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Abstract
Calceoli are putative sensory organs which are known in limnic, marine, and subterranean amphipods for almost 200 years. 
Despite an otherwise comprehensive understanding of the sensory organs of crustaceans, we still have not unambiguously 
understood their function. Since calceoli are mainly found on the antennae of male animals, previous studies suggested a 
chemosensory function mainly related to reproduction. Here, we use a combination of light and electron microscopic tech-
niques to examine the calceoli of Gammarus locusta (Linnaeus 1758) and Oediceroides calmani (Walker 1906), to provide 
an overview over these structures, and in addition reveal nervous tissue in close proximity to the calceoli. The calceoli of 
both species are cuticular structures and consist of proximal and distal elements, a stalk and a receptacle that connects both 
regions. The two studied calceoli differ in the structure of their proximal and distal element, as well as in their receptacle. 
This study provides new insight into the functional morphology of the antenna and calceolus. Histological sections through 
the antennae and the calceoli indicate that the calceoli might possess a mechanosensory function.
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Introduction

Calceoli are structures associated with the first antennules 
and the second pair of antennae and occur in about 10% 
of gammaridean amphipods (Hurley 1980). They appear in 
various families, e.g., Gammaridae, Oedicerotidae, Lysia-
nassidae or Eusiridae as well as in amphipods from various 
aquatic habitats in all depth zones without an obvious pattern 
of distribution. Although the first calceolus was discovered 

almost 200 years ago, their exact function is still unknown. 
The first discovery of calceoli is attributed to Milne-Edwards 
(1830), who described these structures as “une petite cop-
ule membraneuse” (a small membranous copula). The Latin 
name relates to their shoe-shaped form (Latin calceolus: 
little boot). Indeed, several studies investigating the over-
all structure of this putative sensory organ have revealed 
its general structure: each calceolus consists of a concave 
proximal element and a distal element, which is covered 
with transversally arranged lamellae. Both elements are 
cuticular formations and supported by a receptacle, which 
is connected to the antenna by a stalk (Lincoln and Hurley 
1981). Although every calceolus consists of a proximal and 
distal element, as well as a receptacle and a stalk, the appear-
ance of these elements differs between individual species. 
Depending on the species (see more details below), calceoli 
are between 20 and 300 µm long and may occur individu-
ally or in groups on each antennal segment where they are 
arranged in rows along the antenna’s medial axis. The cal-
ceoli occur on the dorsomedial side of the first antennules 
and on the ventromedial side of the second antennae (Lin-
coln and Hurley 1981). Characteristically, calceoli are found 
only on the flagellum of the second antennae of males, such 
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as in the majority of Gammarus species. However, there are 
species in which females also possess calceoli, such as in 
the family Eusiridae (Hurley 1980). In addition to occurring 
on the flagellum of the second antennae, calceoli may also 
occur on the peduncle of the first antennules in some species 
(Lincoln and Hurley 1981).

Lincoln and Hurley (1981) defined nine structural types 
based on the characterizing amphipod family: (1) gam-
marid, (2) bathyporeid, (3) lysianassid, (4) pontogeneiid, 
(5) eusirid, (6) gammarellid, (7) oedicerotid, (8) phoxo-
cephalid, and (9) crangonycid. In their study, scanning elec-
tron microscopy (SEM) images of more than 60 different 
species from 40 genera were analysed for this classifica-
tion and categorization, providing an overview of almost all 
calceoli-bearing families.

Their study showed that the occurrence of calceoli does 
not appear to be linked to the mode of life, habitat, or sys-
tematic affiliation (Lincoln and Hurley 1981). Moreover, no 
relationship has yet been established between species pos-
sessing calceoli and species in which they are absent. Even 
within a generally calceoli-bearing family, species without 
calceoli occur (Lincoln and Hurley 1981). The most recent 
described example is the genus Jesogammarus, in which 
all members of the genus possess calceoli except for the 
species J. acalceoli Tomikawa and Kimura 2021. Since the 
genus’ common ancestor possessed calceoli as well, it seems 
that calceoli were lost secondarily (Tomikawa and Kimura 
2021). To complicate things even further, calceoli also do 
not appear in all populations of the same species (Cole 1970; 
Croker and Gable 1977). Since calceoli mostly appear on 
adult amphipods it has been suggested that the posses-
sion of calceoli is connected to maturity (see discussion). 
Amphipods can have multiple generations within a year, as 
observed in G. locusta (Costa and Costa 1999). Mekhan-
ikova (2021) suggested that some populations do not have 
calceoli, because the males are in different moult stages. 
Moreover, calceoli-bearing species have no ecological or 
biological similarities (Lincoln and Hurley 1981): calceoli 
have been reported in predators, scavengers, filter feeders, 
and herbivores. Calceoli-bearing species furthermore colo-
nize a variety of habitats, as they occur in marine as well as 
in brackish or freshwater environments, and have been found 
in the deep sea, shallow waters, polar and tropical regions 
(Lincoln and Hurley 1981). This broad and scattered distri-
bution amongst amphipod species and high degree of inter- 
and intraspecies variation is one of the reasons that no com-
pelling idea on their function has yet been suggested despite 
the many anatomical studies that have been performed to this 
date (Hurley 1980; Lincoln and Hurley 1981).

Their position mainly on the second pair of antennae 
and the main occurrence on males strongly suggested a 
sexual function of the calceoli (Bellan-Santini 2015). Mat-
ing occurs in all Amphipoda shortly after the female moults 

and is often preceded by either the so-called “precopula” or 
“mate guarding”: in precopula, the male grasps the female 
with its gnathopods and carries it along for some time. Mate 
guarding means that the male remains near the female until 
the moment of mating (Bellan-Santini 2015).

Dahl et al. (1970) were the first to attempt to reveal the 
function of calceoli experimentally. This study provided the 
basis for the assumption that the calceoli have a chemosen-
sory function and can sense pheromones in the water. In the 
reported experiment, Gammarus duebeni (Lilljeborg 1852) 
females were fed trout that had previously been injected with 
radiolabelled chemicals, which were subsequently incorpo-
rated in the female organism. As a result, any pheromones 
produced by these females, that were absorbed by the males, 
should be localized in their antennae. The authors surmised 
that if the calceoli where chemosensory organs, they could 
be identified by microscopic autoradiography of male anten-
nae. They indeed reported that the calceoli were the site of 
pheromone uptake. However, later studies, such as those by 
Lincoln and Hurley (1981), casted doubt on their conclu-
sions due to the limited resolution of microscopic autoradi-
ography, which does not allow a very accurate localization. 
The latter authors argued that the radioactively labelled sub-
stances were probably taken up by the neighbouring setae.

Hartnoll and Smith (1980), found no evidence that dis-
tance or contact pheromones play a role in the choice of a 
sexually mature mating partner during “mate assessment” 
in Gammarus duebeni (Lilljeborg 1852); a calceoli-bearing 
species in their experiments. Mating behaviour of calceoli-
bearing amphipods was further studied by Read and Wil-
liams (1990) and Dunn (1998). The results showed that 
removing the antennae bearing calceoli had no effect on the 
ability of males to establish contact with a sexually mature 
female. However, Dunn (1998) found that males without 
calceoli tended to guard a suitable female for shorter peri-
ods of time. Although these results were preliminary, they 
nevertheless suggested that calceoli may play an indirect 
role in reproduction, possibly used to determine the moult-
ing stage of females. The calceoli could, therefore, allow for 
the uptake of substances produced by the females just prior 
to moulting (Dunn 1998).

Besides the ambiguous results from behavioural experi-
ments, the complex structure of calceoli and their orienta-
tion on the antennae has cast further doubt on their role as 
chemoreceptors. Other sensilla with a chemosensory func-
tion are described either as individual setae with little to 
no ornamentation or plumose setae with many setulae at 
the setae (Lincoln and Hurley 1981; Lincoln 1985; Mellon 
Jr 2014). Therefore, the alternative hypothesis of calceoli 
as a type of mechanoreceptor has been increasingly argued 
for (Lincoln and Hurley 1981; Lincoln 1985; Godfrey et al. 
1988; Read and Williams 1990, 1991). Several studies focus-
ing only on few species indicated that the calceoli are not 
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directly innervated (Lincoln 1985; Godfrey et al. 1988; Read 
and Williams 1991).

In this study, we integrated several methods including 
high magnification images from light, confocal laser scan-
ning and scanning electron microscopes to gain a better 
understanding of the functional morphology of calceoli. 
For this approach, we acquired histological sections, confo-
cal laser scanning as well as scanning electron micrographs 
of antennae with calceoli of the two species Gammarus 
locusta (Linnaeus 1758) (Fig. 1a) and Oediceroides calm-
ani Walker 1906 (Fig. 1b). We discuss our findings in the 
light of the hypothesis that calceoli potentially function as 
mechanoreceptors.

Material and methods

Animals

Gammarus locusta (Linnaeus 1758) (Fig. 1a) and Oedic-
eroides calmani Walker 1906 (Fig. 1b) were used for the 
experiments. These two species were selected because both 
have different lifestyles and differ significantly in the struc-
ture of their calceoli.

The lifecycle of G. locusta is strongly influenced by 
macroalgae like Ulva spp. and also Codium sp., Gigartina 
sp., Fucus sp. and Chaetomorpha sp., where the amphi-
pods seek shelter and furthermore they use the algae as 
food source. Therefore, the populations are dependent on 
the algae density. These animals live between these mac-
roalgae in shallow water up to 30 m depth. In the first 
months of the year in the northern hemisphere the G. 
locusta populations are scarce until April since the algae 
abundance is still scant. Then the density of the population 

increases in summer and in autumn the annual density 
peaks are reached until the density decreases again in win-
ter just like the algae density. Depending on where the G. 
locusta population lives, it reproduces in warmer climates 
multiple generations, or in regions like the Baltic Sea only 
two generations per year, one in summer and one in winter 
(Costa and Costa 1999). In addition, these animals were 
available in sufficient quantity in the Zoological Collec-
tion of the LIB (Leibniz-Institut zur Analyse des Biodi-
versitätswandels – Standort Hamburg) (ZMH K-19800, 
collected from Kellenhusen in the Baltic Sea) as well as 
live material. The species G. locusta is native to Germany 
and was selected to also study innervation of the calceoli 
in freshly collected material. The live G. locusta were 
provided by Dr. Jan Beermann (Alfred-Wegener-Institute 
for Polar and Marine Research, Bremerhaven, Germany). 
Specimens were taken from the breeding tank and their sex 
was determined on site.

Seven specimens of O. calmani with well-developed 
calceoli were chosen from the specimens deposited in the 
collection of the LIB, collection number ZMH K-57386. 
The animals originated from the Southern Ocean (61°30.0′S 
56°03.0′W) in up to 140 m depth and were collected during 
the Antarctic Expedition WH030C (WH75/3) in 1977–1978. 
Animals from this species can get up to 30 mm long and can 
be found in 15–550 m depth. In aquarium tests these animals 
buried themselves in sandy bottoms, so that the first anten-
nules are erected, and the second antennae are skimming the 
surrounding sediment for food. The head and the upper part 
of the pereon reach out of the sand (Dauby et al. 2001). It 
was suggested that this species can alternate between preda-
tory and detrivorous feeding mode, depending on the avail-
ability of food. In terms of diet and foraging behaviour, O. 
calmani is likely to be non-selective (Dauby et al. 2001).

Fig. 1  a Habitus photograph of G. locusta ZMH K 19800 (specimen was not used for this analysis and is still available in the collection). Scale 
bar:1 mm. b Habitus image of O. calmani ZMH K-57386_5 (used in this study for histological sections of the second antennae). Scale bar: 1 mm
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Preparation

First, the second antennae had to be separated from the head 
for all microscopy methods that were used. The right second 
antenna was separated from each of the seven individuals 
of O. calmani which were used for section series, confocal 
laser scanning microscopy (CLSM), and scanning electron 
microscopy (SEM) analyses. Body parts (antennae or heads) 
were separated with a sharp scalpel under the stereomicro-
scope while the specimens were submerged in 80% ethanol.

A similar procedure was followed with the antennae of G. 
locusta. The live crustaceans were first relaxed with magne-
sium chloride and cooled at 4 °C before the antennae were 
separated and transferred to the fixative for the respective 
downstream analyses (see more details below).

Light microscopy

Habitus images and light microscopic details of calceoli of 
O. calmani and G. locusta were acquired with the Keyence 
VHX-5000 and VHX-7000 digital microscopes (Keyence, 
Japan). The animals were placed in an objective dish in 70% 
ethanol under the objective. For an optimal representation 
of the animals and the calceoli, the built-in focus stacking 
software was used.

Image of the slides of the histological sections were taken 
with the Axioskop2 together with the Axiocam 208 color 
(Zeiss, Germany).

Scanning electron microscope (SEM)

One head and at least one antenna from O. calmani was used 
for SEM analysis. The samples for SEM were transferred 
to a sample basket and dehydrated first in an ascending 
ethanol series and then 100% acetone before critical-point 
drying using a LEICA CPD 300. After drying, the samples 
were transferred to stubs with double-stick carbon stickers 
carefully under the stereomicroscope to tightly attach the 
specimens to the adhesive to reduce charging artefacts. The 
antennae were mounted so that the calceoli faced upward 
and could be imaged from different angles. Subsequently, the 
samples were coated with a thin platinum layer in a sputter 
coater (Polaron SC7650, Quorumtech, United Kingdom), 
and analysed and imaged using a LEO 1525 SEM (LEO 
Electron Microscopy Inc., United States) at the University 
of Hamburg, Germany. Magnification, accelerating voltage, 
and other settings were individually adjusted depending on 
the specimen.

Confocal laser scanning microscopy (CLSM)

Due to the size limitations, only the second antennae of both 
species were used for CLSM analyses. To increase cuticular 

fluorescence, all used specimens were stained using acid 
fuchsin. Acid fuchsin has been shown to stain the epicuticle 
of some Crustacean groups (Shelton and Chapman 1987), 
and it has been reported to improve imaging of cuticular 
details in amphipods (Timm et al. 2021). The powder was 
dissolved in 70% ethanol until the solution was saturated. 
The antennae were immersed in the dye and placed in the 
dark at room temperature for 24 h. Thereafter, the antennae 
were transferred first to an alcohol-glycerol mixture, fol-
lowed by a series of changes with increasing glycerol con-
tent until the specimens were mounted in pure glycerol on 
microscope slides.

The samples were imaged using a Leica DM 2500 micro-
scope with a Leica TCS SPE confocal setup (Leica, Ger-
many) at the University of Hamburg with a laser emitting at 
a wavelength of 488 nm. PMT was set according to system’s 
setting, picking up roughly between 500 and 550 nm. Over-
view z-stacks of the whole antenna were taken using the 
10 × objective, for z-stacks of the details of the calceoli the 
40×- or even 63 × immersion objectives were used. “Detec-
tor gain” and “Amplitude offset” were set adjusted manually 
for each image to obtain maximal details. Acquired z-stacks 
were projected into 2D images for representations.

Histological sections

For the section series of O. calmani, antennae and one head 
with calceoli of two animals from the Hamburg Zoologi-
cal Collection (catalogue numbers ZMH K 57386_1 and 
57386_6) were used. For the section series of three basal 
antennal pieces bearing calceoli, three live G. locusta were 
fixed in Trumps reagent (2% formalin and 2% glutaraldehyde 
in 0.2 M cacodylate buffer, Electron Microscopy Science, 
catalogue number 11750). After fixation (and in the case of 
the museum material of O. calmani rehydration), specimens 
were post-fixed in 2% OsO4-solution in 0.2 M sodium caco-
dylate buffer, washed, dehydrated in an ascending ethanol 
series, transferred to acetone and embedded in Lowicryl. 
All steps were performed at room temperature. The gelatin 
capsules with the embedded specimens were polymerized 
for 48 h at 60 °C and then sectioned with 0.99 µm thickness 
using a Reichert Ultracut E ultramicrotome (now LEICA 
MICROSYSTEMS, Wetzlar, Germany). The series of sec-
tions were stained with 1% toluidine blue with 1% pyronine 
in 1% borax solution for 40 s at 60 °C. The final microscope 
slides were then sealed with Entellan.

Image processing

Clip Studio Paint Pro was used to create vector-drawings of 
calceoli and to edit the brightness and contrast of the images.
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Results

Position and occurrence of calceoli in Gammarus 
locusta and Oediceroides calmani

The calceoli are located on the flagellum of the second 
antennae in both selected species. The calceoli are very 
small and translucent (Fig. 2), and often of similar size or 
smaller than the setae scattered throughout the antennae.

Gammarus locusta

The calceoli are located on the dorsomedial side of the 
flagellum of the second antennae (Fig. 3a).

Each individual calceolus is located on one separate 
flagellar segment. The orientation of all calceoli is the 
same in that the proximal and distal elements point in 
the same direction, with the tip pointing away from the 
antenna.

Oediceroides calmani

The calceoli of O. calmani are located on the dorsomedial 
side of the flagellum (Fig. 4) of the second antennae. 
There is one calceolus on each segment of the flagel-
lum. They are regularly arranged and similarly oriented 
(Fig.  4c); due to the length of the calceoli, they are 
arranged in a regular staggered order.

Fig. 2  a Head (h), antenna 1 (a1) and antenna 2 (a2) of G. locusta 
ZMH K 19800. Scale bar: 500  µm; b Close-up of antenna 2 of G. 
locusta ZMH K 19800, the arrow is pointing to the fourth of five 
calceoli. Scale bar: 100 µm. c Head (h), antenna 1 (a1) and antenna 

2 (a2) of O. calmani ZMH K-57386_2. Scale bar: 1  mm; d Close-
up of antenna 2 focusing on calceoli (arrow) of O. calmani ZMH 
K-57386_2. Scale bar: 200 µm

Fig. 3  Maximum intensity projection of CLSM image stacks of G. 
locusta ZMH K 60041_a. a Second antenna. The calceoli are each 
located on a flagellum segment. Scale bar: 200  µm. b Second and 
third of six calceoli (c); setae (se). Scale bar: 50 µm



 Zoomorphology

Fig. 4  Scanning electron micrographs of O. calmani ZMH 
K-57386_2. a Head (h) with eye (e), antenna 1 (a1) and antenna 2 
(a2). Scale bar: 1 mm; b Detail of antenna 2; peduncle (p); flagellum 

(f) and setae (se) Scale bar: 250 µm; c Detail of individual segments 
with calceoli (c). Scale bar: 50 µm
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Calceolus‑types

Since there already are detailed descriptions of the calceoli 
of G. locusta, we mainly highlighted new findings in this 
species and give a rough description for comparative pur-
poses, while we here give a first detailed description of the 
calceoli in O. calmani.

Gammarus locusta

The calceolus of G. locusta belongs to the gammarid type 
and is 80–90 µm long and about 40–50 µm wide. It con-
sists of two surface elements, which previous studies have 
referred to as the proximal and distal elements. The proximal 
element is crescent-shaped and slightly concave, whereas the 
distal element is defined by transverse overlapping cuticular 
ridges and has an oval shape (Fig. 5a). Furthermore, the 

calceolus consists of a basal receptacle that serves as a scaf-
fold for the two surface elements and a stalk that connects 
the calceolus to the antenna (Fig. 5).

The sickle-shaped proximal element of G. locusta is 
adjacent to the proximal margin of the distal element, and 
not easily recognizable as an independent element. It has a 
weakly concave curvature, with the curved part looking as 
if it consists of closely spaced lamellae (Fig. 5a). It appears 
solid and closely associated with the receptacle in a broad 
area (Fig. 5). The internal structure of the distal element 
appears to be composed of fibre-like structure (Fig. 5b). The 
distal element consists of 20–25 transverse ridges and has 
an oval shape that narrows distally (Fig. 5a). In the sections, 
the element appears flat and is separated from the receptacle 
(Fig. 5c).

The receptacle connects all elements of the calceoli men-
tioned so far. In both SEM and CLSM images, the receptacle 

Fig. 5  Overview of calceolus from G. locusta. a Maximum intensity 
projection of CLSM image stacks of a calceolus of G. locusta ZMH K 
60041_a. Scale bar: 20 µm. b Longitudinal section through the base 
piece of the antenna and a calceolus from ZMH K 60041_c. Pictured 
is the proximal element  (pe), a homogenous matrix (hm) inside of 
the receptacle (r) and the antenna (a) Scale bar: 20 µm. c Transverse 

section through the base piece of the antenna from ZMH K 60041_b. 
The calceolus with the proximal (pe) and distal elements (de), as well 
as the receptacle (r), bulla (b), and stalk (s) are visible. Within the 
receptacle there is also homogeneous matrix (hm). At the edge of the 
image, you can see the antenna (a). Scale bar: 20 µm
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is barely visible due to the orientation of the calceoli, as 
it is largely obscured by the proximal and distal elements. 
Therefore, the histological sections provide the most detailed 
information about the structure. Based on the different stain-
ing intensity, it appears to be composed of different layers 
(Fig. 5c). Most of the layers have a structure similar to that 
of the cuticle of the antennae, suggesting that the stalk and 
underside of the receptacle are composed of cuticle with 
a similar organisation. However, the interior of the bulla 
appears to be composed of homogeneous matrix (Fig. 5b, c).

The stalk is broad and solid compared to the stalk of the 
calceoli of O. calmani and does not appear to have any neu-
ral innervation. The receptacle continues directly into the 
stalk (Fig. 5c), which is localized in a small cavity in the 
cuticle. Endo- and exocuticle can be differentiated by the dif-
ferent strength of the staining (Fig. 5b, c). Additionally, the 
stalk and cuticle in the cavity are darker in colour than the 
epicuticle at the other sites. The stalk of the calceolus can 
be seen to consist of endocuticle, exocuticle, and epicuticle, 
as does the cuticle of the antenna (Fig. 5c).

Oediceroides calmani

The calceoli of O. calmani belong to the oedicerotid type. 
The oval, bipartite distal and single cup-shaped proximal 
element is spatially separated, resulting in a different shape 
of the receptacle than in the gammarid calceolus type. It 
consists of two upwardly convex structures that are joined 
in the middle by the receptacle so that the overall structure 
appears tapered (Fig. 6). The calceolus itself is about 60 µm 
long and about 30 µm wide (Figs. 7, 8).

Particularly striking is the proximal element with its cup-
shaped structure, which makes it remotely reminiscent of a 
satellite dish or a suction cup (Figs. 6, 7, 8). The round cup 
with a diameter of 20–25 µm sits freely in the receptacle 
and is only attached to it at its base (Figs. 6a, 8a, c, e, h). On 
the upper and lower surface of this cup lamellae are located 
which extend radially to the centre and terminate at the edge 
of the element (Fig. 8h). The proximal element is solid. In 
preparation artefacts the fractured area itself appears smooth 
in the SEM (Fig. 8e). The CLSM analyses reveal additional 
information on the structure of the proximal element: The 
outer edge of the cup appears toothed (Fig. 7a) and not as 
smooth as the one in the SEM image (Fig. 7b). The CLSM 
signal is weaker on the inner half of the cup than on the outer 
half of the cup (Fig. 7a).

The distal element is oval shaped and tapers distally 
(Fig. 8d). The elliptical surface is divided into two parts: 
The distal part consists of transverse ridges; in the proximal 
direction the proximal part fans out broadly and is covered 
with lamellae that strongly resemble the lamellar structure of 
the proximal element. Both areas are fused together and can-
not be separated. Viewed from the side, the distal element is 
slightly concave and curved towards the antenna (Fig. 8b); 
its surface is characterized by radial ridges. Beneath the sur-
face, cuticle layers are located that are oriented vertically 
to the element (Fig. 8g). This observation is confirmed by 
CLSM analysis, where the ribbed surface of the ridges is 
clearly visible (Fig. 7a). The ridges of the distal element 
stand out clearly due to the higher intensity, therefore, 
stronger fluorescence of the stain in the overlapping areas is 
visible. The same structure is present in the proximal region 

Fig. 6  Schematic drawings of a calceolus of O. calmani ZMH 
K-57386_2. a Schematic drawing of a calceolus based on Fig.  8 a. 
The lamellae of the proximal element were not shown due to their 

high number. b Schematic reconstruction of the receptacle if the 
proximal and distal elements were removed
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of the distal element since the lamellae emit a strong signal 
there. In some calceoli the crescent appears to be split in the 
middle of the proximal edge (Fig. 7a), but this might be due 
to the proximal edge of the distal element breaking under the 
pressure of the cover slip of the microscope slide.

The receptacle can be divided into two elements: a proxi-
mal area, which lies below the proximal element; a distal 
area that connects to the distal cup and the stalk. There is an 
opening leading into the structure in the distal area of the 
receptacle (Fig. 8i), and another opening is found proximal 
to it; they are separated by a hump-like bulge, the edge of 
which appears rolled up.

In sections, the receptacle appears cup-shaped surround-
ing the proximal element, with no direct contact, but it is 
connected to the stalk proximally (see below). Its surface 
is uneven and covered with spherical protrusions, and most 
characteristically it forms a bulge ventral and proximal to 
the proximal element, the so-called bulla. On the underside 
between the bulla and the beginning of the distal element, 

the surface of the receptacle is wrinkled and the spherical 
protrusions occur more frequently here (Fig. 8a). The bulla, 
on the other hand, has a mostly smooth surface (Fig. 8a). 
There is only a thin attachment from the distal element to 
the basal receptacle. Two stained lines can be seen in the 
distal region of the receptacle (Fig. 7c), probably forming 
the nodular bulge (Fig. 8i). These lines probably represent 
the walls of a cavity that extends from the junction with the 
distal element to the basal side of the receptacle, where it 
is fused to it (Fig. 6). The two lines probably form a cavity 
that begins below the distal element and eventually ends at 
the basal side of the receptacle. In most SEM images, a gap 
was apparent at the edge of the receptacle (Fig. 8), which 
suggested the existence of this cavity.

When viewed from above, the bulla can be observed as 
a cleft (Fig. 8f). The proximal element is positioned on a 
wrinkled elevation in the middle of the proximal recep-
tacle area (Fig. 8f). The surface of the wrinkled eleva-
tion is more irregular than the surface of the surrounding 

Fig. 7  Overview of calceolus from O. calmani located on the sec-
ond antennae. a Maximum intensity projection of a calceolus of O. 
calmani ZMH K-57386_8 (CLSM). The distal element (de), proximal 
element (pe) and stalk (s) can be seen. Scale bar: 20 µm. b Calceo-
lus of O. calmani ZMH K-57386_2 (SEM). The distal element (de) 
as well as the proximal element (pe) visible. They are connected by 

the receptacle (r). Scale bar: 10 µm. c-d Longitudinal sections of the 
antenna of O. calmani ZMH K-57386_1. The inside of the distal ele-
ment (de), proximal element (pe), receptacle (r), bulla (b) and stalk 
(s) are shown. The arrow points to the walls of the cavity that extends 
from the junction with the distal element to the basal side of the 
receptacle, where it is fused to it. Scale bar: 20 µm
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Fig. 8  Scanning electron micrographs of details from O. calmani 
ZMH K-57386 (SEM). a Lateral view of a calceolus with its recep-
tacle of O. calmani ZMH K-57386_4. The arrow is pointing to the 
smooth surface of the bulla. Scale bar: 10 µm. b The distal element 
viewed from the side ZMH K-57386_4. Scale bar: 10  µm c View 
from above of a calceolus with a detached distal element ZMH 
K-57386_4. Scale bar: 10  µm. d The distal element viewed from 
above from ZMH K-57386_4. Scale bar: 10 µm. e A broken proximal 
element from ZMH K-57386_2. Scale bar:10 µm. f View of recepta-
cle below proximal element of O. calmani ZMH K-57386_2. Close 

up on the cleft in the bulla. Next to the cleft is a wrinkled elevation 
on top of which the proximal cup sits. Scale bar:10  µm. g Broken 
distal element from ZMH K-57386_4. The arrow is pointing to the 
cuticular layers of the distal element. Scale bar: 10 µm. h Proximal 
element from ZMH K-57386_2. Scale bar: 10  µm. i Close up from 
the calceolus in C with its distal element missing ZMH K-57386_4. 
The arrow is pointing to the inside of the calceolus. Scale bar: 5 µm. 
j Stalk and its connection to the calceolus from ZMH K-57386_4. 
Scale bar: 5 µm
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receptacle. Dorsally, the surface of the receptacle appears 
to be a series of swirls: nodules, from which lamellae 
branch off in two directions at equal intervals, can be seen 
beneath the receptacle surface. The origin of the nodules 
is obscured by the proximal element. The structure ends 
in the area where the cup edge of the receptacle converges 
with the receptacle (Fig. 8f). The bulla is facing the anten-
nal surface.

The stalk is not smooth and flat like that of the sur-
rounding setae but appears branched and twisted. How-
ever, this could just be a drying artefact. It also appears to 
be composed of two parts: A solid part with an inconspicu-
ous surface connected to the edge of the proximal end of 
the receptacle, and a part consisting of several interwoven 
structures. It is also noticeable that the stalk has small 
outgrowths almost like small hairs or scales. Although the 
presented data suggest that the calceolus is not hollow, no 
nerves or other signs of innervation could be identified.

Neural pathways in the antenna in close proximity 
to the calceolus

The inside of the antennae is mainly taken up by nervous 
tissue, muscles and supporting tissue. Longitudinal and 
transverse sections of the midpiece of the second anten-
nae were analysed in this study, and both indicate nerv-
ous tissue extending through the segments of the antenna 
(Fig. 9). The cuticle below the base of the calceolus is 
thickened. This thick cuticle is located just below the stalk. 
The layer of less heavily coloured cuticle is endocuticle 
which extends into the stalk (Fig. 9).

There is a darker coloured tissue below the calceolus 
that is reminiscent of a neurite bundle. This potential 
nervous tissue covers the area directly beneath the thick-
ened cuticle underneath the calceolus and reaches into the 
direction of the center of the antenna (Fig. 9a).

Four setae are also visible in the transverse section of 
the antenna, with structures morphologically strongly 
resembling dendrites that are most likely passing through 
the holes in the cuticle (Fig. 9a). The possible dendrites of 
the setae are coloured lightly (Fig. 9d marked by arrows).

Discussion

This study provides the first detailed information on the 
calceoli of O. calmani and furthermore is the first to inves-
tigate innervation not only in the structure of the calceolus, 
but also directly underneath it within the second antenna 
of amphipods.

Morphological differences of the calceolus types 
in the two investigated species

The calceoli of the species G. locusta and O. calmani belong 
to different calceoli types, and their morphology differs sig-
nificantly (Fig. 10). According to the study by Lincoln and 
Hurley (1981), which was based mainly on SEM-data, the 
calceoli of G. locusta belong to the gammarid type, which is 
supposedly the simplest type of calceoli, while O. calmani 
possesses the oedicerotid type.

The most striking difference between the two calceoli 
types is the structure of the proximal element: It is cup-
shaped and sits separately on the receptacle in O. calmani 
(Fig. 7), whereas it is sickle-shaped and sits directly against 
the distal element in G. locusta (Fig. 5). Based on our analy-
ses, the distal element of O. calmani is very complex and 
resembles a fused variant of the distal and proximal elements 
of G. locusta (Fig. 5).

The orientation of the calceoli along the antenna and the 
stalk of the two types also differ. Calceoli of G. locusta have 
a solid stalk, they are less numerous than in O. calmani and 
are oriented perpendicular to the antennal surface (Fig. 3). 
In contrast, the calceoli of O. calmani are always oriented 
towards the tip of the antenna and have a thinner stalk than 
in G. locusta (Fig. 4). The receptacle of O. calmani has 
a more complex structure than that of G. locusta and can 
have prominent and structurally different distal and proximal 
parts. Both areas differ from each other in their structure 
(Fig. 10). These observations suggest that the more complex 
type of Oedicerotidae evolved by duplication or separation 
of the proximal and distal elements of a simpler calceolus 
type.

Another difference between the two calceoli types is that 
there are several cavities in the receptacle of O. calmani 
which are absent from the gammarid type: A prominent fea-
ture is the deepening of the bulla, which is located close to 
the proximal element. Below the distal element is an opening 
(Fig. 8) which predictably continues into the interior of the 
receptacle (Fig. 7c). Such cavities have not been found in 
G. locusta, further indicating the higher complexity of the 
oedicerotid type of calceolus.

A potential explanation for the different types of calceoli 
in these two species, or in amphipods in general could be 
found in the habitat. In low-light environments, such as the 
deep sea, hydrodynamic receptors are very important as they 
can help locate predators and potential mates in the dark. 
As O. calmani lives in the deep sea, it is possible that low 
light conditions have influenced the evolution of a complex 
calceoli type. Oediceroides calmani has significantly more 
calceoli than G. locusta with the simpler calceolus type. In 
its detrivorous lifestyle O. calmani is partly buried in the 
sand, it uses their second antenna to skim the sediment for 
food (Dauby et al. 2001). The antennae probably have to 
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collect a lot of information of the surrounding sediment to 
the amphipod for its survival. Perhaps the more complex 
form of the calceolus can provide information about the 
surrounding sediment. Also, by being partially buried, the 
animal needs to gather more information on the water move-
ment in its environment, so that it can detect approaching 
predators or conspecifics earlier.

What kind of sensory organ could calceoli be?

Our initial aim was to further test the hypothesis that calceoli 
have a mechanosensory function as proposed by Read and 
Williams (1990) by investigating possible direct or indirect 
neural innervation of this structure. Our histological sections 
through the antennae of freshly fixed material of G. locusta 
indicate that there is no nervous tissue inside of the stalk or 
in any other part of the calceoli; the calceoli are, therefore, 
identified as an entirely cuticular formation. It cannot be 
excluded that there is not a single axon that is associated 
with the inside of the stalk or the calceolus based on the 
techniques and their limitations used in this study. There 
is darker coloured tissue (labelled cn in Fig. 9a, c) below 
the calceolus that is reminiscent of a bundle of nervous tis-
sue (Fig. 9). We suspect that these might be receptor cells 
because they are the first neurons in a signal transduction 
chain of sensory stimuli (Richter et al. 2010). This potential 
nervous tissue is next to the cuticle thickening at the base of 
the calceolus and extends from there into the interior of the 
antenna, although we could not trace it much further.

Several different sensilla have been described in crus-
tacean species, but none resembles the complex structure 
of calceoli. The described sensory cells give crustaceans 
the ability to see, smell, recognise a potential mate, detect 
a predator or prey, all of which are essential for survival. 
Among the most common sensilla we distinguish between 

a chemosensory function and a mechanoreceptory function 
(Mellon 2014).

There are different types of mechanoreceptors. Mechan-
oreceptive setae for example are located on nearly the whole 
body of malacostracans, from the antennae to the uropods. 
The exclusively mechanoreceptive sensilla are divided into 
two main categories: The hydrodynamic (near-field) recep-
tors and contact mechanoreceptors. Hydrodynamic receptors 
appear nearly on the whole body from the antennules over 
the cephalothorax to the uropods, e.g. hair-peg and hair-fan 
receptors are organs sensitive to water movement (Mellon 
2014). These mechanoreceptors in water are sensitive to 
water deformation and act as high-pass filters to determine 
sensitivity to hydrodynamic stimuli. Mechanosensory sig-
nals are relevant for feeding, social behaviour and preda-
tor–prey interactions, especially if the surrounding light or 
visibility is poor (Lenz and Hartline 2014; Mellon 2014). 
In general, a mechanoreceptor must be physically moved, 
and this movement stretches a receptor dendrite containing 
stretch–sensitive ion channels. A common form of mecha-
noreceptors found in crustaceans are setae and feathered 
sensilla. A characteristic attachment point of the dendrite 
is located in the basal end of the setae. Thus, the dendrite 
is stretched as soon as the setae is bent (Lenz and Hartline 
2014).

If calceoli were mechanoreceptors, they would have to 
be movable, and the associated dendrites would have to be 
stretched to transmit a signal. However, unlike mechanosen-
sory sensilla, calceoli most likely do not have nervous tissue 
within the stalk or directly at its base as indicated by this and 
earlier studies; furthermore, our study reveals a continuous 
cuticle between antenna and calceolus-stalk, thereby making 
an innervation site for nerves as described for chemosensory 
or mechanosensory setae unlikely. Thus, it would probably 
not be sufficient to bend a calceolus to transmit a signal, as 
is the case with bimodal sensilla for example. However, we 
show nervous material accumulated underneath the cuticle 
of the stalk of the calceolus (Fig. 9). Tolouidine blue-stained 
cuticle below the stalk, potentially forms a structure where 
the nervous tissue is connected to the stalk (Fig. 9a). With 
experimental confirmation still pending, it could be possible 
that hydrodynamic stimuli in the water cause the calceo-
lus to vibrate and that this movement would be transmitted 
through the stalk to the hemispherical cuticular formation 
in the antenna below the stalk (Godfrey et al. 1988). Those 
movements would in turn stretch the attached neurons result-
ing in them translating the movement into an action poten-
tial, that could be transmitted to the central nervous system.

Alternatively, calceoli were also suggested to be chem-
osensory organs before (Dahl et al. 1970; Dunn 1998). The 
calceoli up until now have only been found on the anten-
nae, so the calceoli are very likely to have a function that 
helps to identify information sampled from the environment 

Fig. 9  a Histological cross-section of a base piece of the antenna in 
the area with the calceolus of G. locusta ZMH K 60041_b. The cal-
ceolus is laterally incised and the proximal (pe) as well as the distal 
element (de), the bulla (b), the stalk (s) and the receptacle (r) with 
homogeneous matrix (hm) can be seen. The openings of four setae 
in the cuticula are marked with arrows. There is also roundly shaped 
nervous tissue (n). Underneath the thickened cuticle of the calceolus 
is a darker coloured tissue that we suspect to be the putative calceoli 
nervous tissue (cn). Scale bar: 20 µm; b Histological longitudinal sec-
tion of a base piece of the antenna of G. locusta ZMH K 60041_c. 
Only the receptacle (r) and the proximal element of the calceolus can 
be seen. On the inside of the antenna next to the cuticle is different 
looking putative calceoli nervous tissue (cn). Next to the calceoli is 
a seta (se) that is innervated by its putative dendrites (sn). Scale bar: 
20 µm; c Higher magnification of the cross-section in a, taken with 
a different microscope, that focus on the cuticle thickening (ct) and 
the putative calceoli nervous tissue (cn). Scale bar: 20 µm; d Higher 
magnification of the longitudinal section that focuses on the darker 
tissue of the putative calceolus nervous tissue (cn) and the innerva-
tion of the setae (sn). Scale bar: 20 µm

◂
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around them. Because of their position and expression in 
adult males it is reasonable to assume that the calceoli 
might have a chemosensory function. Crustaceans pick up 
chemical signals from the environment mainly with their 
aesthetascs, which are located only on the antenna, or with 
sensilla, which are scattered across the whole body (Thiel 
and Breithaupt 2011). The antennae are thereby able to 
actively sample the environment and detect potential dan-
gers, conspecifics, sexual partners, or prey in time based 
on the sensory impressions thus obtained (Staudacher et al. 
2005). Chemosensory sensilla are divided into two main 
chemosensory systems: Distributed chemoreception where 
the chemosensitive sensilla respond to chemosensory and 
mechanical stimuli; and the olfactory sense that is used to 
detect odorants in the surrounding medium. (Mellon 2014; 
Sandeman et al. 2014) The before mentioned aesthetascs 
belong to the olfactory sense and are associated with the fla-
gellum of the first antenna. They are 100–600 µm in length 
depending on the species (Mellon 2014). In the past, it was 
suspected that calceoli might be a variant of the aesthetascs. 
It was not until species were observed in which calceoli are 
also present on the first antenna that it became clear that 
they were not modified aesthetascs (Lincoln and Hurley 
1981), since these normally have a very simple structure 
and a spongy cuticle to keep the neurons more directly con-
nected to the environment (Hallberg and Skog 2011). The 
calceoli investigated in this study appear as if they possess 
a solid surface that is not composed of permeable cuticle. 
Histological sections have shown that calceoli, and their 
stalks of G. locusta are composed of cuticle. In addition, 
there is a thickening of the cuticle directly at the base of the 
calceolus. The nervous tissue attaches below the base. This 

would make it difficult for the calceoli to absorb chemicals 
from the environment, which is why we consider a purely 
chemosensory function of the calceoli to be unlikely.

Bimodal chemo-mechanosensory are sensilla like the 
hooded sensilla (Cate and Derby 2002), hedgehog sensilla 
(Derby 1982) and the asymmetric hair (Schmidt and Derby 
2005). They combine a chemosensory and a mechanosen-
sory pathway. Bimodal sensilla can also occur on both fla-
gella of the first antennules (Mellon 2007). The hair-peg 
organs, that also function as a hydrodynamic receptor, 
belong also to the bimodal sensilla (Schmidt 1989). This 
shows that chemosensory and mechanosensory function 
within a sensilla need not be mutually exclusive. Although 
we found no evidence for a chemosensory pathway in our 
analyses of the calceoli, this does not mean that the possibil-
ity of the calceoli being bimodal sensilla can be completely 
ruled out.

How could calceoli function?

An interesting feature of the calceoli is their orientation 
along the antennae. All Calceoli sit at the same distance 
from one another on the antennae and face in the same direc-
tion. They are regularly distributed on the antennae. In G. 
locusta and O. calmani the calceoli point anteriorly and are 
located on the dorsal side of the antenna. The first anten-
nule and the second antennae in pelagic crustaceans play 
an important role when it comes to detecting chemical cues 
and distance perception (Lenz and Hartline 2014). The long 
antennae are facing anteriorly so that the distance of the 
sensilla associated with the antennae to the animal body is 
increased. With this distance the localization of stimuli can 

Fig. 10  Schematic drawings of the two calceoli types used in this 
study. The lamellae of the proximal element in both calceoli types 
were not shown due to their high number. a Schematic drawing of the 

gammarid type from G. locusta. Based on ZMH K 60041_a; b Sche-
matic drawing of a calceolus with the oedicerotid-type based on O. 
calmani ZMH K-57386_2
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be improved, since they are isolated from the water move-
ments created by the other swimming appendages (Lenz 
and Hartline 2014). Also, there were no muscle fibres found 
in the calceoli, suggesting that the animals have no active 
influence on the orientation of the calceoli on the antenna. 
Therefore, the orientation of the calceoli to the antennae is 
fixed. All calceoli point with the lamellate side in the same 
direction (Figs. 3, 4). This feature is interesting because it is 
an indication that the orientation may have a meaning that 
we do not yet know. Such directionality is also an impor-
tant property of vibrio receptors (Read and Williams 1991), 
which must be able to locate, e.g., hydrodynamic stimuli 
from the environment.

It could be expected that the calceoli have a chemorecep-
tor function since they appear in most species exclusively in 
males, as there is often sexual dimorphism in chemosensory 
systems (Derby and Weissburg 2014). When it comes to 
sexual dimorphism the adult males, but not in the juvenile 
stages, have more chemoreceptors than the females (Derby 
and Weissburg 2014). The calceoli are also more abundant 
on adult males than on juveniles. Chemosensory signaling in 
mating is known for most crustacean groups. Some studies 
that have investigated this issue have removed a large part of 
the antenna to investigate the relevance of this sexual dimor-
phic structure in mating like Read and Williams (1990) have 
done for investigating the calceoli. The most common differ-
ence in sexual dimorphism is the number of chemosensors. 
Many species of Amphipoda males have a greater number of 
hair-like setae on the antennules than females (Bauer 2011). 
The same is true for the calceoli (Hurley 1980). We found no 
evidence for a chemosensory function, but a function impor-
tant for mating behaviour is a likely explanation for calceoli.

The formation of calceoli is probably related to the sex-
ual maturity of males in some species. Read and Williams 
(1991) observed in Gammarus pseudolimnaeus (Bousfield 
1958), that the size of the ridges of the distal element seems 
to be the same in small and big sexually mature males and 
is related to their sexual maturity. They further found evi-
dence that calceoli are only fully developed in males after 
they reached sexual maturity, so likely the number and size 
of the ridges as well as the space between them is important 
for their function. Perhaps it allows them to resonate at a 
biologically important frequency (Read and Williams 1991).

We, therefore, agree with Read and Williams (1991) on 
their suggestion that calceoli could potentially resonate only 
at certain frequencies, thereby evaluating a signal from the 
environment that is not significant until adulthood. Although 
there are different types of calceoli throughout the families, 
their function could be the same. It cannot be excluded that 
the calceoli could be a bimodal sensilla, since bimodal sen-
silla are known to be morphological complex like the hedge-
hog sensilla (Derby 1982) and the hooded sensilla (Cate and 
Derby 2002).

Conclusion

We consider an exclusively chemosensory function of 
calceoli to be unlikely. We assume that the calceoli are 
functioning either as hydrodynamic receptors and perceive 
hydrodynamic stimuli or as bimodal sensilla and perceive 
chemosensory and mechanosensory signals.
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