.

Both Flexopecten species, F. flexuosus (Fig. 2b) and
F. glaber (Fig. 2c), have very similar eyes with a broad pallial
pigment epithelium of pillar-like cells with pigments at the
cells basis, torn in F. glaber. The flat cornea is composed of
small cubic cells and the very broad elliptic lens with cells of
nearly the same size throughout almost fills up the entire distal
chamber. Due to poor fixation the distal and proximal retinae
are torn apart in F. flexuosus, but both species have a wide
retina, slightly broader than in A. opercularis. The proximal
retina has short microvilli in both species. As a result of poor
fixation the tapetum lies in the “proximal chamber”, not hung
up on either side and the pigment layer has been dissolved.

The pallial pigment epithelium of the eyes of Pecten
jacobaeus (Fig. 2d) is thick and contains pigments at the cells
basis as in Flexopecten spp. whereas it is rather thin and dark
brown throughout in Pecten maximus (Fig. 2e). Eyes of
Pecten jacobaeus and Pecten maximus show some slight
differences but both have a flat cornea composed of small
cubic cells as in Flexopecten. Moreover, the lens of Pecten
jacobaeus resembles that of Flexopecten; it fills up the entire
distal chamber, whereas it is large and spheroidal in Pecten
maximus. In some eyes of Pecten maximus the lens is under-
developed and very small (Fig. 2e). The distal retina is wide
and the microvilli region of the proximal retina is short in both
Pecten species. Due to sectioning, the distal and proximal
retinae in P. jacobaeus are torn apart and the tapetum in both
Pecten species lies scattered in the “proximal chamber” and
the pigment layer has been dissolved.

The pallial pigment epithelium of Mimachlamys varia
(Fig. 2f) is dark brown and composed of pillar-like cells with
an increasing pigment concentration towards the cells basis.
The cornea appears strongly convex with pillar-like cells bear-
ing apical nuclei. The lens takes up a little less space than in
Chlamys islandica (Fig. 2g) but is also conical with small cells
at the outer margins. The distal retina is flatter and wider than
in Chlamys islandicawhere it is rather centered. The proximal
retina ofMimachlamys varia possesses short microvilli and is
flat, as in Aequipecten opercularis. The tapetum lies immedi-
ately next to the retina, originally connected to the microvilli
region, but due to sectioning slightly torn off. A continuous
pigment layer lines the back of the “proximal chamber”.

Eyes of Chlamys islandica (Fig. 2g) resemble those of
Mimachlamys varia, except for the distal retina lying under-
neath the tip of the lens being more centered and the microvilli

region of the proximal retina being long. Again, the tapetum
joins the microvilli region but is otherwise artificially free-
hanging at the margins. A pigment layer lines the back of the
“proximal chamber”.

The pallial pigment epithelium in eyes of Talochlamys
pusio (Fig. 2h) is much more prominent than in the other
Chlamydinae species and exhibit the typical concentration of
pigment at the cells basis. The cornea has enlarged pillar like
cells, here with small fissures from sectioning, and the conical
lens fills up most of the distal chamber. A broad and flat distal
retina overlies the proximal retina, the latter with short micro-
villi. The microvilli region again is originally connected to the
tapetum, which appears to be free-hanging at its margins. The
pigment layer lines the back of the proximal chamber, here
somewhat dissolved.

Eyes of Palliolum incomparabile (Fig. 2i) are similar to
Chlamys islandica (Fig. 2g) with a dark brown pallial pigment
epithelium containing pigment at the cells basis and enlarged,
pillar-like cornea cells. The lens in large eyes is conical, where-
as it is broad and elliptic in small eyes, showing the typical
randomly ordered cells of increasing size towards the centre.
The distal retina as well as the microvilli region of the proximal
retina is centered below the lens like in Chlamys islandica. The
microvilli of the proximal retina are long and connected to the
tapetum, which fits tightly to the retina margin. The pigment
layer lines the back of the “proximal chamber”.

The pallial pigment epithelium of eyes of Palliolum
striatum (Fig. 2j, 2 k) is thick, dark brown and shows an even
distribution of pigments throughout the cells. The cornea of
eyes of specimens from shallow water (Fig. 2j) is similar to
that of Chlamys islandica or Palliolum incomparabile. On the
other hand, the cornea appears broader in the deep water
specimen of Palliolum striatum (Fig. 2k). There is no distinct
difference in the lens between deep water (one specimen) and
shallow water specimens (three specimens). In these individ-
uals, the lens shows the typical small cells at the outer mar-
gins, increasing in size towards the centre and filling up the
entire distal chamber. The distal retina and long microvilli of
the proximal retina are centered below the cornea in the
shallow and deep-water specimen. Moreover, the microvilli
region in the deep-water specimen is seemingly unstructured.
In both cases remnants of the tapetum are visible next to the
microvilli region, in the shallow water specimen even few
connections are visible. A pigment layer lines the distal end of
the “proximal chamber” in both cases, although more dis-
solved in the deep water specimen.

The surrounding pallial pigment layer in the eyes of
Delectopecten vitreus (Fig. 2m, n), as well as the lens,
are totally reduced and the cornea has a flat appearance.
The retina appears to lacks a distal retina and the micro-
villi of the proximal retina are either short (shallow
water, Fig. 2m) or seemingly unstructured (deep water,
Fig. 2n). The tapetum is no longer visible and a pigment
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layer lines the back of the proximal chamber as contin-
uous surface.

The pallial pigment epithelium of the eyes ofPseudamussium
peslutrae (Fig. 2o) is dark brown, rather thin and with an even
distribution of pigment throughout the cells. The cornea pos-
sesses short pillar-like cells, exhibiting a slightly convex appear-
ance. The lens occupies almost the entire distal chamber. The
distal retina and the long and seemingly unstructured microvilli
region of the proximal retina are centered below the cornea and
lens. Remnants of the tapetum and the pigment layer are visible
in the “proximal chamber”.

The eyes of Palliolum tigerinum (Fig. 2p) resemble that of
Pseudamussium peslutrae (Fig. 2o). However, the pallial pig-
ment epithelium of eyes of Palliolum tigerinum is slightly
thicker. The cornea has the same appearance and the typical
lens, composed of cells of random order and increasing in size,
almost fills the entire distal chamber. Centered below the cornea
are the distal retina and the long and seemingly unstructured
microvilli region. Both retinae show small fissures from sec-
tioning and the tapetum lies scattered in the “proximal cham-
ber”. The pigment layer lines the back of the proximal retina.

Reconstruction of ancestral eye, life trait and substrate type

Results of BayesTraits analyses are shown in Fig. 5 and in the
electronic supplement (ESM3). No clear support for a specific
life trait or substrate type could be detected in any of the nodes
n1–n4 and n6, although free living and sandy and muddy
sandy bottoms have the highest support in all these nodes.
Reconstruction of ancestral eyes for node n1 revealed an equal
possibility that cornea cells are either small and cubic or large
and pillar-like. The cornea has either a flat or strongly convex
appearance, whereas the lens tends to have a broad elliptic
shape and the microvilli region tends to be short. Cornea cells
in the node n2 group are small, cubic and the cornea has a flat
shape, the lens tends to be broad elliptic and the microvilli
region is short. Eyes of the node n3 group have large pillar-
like cornea cells giving the cornea a strongly convex appear-
ance, while the lens is most probably broad elliptic and a long
microvilli region has the highest probability. Reconstruction
of the ancestral eye in node n4 revealed a strongly convex
cornea with large pillar-like cornea cells, a lens that is either
conical or broad elliptic and a short microvilli region. Eyes
with a strongly convex cornea and large pillar-like cells, a
conical lens and a short microvilli region are ancestral for taxa
within the node n5 group. Ancestral life trait is byssal attach-
ment on rocks and corals. In the node n6 group the analysis
results in strongly convex cornea, composed of large pillar-
like cells, a tendency towards a broad elliptic lens and a long
microvilli region. Palliolum incomparabile (node n7) revealed
a specific eye type, which consists of a strongly convex cornea
with large pillar-like cells, a conical lens and a long microvilli
region. Furthermore, they are free living on all kinds of

substrates. In the node n8 group the ancestral eyes have large
pillar-like cells, which here build up an only slightly convex
cornea. The lens is broad elliptic and the microvilli region is
either long or unstructured. Ancestral life trait is free living
with the highest support for sandy and muddy sandy bottoms.

Discussion

General discussion

Unfortunately, the poor preservation of the retinae in
Flexopecten spp. and Pecten jacobaeus as well as some minor
sectioning artifacts concerning the tapetum and pigment layer
in all specimens did not allow a thorough investigation on
these characters and therefore no further statements on their
morphology are possible.

Histological sections of the eyes of Aequipecten
opercularis, the both Flexopecten species as well as both
Pecten species show similarities in the morphology of the
cornea and lens and similarity of the retinae in Aequipecten
opercularis and Pecten maximus (Fig. 2a–e and Fig. 3a–f),
although Aequipecten opercularis has relatively small cornea
cells. The eyes of Aequipetcen tehuelchus (d’Orbigny, 1842)
as described by Ciocco (1998) appear to be similar to the eyes
of the above mentioned species. For both members of the
Aequipectini group Argopecten gibbus (L. 1758) and
Argopecten irradians (Lamarck, 1819) Butcher (1930) and
Speiser and Johnsen (2008a) described similar morphologies
for the eyes. Therefore, the members of the Aequipectini
group have cuboidal corneal cells, an elliptic lens, and a broad
flat distal retina. So far, only eyes of Pecten sp. occasionally
show a round spherical lens (Dakin 1928; this study). Since
Mizuhopecten yessoensis (Morton 2000b), Talochlamys pusio
(Morton 2000b, Fig. 2h),Mimachlamys varia (Salvini-Plawen
2008; Fig. 2f, 3 g–i) and Chlamys islandica (Fig. 2g, 3j–m)
have enlarged pillar-like cornea cells all Chlamydinae so far
described show a strongly convex cornea composed of pillar-
like cells. Furthermore, the lens in Mimachlamys varia
(Fig. 2f, 3 h), Chlamys islandica (Fig. 2g, k) and
Talochlamys pusio (Fig. 2h) is conical but further information
on the shape of the lens in other Chlamydinae is lacking.
Morton (2000b) states that the lens and cornea in
Mizuhopecten yessoensis and Talochlamys pusio form a
Cartesian oval whereas in Pecten maximus the lens alone has
this shape. Since all eyes of the Chlamydinae members inves-
tigated in this study and described by Morton (2000b) form a
Cartesian oval by a combination of cornea and lens, this seems
to be a common feature of eyes within this subfamily. Within
the “Palliolinae” (excluding Delectopecten vitreus) all exam-
ined taxa have pillar-like cornea cells, with Palliolum
incomparabile (Fig. 2i, 4a–c) showing the same eye morphol-
ogy as described for Mimachlamys varia (Salvini-Plawen
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2008; Fig. 2f, 3 g–i) or Chlamys islandica (Fig. 2g, 3j–m).
Speiser and Johnsen (2008a) described eyes of Placopecten
magellanicus (Drew 1906) that are similar to those of
Palliolum tigerinum and Pseudamussium peslutraewithin this
study (Fig. 2o–p, Fig. 4g–m).

The eyes of Delectopecten vitreus show remarkable differ-
ences such as the lack of a dark pallial epithelial layer, the
absence of distinct corneal cells, the absence of a lens and the
missing separation of the two retinal layers. The present
corneal cells are flat and small but unlike those of
Aequipecten opercularis, the microvilli of the retina are long
whereas in some eyes they are seemingly unstructured. Thus,
retinal formation could well be influenced by the depth of the
scallop habitat. These prominent adaptations are most

probably due to life at aphotic depths of the bathyal and the
plains of the abyssal where this species occurs most often and
may result from reduction.

Horváth and Varjú (1993) investigated the shape of the lens
with respect to its function. These latter authors argue that the
shape of Cartesian oval as seen in Aequipecten opercularis
(this study), Pecten maximus (Land 1965) or Placopecten
magellanicus (Speiser and Johnsen 2008a) is the optimal
shape of the front profile for the lens with respect to focussing
light onto the retinae. Here, the shape of the cornea is crucial
(Piatigorsky 2001; Jonasova and Kozmik 2008) since, in
conjunction with the lens, it works in similar way as a
Schmidt-Cassegrain-telescope, by focussing the light onto
the tapetum in such a way that, with further reflection from

Fig. 3 a–mMedian sections of pectinid eyes from the ventral part of the
mantle of investigated taxa stained after Masson-Goldner. a–c
Aequipecten opercularis: overview of whole section (a), detail of pallial
pigment epithelium, cornea and lens (b), detail of distal and proximal
retina (c); d–f Pecten maximus, overview of whole section (d), detail of
cornea and lens (e), detail of distal and proximal retina (f); g–i

Mimachlamys varia, overview of whole section (g), detail of pallial
pigment epithelium, cornea and lens (h), detail of distal and proximal
retina (i); j–mChlamys islandica, overview of whole section (j), detail of
cornea and lens (k), detail of distal and proximal retina (m); for abbrevi-
ations see Fig.2. On optic nerve, the yellow linemarks the border between
distal and proximal retina
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the tapetum, the focal point lies within the retinae (Land
1965). Thus, the shape of the cornea in species with a conical
lens depicts an adaptation for optimal light focus, by
correcting for the modified shape of the lens. As a principle,
changes in shape and/or cellular matrix of one of these two
components lead to a corresponding change in the other.

The distal retina shows only slight changes, being broad
and planar in basal taxa and compact and centered in derived
taxa such as “Palliolinae” and Chlamys islandica. This could

be an adaptation to life at greater depths, as these derived taxa
occur from the shallow plains of the continental shelf to the
bathyal depths (Poppe and Goto 1993; Dijkstra et al. 2009).
The proximal retina exhibits adaptations in length of the
microvilli region (Salvini-Plawen 2008) and, therefore, in
the size of the photosensitive surface. The increase in surface
area could lead to an enhanced photosensitive reaction in
regions with little light. In fact, we find this only in species
distributed at greater depths, such as Chlamys islandica and

Fig. 4 a-mMedian sections of pectinid eyes from the ventral part of the
mantle of investigated taxa stained after Masson-Goldner. a–c
Talochlamys pusio, overview of whole section (a), detail of cornea and
lens (b), detail of distal and proximal retina (c); d–f Palliolum
incomparabile, overview of whole section (d), detail of cornea and lens
(e), detail of distal and proximal retina (f); g–i Pseudamussium peslutrae,

overview of whole section (g), detail of cornea and lens (h), detail of distal
and proximal retina (i); j–m Palliolum tigerinum, overview of whole
section (j), detail of cornea and lens (k), detail of distal and proximal
retina (m); for abbreviations see Fig. 2; yellow line border between distal
and proximal retina
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“Palliolinae” (Dijkstra et al. 2009). This increase in surface
area should also influence the image formation since the
tapetum, directly adjacent to the retina (Salvini-Plawen
2008), reflects the light ray onto the distal retina. Thus, the
focal point would be relocated, resulting in a compact and
centered distal retina, which is already present in the eyes of
“Palliolinae”. Other adaptations, e.g. the shape of the cornea
and lens or the expansion of the distal retina appear mostly at
the subfamily level or within distinct clades, suggesting a
clade/taxon specific evolution of eyes.

In addition, previous analyses of eyes of Placopecten
magellanicus, belonging to the Palliolinae, and eyes of

Argopecten irradians, Argopecten gibbus and Aequipetcen
tehuelchlus belonging to the Aequipectini group (Butcher
1930; Ciocco 1998; Speiser and Johnsen 2008a; Speiser
et al. 2011) reflect clade specific structures of eyes of
Peudamussium peslutrae, Palliolum tigerinum and eyes of
taxa from the Aequipectini as described in our analysis. This
supports a clade/taxon specific evolution of eyes in Pectinidae
particularly since our analyses corroborate these former re-
sults. Also, Speiser et al. (2011) demonstrated that the spectral
sensitivity of the eyes of Argopecten irradians and
Placopecten magellanicus is adapted to shallow waters, while
the eyes of Argopecten irradians are best suited for the

Fig. 5 Cladogram of BEAST analysis of investigated taxa (after
Malkowsky and Klussmann-Kolb 2012) and character estimation with
BayesTraits for life trait (pie chart) and morphological state changes for
eye characters. Diagrams showing cross-sections of reconstructed eye for
the discussed taxa (see text). CfFlat cornea, Cc slightly convex cornea, Csc

strongly convex cornea Cclp large pillar-like cornea cells, Ccsc small cubic
cornea cells, Drb broad planar distal retina, Drc centered distal retina, Lb
broad elliptic lens, Lc conical lens,Ml long microvilli,Ms short microvilli,
dashed lines illustrate equivocal states for a character, discussed nodes are
numbered n1–n8.
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intertidal zone. Considering these results, the ancestral eye, as
witnessed in the Aequipectini group and Pectininae, is most
suited for life in shallow water environments, while these are
considered the ancestral habitat, due to the fact that
Pleuronectites laevigatusSchlotheim 1820, the oldest pectinid
fossil (Hautmann 2010) was distributed in shallow waters of
the continental shelf of the Triassic.

Eye evolution in deep water versus shallow water is
reflected in the eyes of shallow-water species such as
Aequipecten opercularis, Flexopecten spp., Pecten spp.,
Mimachlamys varia and Talochlamys pusio, whereby the
micovilli region of the proximal retina is rather short and the
distal retina is broad and flat. One deep-water (below the photic
zone) individual of Palliolum striatum possesses a seemingly
unstructured microvilli region, which can also be seen in some
eyes of Pseudamussium peslutrae and Palliolum tigerinum
from deeper zones (Figs. 2o, p). Morton (2001) emphasizes
that pallial eyes of Pectinidae are adapted to greater depths and
thus, adapted to low light intensities. Hence, a reduction of the
pigment layer in deep water species such as Delectopecten
vitreus seems likely. However, a seemingly unstructured mi-
crovilli region associated with the ongoing reduction of func-
tional structures and eye size in Delectopecten vitreus, illus-
trates the successive loss of eyes and possibly indicates func-
tional changes while descending into deeper and darker zones.
Finally, resulting in a total loss of eyes as seen in the deep sea
species Hyalopecten frigidus (ESM 4a) and Propeamussium
lucidum (Jeffreys in Thomson 1873) (Propeamussiidae,
Morton and Thurston 1989). Additionally, the convergent de-
velopment of flat corneal cells in Delectopecten vitreus is also
most likely the result of reduction due to life in aphotic depths.

Ancestral eye reconstruction

Corneal cells and corneal shape have been described by many
authors (Patten 1887; Dakin 1910, 1928; Land 1965; Morton
2000b; Speiser and Johnsen 2008a). Due to their functional
importance, these features indicate a repeating pattern with
only minor taxon specific variations. In our present study, we
could show that this is also true for the lens shape (Figs. 2, 5).
These characteristic variations, including variations in the
lens, make this character complex a key in understanding the
evolution of eye morphology in Pectinidae. Since the retinal
layers are responsible for light perception and image forma-
tion, their changes enable remarkable insights into the evolu-
tion of pectinid eyes. Thus, the changes in the photosensitive
parts, e.g. rhabdomeric region of the proximal retina, are
considered to be important characters for the reconstruction
of ancestral eye types as well.

No distinct eye morphology could be reconstructed for the
node n1 and thus the morphology of the ancestral eye, except
for a tendency towards a short microvilli region, remains
unknown (Fig. 5). For node n2, the reconstruction revealed

no clear eye morphology except for a flat cornea composed of
small, cubic cells and a short microvilli region (Fig. 5). Since
these combination of characters can be found in other repre-
sentatives of the Aequipectini (so far no further Pectininae
taxa have been examined), e.g. Argopecten gibbus (Butcher
1930), Argopecten irradians (Speiser and Johnsen 2008a) and
Aequipecten tehuelchus (Ciocco 1998), our results show a
trend of the morphology of the ancestral eye for this group.
Considering the description of the sister group taxa Spondylus
americanus Hermann, 1781 (Dakin 1928; Viana and Rocha-
Barreira 2007; Speiser and Johnsen 2008a) as being similar to
Pecten spp. and our investigation on S. squamosus (ESM 4b),
these findings seem most probable. The results for the ances-
tral eye of node n3 do not reveal a distinct morphology as
well, but the cornea should have been strongly convex with
large, pillar-like cells (Fig. 5). This is supported by previous
investigation of eyes of either Chlamydinae or Palliolinae
(Morton 2000b; Salvini-Plawen 2008). A trend for a long
microvilli region is supported by the examination of eyes in
Pseudamussium peslutrae by Salvini-Plawen (2008). The re-
construction of the ancestral eye of node n4 (Chlamydinae)
revealed a strongly convex cornea composed of large pillar-
like cells and a short microvilli region (Fig. 5). Again, this
trend is supported by previous investigations of Morton
(2000b) and Salvini-Plawen (2008) for Mizuhopecten
yessoensisand Talochlamys pusioand forMimachlmays varia,
respectively. For node n5 distinct eye morphology could be
reconstructed and is composed of a strongly convex cornea of
large, pillar-like cells, a conical lens and a short microvilli
region (Fig. 5). Results for the cornea are supported by
Morton (2000b) and Salvini-Plawen (2008) who unfortunate-
ly do not give a detailed description of the remaining charac-
ters. The ancestral eye of node n6 has a strongly convex
cornea composed of large pillar-like cells and a longmicrovilli
region (Fig. 5). This trend is supported by the investigation of
Speiser and Johnsen (2008a) and Salvini-Plawen (2008) for
Placopecten magellanicus and Pseudamussium peslutrae, re-
spectively. Since Küpfer (1916) focusses mainly on the de-
velopment of eyes in Palliolum incomparabile (there Pecten
testae) no further inferences can be made regarding the obser-
vations for node n7 in this study (Fig. 5). The reconstruction of
the ancestral eye for node n8 revealed a slightly convex cornea
composed of large, pillar-like cells, a broad, elliptic lens and
an either long or seemingly unstructured microvilli region
(Fig. 5). These results are again supported by the investigation
of Salvini-Plawen (2008) and furthermore support the close
relationship to Placopecten magellanicus (Puslednik and Serb
2008; Alejandrino et al. 2011) which has a similar eye mor-
phology (Speiser and Johnsen 2008a). Since Speiser and
Johnsen (2008a) witnessed conical lenses in large eyes and
broad elliptic lenses in small eyes of Placopecten
magellanicus, supporting the findings within this investigation
for Palliolum incomparabile, plasticity in lens size of
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Palliolinae eyes again is evident. Küpfer (1916) even demon-
strated that eyes of juveniles of Palliolum incomparabile have
broad elliptic lenses by investigating different developmental
stages. As seen within the “Palliolinae”, convergent evolution
occurred several times in the Pectinidae. Palliolum
incomparabile developed a lens similar to that of the
Chlamydinae. On the other hand, evolution led to a decrease
in convexity of the cornea in the subgroup containing
Palliolum tigerinum, Pseudamussium peslutrae and
Placopecten magellanicus.

Reconstruction of ancestral life trait

The reconstruction of ancestral life trait revealed no preferred
scenario (Fig. 5), the ancestral state for the Pectinidae is equal
either for free living or byssal attachment. Furthermore, the
analysis yielded no clear result for a substrate type.
Alejandrino et al (2011) showed the Limidae to be closer to
Pectinidae than the cementing Spondylidae. They also dem-
onstrated that the Propeamussiidae is the sister group to
Pectinidae. Propeamussiid species are distributed downwards
from the continental slope to abyssal plains, mostly in soft
sediments and thus mostly free living with opportunistic
byssal attachment (Huber 2010). Byssal attachment as the
ancestral state would be supported by the development of
scallops who all at some early stage produce a byssus but
some cease to do with increasing size (Brand 2006). If con-
sidering a shallow water origin of pectinids (Hautmann 2010)
some sort of byssal attachment would also be the preferred
scenario, as this environment is influenced strongly by cur-
rents and tides. This would suggest that the free-living mode
of life, as well as all other types, evolved from the common
ancestor of Pectinidae, which theoretically should have been
attached by byssus threads either permanent or opportunisti-
cally. The arising conflict in light of the results of Alejandrino
et al. (2011) stems from: (1) the topological differences of the
underlying phylogenetic reconstructions (for further discus-
sion see Malkowsky and Klussmann-Kolb 2012), and (2)
coding the propeamussiid taxa as byssal attached, which are
in fact free-living with opportunistic byssal attachment since
they occur most often on soft sediments (Dijkstra 1991; Huber
2010). Since in some cases no ancestral eye, life trait or
substrate type could be reconstructed, no conclusions
concerning a possible connection to evolution of the eyes
could be drawn.

Conclusions

Our study shows the diversity of pectinid eye morphology
among the different taxa and along the phylogenetic recon-
struction. Whereas the Aequipectini group and the Pectiniae
have a flat cornea, the Chlamydinae and “Palliolinae” have a

convex cornea. The reconstruction of the ancestral eye of
Pectinidae did not reveal distinct eye morphology. General
eye morphology such as the shape of the cornea in
Chlamydinae/”Palliolinae” and lens shape in Chlamydinae
and Palliolum incomparabile is driven by subfamily or clade
specific evolution.Morphological changes in response to light
sensitivity, such as length of the microvilli region of the
proximal retina and the centered arrangement of the distal
retina underneath the lens, have evolved independently in
various lineages according to depth. Total eye loss is
witnessed in deep-sea species like Hyalopecten frigidus and
partial reduction occurs in Delectopecten vitreus from the
continental slope. Thus, the second driving force in eye evo-
lution is depth, causing diminishing light intensity with in-
creasing depth. Life trait and substratum seem to play a minor
role. A more comprehensive study addressing the association
of depth to eye evolution would be beneficial since our anal-
yses showed these adaptations only in derived taxa originating
from greater depths. Consequently, more basal taxa from
greater depths should be included in order to test if
diminishing light intensities result in a compact, centered
distal retina and elongated microvilli in the proximal retina
or if alternative adaptations have evolved.
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