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The entire skin surface of octopus embryos, hatchlings and juveniles bears scattered
tufts of tiny chitinous setae within small pockets, from which they can be everted and
retracted. Known as Kölliker’s organs (KO), they disappear before the subadult stage.
The function of these structures during the early life of the octopus is unknown, despite
having been first described nearly two centuries ago. To investigate these organs further,
general trends in size of KO distribution and density were analyzed in hatchlings and
juveniles of 17 octopod species from all oceans, representing holobenthic, holopelagic
and meropelagic modes of life. The size of the KO is fairly constant across species,
unrelated to mode of life or hatchling size. The density of KO is similar on ventral and
dorsal body surfaces, but hatchlings of smaller size tend to have a higher density of KO
on the aboral surface of the arms. Analysis of a series of post-hatching Octopus vulgaris
shows KO size to be constant throughout ontogeny; it is therefore a consistent structure
during the octopus early life from planktonic hatchling to benthic juvenile. New KO are
generated on the skin of the arm tips during the planktonic period and initial benthic
lives of juveniles. Their density, on both the mantle and arms, gradually decreases as
the octopus grows. In older benthic juveniles, the KO degrades, losing its setae and the
base of its follicle becomes exposed as a nearly circular stump of muscle. It is estimated
that fully everted KO increase the body surface area by around two-thirds compared
to when the KO are retracted. This modular mechanism of body surface extension and
roughness probably influences flow-related forces such as drag and propulsion of the
moving surface of the young octopus while it is of small size with a relatively large surface
area. In addition, the distribution of these organs on the aboral surface of the arms of the
octopus and their birefringent properties suggest a role in camouflage. Further research
is needed to test these hypotheses of KO function in live animals.
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INTRODUCTION

Cephalopods have a uniform mode of early development: they
all hatch with a complete set of internal organs and systems
as in adults, including the gonads, that will develop when
sexual maturation begins (Budelmann et al., 1997). However, the
external morphology of some species changes notably during
development: octopod embryos, hatchlings and juveniles have
clumps of chitinous, bristle-like transitory structures, called
Kölliker’s organs (KO), present on the surface of the skin, which
consequently has a punctate appearance (Figures 1, 2). These
organs are present in species belonging to all three basic modes
of octopod life, that is holobenthic, holopelagic and meropelagic
(Lincoln et al., 1998). Why KO are absent from the other
major cephalopod groups (cuttlefishes, squids, and nautiluses)
is unknown. These organs were originally described by Kölliker
(1844) in embryos of Argonauta argo and subsequently their
presence has been reported, illustrated or studied in 14 from
the total of 55 octopod genera currently accepted (Table 1,
Jereb et al., 2013). Through the development of transmission
electronic microscopy, two major studies describing the general
morphology of these intriguing organs were carried out by
Boletzky (1973) and Brocco et al. (1974) who pointed out the
similarities of KO setae with those of other invertebrate animals.
The bristle-like setae or chaetae, are composed of longitudinally
oriented filaments present in groups of lophotrochozoans such as
annelids (Gustus and Cloney, 1973; Merz and Woodin, 2006); the
mantle of brachiopods (Gustus and Cloney, 1972; Lüter, 2000);
sensory organs of polyplacophoran molluscs (Leise and Cloney,
1982), and the gizzard teeth of bryozoans (Gordon, 1975). The
chaetae or setae described for all these groups, including the
KO of octopods, are similar but most probably not homologous
structures (Hausen, 2005), with a huge range in the form, size
and degree of arrangements. Here, we follow earlier studies on
octopod KO (Boletzky, 1973; Brocco et al., 1974) by using the
term setae to describe the simple, chitinous unit rodlets which
make up the characteristic KO tuft.

Many hypotheses have been proposed to explain the possible
function(s) of the KO, such as aids to buoyancy, support during
hatching, defence or camouflage (Naef, 1923; Packard, 1988;
Boletzky, 1978-1979; Villanueva and Norman, 2008) but none has
been tested. Their function is obviously related to early octopus
life, since they change form and disappear as the young octopus
grows and are completely absent in subadult and adult octopod
life stages. The development of these organs through the early
octopus ontogeny is relatively well known since the embryonic
development of KO was studied by Fioroni (1962). During
embryo stage 24 (from a total of 30 embryonic stages) in Octopus
vulgaris, several cells in the dermis differentiate into basal cells
that will become the KO. Later, during stage 26, the basal cells
of KO increase in number and form cup-shaped invaginations
that secrete the setae of the KO (Nödl et al., 2015). KO are not
merely residual structures from embryonic life that remain in
the epidermis a few days after hatching, as does the hatching
gland of cephalopods (Cyran et al., 2013). New KO continue to
emerge from the skin after hatching until the developing octopus
reaches the juvenile stage when it settles to the sea bottom.

FIGURE 1 | Young octopuses showing Kölliker’s organs (KO) over the skin of
mantle, head and arms in the form of tiny chitinous setae. Note the blue
birefringence of the KO. (A) Unidentified Octopodidae photographed during
blackwater dive, off the coast of West Palm Beach, Florida, over a bottom of
183–213 m deep, images collected at 9–18 m depth, 21:40 h, June 21, 2020.
(B) Unidentified Octopodidae photographed at the same location and depth
as previous individual from image (A), at 22:20 h on July 30, 2020. (C) 2 days
old juvenile of Octopus tehuelchus obtained from rearing experiments
described in Braga et al. (2021). Dorsal ML 6 mm. Images (A,B) courtesy of
M. Heyward Boyette, Jr., DVM; image (C) courtesy of Dr. Nicolás Battini,
Instituto de Biología de Organismos Marinos, CONICET, Argentina.
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FIGURE 2 | Octopus vulgaris SPIM images from an individual aged 30 days (ML 3.8 mm). Individual labeled with Evans blue and excited at 638 nm. Dorsal (A),
lateral (B), and ventral (C) max projection views with contrast enhanced and inverted. Note the Kölliker’s organs (KO) on the skin as black, awl-shaped forms
distributed over the mantle, head, funnel, arms, and web. Minor black spots also covering the skin probably are mineral salts associated with the preservation of the
sample. Arm I left (AIL), arm II left (AIIL), arm III left (AIIL), and arm IV left (AIVL), are indicated. ML in octopods is measured from midpoint between the eyes to
posterior end of mantle.

From rearing experiments with O. vulgaris, newly added KO have
been observed in all stages, from hatchling to recently settled
individuals, particularly over the new tissue formed at the tip
of the rapidly growing arms (Villanueva and Norman, 2008).
Despite detailed studies of KO ultrastructure and development,
there is no information about the distribution and densities of
KO over the octopus skin, nor studies evaluating interspecific
variation, degradation or transformation processes associated
with these organs toward the end of the octopod juvenile life.
This study therefore addresses these deficiencies and for the first
time a pattern is established, both for the KO size and spatial
distribution by analysing the skin of hatchlings of 17 octopod
species and investigating KO characteristics in O. vulgaris from
hatchling to settled juveniles, when these structures disappear.

MATERIALS AND METHODS

Collection of Material
The material examined from 17 octopod species is listed in
Table 2. Most hatchling individuals analyzed in the present
study were collected from egg masses laid under laboratory
conditions or in the field along with the brooding female, thus
assuring the correct species identification of the hatchlings.
The wild hatchlings of Graneledone pacifica are from Voight
and Drazen (2004). The wild benthic juveniles of Eledone
cirrhosa and O. vulgaris were collected in the NW Mediterranean
from the commercial fishery during April and May 2018. To
determine how the KO density pattern changes with animal
age and growth, particular emphasis was given to the study
of KO in O. vulgaris, using reared and wild specimens across
a size range of 1.1 to 8.3 mm mantle length (ML) (Table 2).
Individuals of O. vulgaris aged from 5 to 60 days are from
rearing experiments described in Villanueva (1995); these

individuals were anesthetized in 2% ethanol as the temperature
was lowered to approximately 3–4◦C, fixed in buffered 2.5%
formaldehyde and placed in long-term storage in 70% ethanol.
Hatchlings of O. vulgaris and O. maya were fixed differently
(see details in the following section on scanning electron
microscope observations). Other individuals examined in the
present study were anesthetized in 1.5–2% ethanol or by lowering
the temperature to 3◦C followed by formaldehyde fixation and
storage in 70% ethanol. Currently accepted ethical procedures
and recommendations for handling cephalopods in laboratory
were followed (Fiorito et al., 2015).

Observations With Scanning Electron
Microscopy
For observations with Scanning Electron Microscopy (SEM),
most samples were dehydrated through a series of ethanol
solutions (80, 90, and 96%, absolute ethanol), each ethanol bath
lasting 20 min. Samples were then critical-point dried using
CO2 as the transition liquid. Dehydration of some samples
(Amphioctopus aegina, Enteroctopus megalocyathus, Octopus
tehuelchus, and Robsonella fontaniana) was achieved by freeze-
drying. Dried specimens were mounted on SEM stubs with
double-sided adhesive conductive tape, with either the dorsal
or ventral surface uppermost to expose the maximum body
surface for observation; rarely, they were mounted to view the
lateral surface or vertically to view the posterior mantle. Most
mounted specimens were sputter-coated with gold–palladium or
platinum for observation with a Hitachi S3500N, Hitachi SU3500
or JEOL JSM-T20 microscope. To obtain X-ray microanalysis
of the KO, some dehydrated specimens were not sputter-
coated, to avoid metal contamination. X-ray microanalysis of the
KO was obtained by using an energy dispersive spectrometer
(Thermo scientific UltraDry) coupled to a Hitachi SU3500
scanning electron microscope. This analysis was performed
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TABLE 1 | List of octopod species in which the presence or absence of Kölliker’s organs (KO) have been reported.

Species Mode of life Presence/
Absence of KO

Life stage Source

Amphioctopus aegina MP + Hatchlings Present study

Amphioctopus burryi MP + Hatchlings Packard, 1988

Amphioctopus fangsiao HB + Hatchlings Present study

Argonauta argo HP + Embryos, hatchlings Kölliker, 1844; Naef, 1923; Querner, 1927; Boletzky, 1973

Argonauta hians HP + Hatchlings Cyran et al., 2013; present study

Bolitaena pygmaea HP + Not provided Chun, 1915

Callistoctopus macropus MP + Hatchlings Naef, 1923; Boletzky et al., 2001, 2002

Eledone cirrhosa MP + Hatchlings, juveniles Mangold et al., 1971; Boletzky, 1973; present study

Eledone moschata HB + Embryos, hatchlings Boletzky, 1973

Enteroctopus megalocyathus MP + Hatchlings Ortiz et al., 2006; Villanueva and Norman, 2008; present
study

Graneledone pacifica HB − Hatchlings Present study

Hapalochlaena lunulata MP + Embryos Overath and Boletzky, 1974

Octopus briareus HB − Embryos, hatchlings Boletzky, 1969, 1973, 1977

Octopus hubbsorum MP + Hatchlings Alejo-Plata and Herrera-Alejo, 2014

Octopus incella MP + Hatchlings Present study

Octopus insularis MP + Embryos Maldonado et al., 2019

Octopus cf. joubini HB + Embryos, hatchlings Boletzky, 1969

Octopus maorum MP + Hatchlings Batham, 1957

Octopus maya HB − Hatchlings Boletzky, 1973, 1977; present study

‘Octopus’ parvus MP + Hatchlings Present study

Octopus rubescens MP + Hatchlings Brocco et al., 1974

Octopus salutii MP + Hatchlings Boletzky, 1973; Mangold-Wirz et al., 1976

Octopus sinensis MP + Hatchlings Present study

Octopus tehuelchus HB + Hatchlings Braga et al., 2021; present study

Octopus cf. tetricus MP + Hatchlings Joll, 1978

Octopus vulgaris sensu stricto MP + Embryos, hatchlings, juveniles Querner, 1927; Naef, 1928; Fioroni, 1962; Boletzky, 1973;
Villanueva and Norman, 2008; Nödl et al., 2015; present
study

Pinnoctopus cordiformis MP + Hatchlings present study

Scaeurgus patagius MP + Hatchlings? Young et al., 1989 as type F, then as S. patagius in
Hochberg et al., 1992

Scaeurgus unicirrhus MP + Embryos, hatchlings Boletzky, 1984

Robsonella fontaniana MP + Hatchlings Ortiz and Ré, 2011; present study

Robsonella huttoni MP + Hatchlings Carrasco, 2014; present study

Tremoctopus gelatus HP + Hatchlings Nesis, 1979

Tremoctopus gracilis HP + Hatchlings Cyran et al., 2013; Mangold et al., 2018

Tremoctopus violaceus HP + Hatchlings Boletzky, 1973; Naef, 1923

Tritaxeopus abaculus MP + Hatchlings Present study

Tritaxeopus aculeatus MP + Hatchlings Present study

Wunderpus photogenicus MP + Hatchlings Huffard et al., 2009

Octopod mode of life: holobenthic (HB), holopelagic (HP), and meropelagic (MP), as well as life stage where KO were recorded, are indicated.

on KO in situ from specimens of O. sinensis, O. tehuelchus,
O. vulgaris, Pinnoctopus cordiformis, Robsonella huttoni, and
Tritaxeopus aculeatus (Supplementary Table 1). The specimens
were not washed with distilled water before being fixed (except
O. vulgaris, see below), therefore there may be an unquantified
contribution of elements from seawater in the results. The mucus
layer covering the skin surface in cephalopods is also observed
in octopus hatchlings (Accogli et al., 2017). It apparently covers
KO and prevents or hinders their detailed observation with SEM
(see Results). Aiming to remove this mucus layer, glycerol was

used in preserved specimens before the ethanol dehydration step,
as described for crustaceans (Felgenhauer, 1987), but there was
no apparent improvement. Instead, a simple method to remove
the mucus layer was used here with good results using fresh
newly hatched individuals of O. vulgaris and O. maya reared in
the laboratory during 2019 and 2020, respectively. Individuals of
those two species were anesthetized in 2% ethanol, placed in a
500 µm nylon net, then strongly flushed with distilled water for
approximately 1 min to remove as much of the mucus layer as
possible. They were then fixed in 96% ethanol.
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TABLE 2 | Material examined during the present study under SEM.

Species n Age (d) ML (mm) Oceanic distribution Source

Amphioctopus aegina 7 0–7 1.5 ± 0.1 West Pacific Promboon et al., 2011

Amphioctopus fangsiao 6 5–7 3.1 ± 0.3 NW Pacific Hatched in laboratory; I. G. Gleadall

Argonauta hians 3 0 0.5 ± 0.0 Eastern Indian Sukhsangchan and Nabhitabhata, 2007

Eledone cirrhosa 1 Unknown 16.8 NE Atlantic Wild specimen, NW Mediterranean; R. Villanueva

Enteroctopus megalocyathus 3 0 4.3 ± 0.8 SW Atlantic Ortiz et al., 2006

Graneledone pacifica 2 0 16, 17 NE Pacific Voight and Drazen, 2004

Octopus incella 9 0 1.8 ± 0.1 NW Pacific Hatched in laboratory; I. G. Gleadall

Octopus maya 6 0 5.2 ± 0.4 NW Atlantic Hatched in laboratory; C. Rosas

‘Octopus’ parvus 11 0–3 2.1 ± 0.2 NW Pacific Hatched in laboratory; I. G. Gleadall

Octopus sinensis 6 12 1.0 ± 0.1 NW Pacific Hatched in laboratory; I. G. Gleadall

O. sinensis 5 18 1.7 ± 0.1 NW Pacific Hatched in laboratory; I. G. Gleadall

Octopus tehuelchus 3 0 4.5 ± 1.3 SW Atlantic Hatched in laboratory; N. Ortiz

Octopus vulgaris 13 0 1.1 ± 0.1 NE Atlantic Hatched in laboratory; R. Villanueva

O. vulgaris 1 5 1.2 NE Atlantic Villanueva, 1995

O. vulgaris 1 10 1.4 NE Atlantic Villanueva, 1995

O. vulgaris 3 19 2.7 ± 0.6 NE Atlantic Villanueva, 1995

O. vulgaris 2 30 3.2, 3.6 NE Atlantic Villanueva, 1995

O. vulgaris 1 42 4.1 NE Atlantic Villanueva, 1995

O. vulgaris 1 46 3.9 NE Atlantic Villanueva, 1995

O. vulgaris 3 50 5.3 ± 0.4 NE Atlantic Villanueva, 1995

O. vulgaris 2 60 6.4, 7.0 NE Atlantic Villanueva, 1995

O. vulgaris 4 Unknown 7.8 ± 0.4 NE Atlantic Wild specimens, NW Mediterranean, O. Escolar

Pinnoctopus cordiformis 6 0 2.8 ± 0.2 SW Pacific Carrasco, 2014

Robsonella fontaniana 3 0 1.9 ± 0.0 SW Atlantic Ortiz and Ré, 2011

Robsonella huttoni 6 0 1.3 ± 0.2 SW Pacific Carrasco, 2014

Tritaxeopus abaculus 6 0 1.0 ± 0.1 NW Pacific Hatched in laboratory; I. G. Gleadall

Tritaxeopus aculeatus 6 0 1.5 ± 0.1 NW Pacific Hatched in laboratory; I. G. Gleadall

The number of individuals (n), their age in days (d), and their mantle length (ML) after fixation are indicated as mean ± SD or the absolute value. The main oceanic
distribution for each species and the source of material are also indicated.

Observations With Selective Plane
Illumination Microscopy
Newly hatched specimens of O. vulgaris were fixed in buffered
2.5% formaldehyde, stored in 70% ethanol and rehydrated to
phosphate-buffered saline (PBS) progressively with a decreasing
ethanol series (60, 40 and 20%) in PBS. After two washes in
PBS, samples were incubated for 1 h at room temperature
with 1% solution of 0.05% w/v Evans blue in PBS containing
0.01% Tween 20. After three washes with PBS, specimens were
embedded in 1% low melting-point agarose and dehydrated
in methanol following the procedure of Quintana and Sharpe
(2011), then chemically cleared with BABB (benzyl alcohol and
benzyl benzoate, mixed in the ratio 1:2). Each embedded octopus
was immersed in a BABB-filled chamber for Selective Plane
Illumination Microscopy (SPIM) imaging, which was performed
using a 5×/0.12 NA air objective lens (Leica N PLAN EPI) for
detection and a 2.5×/0.07 NA air objective lens (Leica N PLAN)
for illumination. A Hamamatsu Orca-ER camera was used to
record images. In the custom-built SPIM system used here
(Swoger et al., 2011), the microscope components are controlled
with Labview (National Instruments). Autofluorescence was
excited with a 488 nm diode laser and detected using a 525/50
bandpass filter. For the Evans blue channel, excitation was with

a 638 nm diode laser and detection was with a 700/75 bandpass
filter. The 0 day O. vulgaris was not labeled with Evans blue and
its autofluorescence was excited at 638 nm. Each tile represents
a field of view of 1321 µm × 1734 µm. For the newly hatched
octopus two tiles were required, with a z-stack of 237 planes;
30-day old octopus, 15 tiles and a z-stack of 561 planes; and for
the 50-day old octopus, 32 tiles and a z-stack of 881 planes. The
spacing of slices in the z-stacks was 5 µm. All data processing,
from stitching the tiles to down-sampling was done with the
open-source software Fiji (Schindelin et al., 2012).

Estimation of Size, Distribution and
Density of KO
Terminology applied to the different KO elements and general
appearance follow Brocco et al. (1974). The three principal
parts of the KO are: a follicle of specialized epidermal cells; an
extracellular fascicle of setae (cannular rodlets forming the KO
tuft); and a group of obliquely striated dermal muscle fibers
(see Figure 12 in Brocco et al., 1974). The KO was considered
erupted when the setae are compacted together, distally tapered
and protruding from the skin surface (Figures 3A,B,E); and
everted when the base of the follicle has been raised, causing
the setae separate and splay into a patulous array over the
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FIGURE 3 | Kölliker’s organs (KO) eruption and eversion sequence, SEM images. (A) Initially erupted KO on the dorsal mantle, Amphioctopus fangsiao, aged 5 days,
(ML 3.2 mm); (B), erupted KO on the dorsal surface of right arm II, Enteroctopus megalocyathus, 5.3 mm ML, aged 0 day; (C), several fully everted KO, ventral
mantle, Octopus vulgaris, wild benthic individual 7.8 mm ML; (D), detail of fully everted KO on dorsal mantle of the same individual as in (C). (E–H) Amphioctopus
aegina, arm tips with KO on the arm oral side. Note that setae from contiguous KO can be in contact when fully everted. (E) KO erupted (none everted) on right arm
IV from an individual aged 0 day; (F), KO erupted and everted on right, arm II, from an individual aged 7 days; (G), most KO everted on right arm II of an individual
aged 2 days; (H), most KO everted on right arm I of an individual aged 3 days.

epidermis (Figures 3C,D,F,G). KO size was defined by the
seta length (SL), measured from all everted KO observed,
using the image processing program ImageJ. To estimate
changes in surface area when a KO is fully everted, in
comparison with its completely retracted state under the skin,
the external surface and volume of a fully everted KO were
estimated, assuming the formation of a hemisphere of radius
SL (Figures 3D,F,G,H, 4C,D,F,H, 5D, 6G,H). Accordingly, to
estimate the everted Kölliker’s organ volume (EKOV) and the
everted Kölliker’s organ surface (EKOS), the following formulae
were used:

EKOV = 2/3πSL3

EKOS = 2πSL2

The surface area of a hemisphere is twice the area of its two-
dimensional cross-sectional area (πSL2), so the surface area
described by the tips of the splayed setae of a fully everted KO
doubles the surface area of the skin over which it is splayed. For
each species, the maximum surface-area increase due to full KO
eversion was calculated for a unit skin area (1 mm2), as a percent
increase compared to when KO are fully retracted within their
follicle (i.e., invaginated). This maximum increased surface area
was calculated using the SL of the species and its KO density

obtained for this unit area (see below). KO distribution on the
skin of the octopus was assessed for the aboral surface of the
arms versus the mantle, head and funnel, each assessed for their
dorsal and ventral component surfaces. For the arms, “dorsal”
refers to the dorsal and dorsolateral arm pairs (arm pairs I and
II), and “ventral” refers to the ventrolateral and ventral arm
pairs (arm pairs III and IV). To estimate the density of KO per
mm2 from the SEM images, only well-defined skin areas with
clearly identified KO erupted and/or everted, were selected as
Counting Areas (CA). As indicated above, the octopus skin was
sometimes covered with a mucus layer over extensive regions,
preventing KO observation. All the KO observed inside a square
of known surface area were counted, using the software ImageJ.
Each examined square surface was adjusted to the magnification
of the image and an attempt was made to count all possible
areas where KO were observed, avoiding overlapping areas. CA
selected to obtain KO density included those of different degrees
of setae extension. The total surface of the CA used to count
KO ranged from 10.000 to 900.000 mµ2 (mean = 48.971 mµ2;
SD = 62.533). The individuals, KO densities and number of
CA used are indicated in Supplementary Table 2. In addition
to the 17 species analyzed here, published information on KO
size and/or density in three other species was included. For
Octopus rubescens, the SL provided by Brocco et al. (1974) was
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FIGURE 4 | Tritaxeopus abaculus hatchlings (A–D) and Octopus sinensis, age 12 days (E–H) SEM images. (A) dorsal view (ML 1.1 mm). Note erupted Kölliker’s
organs (KO) on the mantle with their axis oriented obliquely with reference to the surface of the skin and directed anteriorly. Note also conspicuous dorsal line on
each side close to midline, from head along arm I; (B) left lateral view (1.0 mm ML). Note everted KO on mantle surface and erupted KO over the arms; (C) detail of
everted KO over the ventral mantle (same individual as B); (D) tuft of ejected setae lying on ventral surface of head (ML 1.0 mm) possibly a handling artifact.
(E) Ventral view (ML 0.9 mm) showing erupted KO on mantle, funnel, head and arms, and everted KO on ventral arms; (F) erupted KO on dorsal surface of head (ML
1.1 mm); (G,H), detail of erupted and everted KO on tip of right (G) and left (H) ventral arms from the individual of image (E).

used and its KO density on the mantle was estimated from
their Figure 2 (note that the species was originally identified to
genus only, as Octopus sp., but was subsequently identified as
O. rubescens by Hochberg et al., 1992). The SL and KO density
of E. moschata were estimated from Boletzky (1973; Figure 1);
and SL for Octopus cf. tetricus from Joll (1978; Figure 6). The
ML of the E. cirrhosa preserved hatchling reported by Mangold
et al. (1971) was estimated to be 3.3 mm from their fresh ML of
4.5 mm, applying 25.8% mean shrinkage reported for hatchlings
from five cephalopod species (Villanueva et al., 2016).

Data Treatment
Inter- and intraspecific values of KO size, distribution and density
were compared using simple and paired Student’s t-test and
correlation test. Differences were considered significant when
p < 0.05. Data were assessed using the JMP statistical package.

RESULTS

Form and Structure of KO
A total of 120 individuals belonging to 17 octopod species
were examined successfully by SEM during the present study

(Table 2) and three individuals of O. vulgaris by SPIM. KO
were present in all species except in the holobenthic species
G. pacifica and O. maya. External morphology of the KO
examined matched those described in previous studies (Boletzky,
1973; Brocco et al., 1974). In all species, most of the observed
KO showed erupted tufts (Figures 4E, Figures 5A–C,E–G, 6A–
D) and only in a few KO from each species the cannular setae
were fully everted and radiating onto the epidermis (Table 3
and Figures 4B,C,H, 5D,H, 6G,H). Erupted KO tufts are
tapered (with awl-shaped tips), with their axes oriented obliquely
with reference to the skin surface and directed anteriorly (i.e.,
Figures 4A, 7). It was possible to observe erupted and everted
KO very close to each other. Moreover, when several KO are
everted in close proximity, the distal ends of their setae can be in
contact, making it possible for the extended setae to cover much
of the skin surface (Figures 3F,G,H, 4C,G,H). Investigation of the
elemental composition of the KO shows that the major elements
(excluding C, N, and O) are sulfur and phosphorous along with
calcium and sodium (Supplementary Table 1).

Distribution and Density of KO
In the species examined, the KO were distributed on the external
epidermis of both the dorsal and ventral surfaces of the mantle,
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FIGURE 5 | Scanning Electron Microscopy images of (A–D) Amphioctopus fangsiao (5 days, ML 3.2 mm); (E,F) Robsonella fontaniana (two individuals, both 0 day,
ML 1.9 mm) and (G,H) Pinnoctopus cordiformis (two individuals, both 0 day, 2.6 mm ML). (A) Dorsal view; (B) initially erupted and semi-erupted KO on right arm I;
(C) KO erupted on left arm I; (D) everted KO on dorsal mantle; (E) dorsal view; (F) ventral view. Note density of erupted KO on distal funnel (f); (G), ventral view; (H)
everted KO on ventral mantle.

funnel, head, eyelid and aboral surface of all arms. KO were
typically absent from the oral surface of the arms, web, and the
suckers, including the sucker rim and infundibulum. The arm
tips usually lacked KO in most species probably because of the
active and fast growth of this tissue. The only exception was
A. aegina, where KO were observed on both the oral and aboral
arm tip (Figures 3E–H). When comparing KO densities on the
arms versus the mantle+ head, and ventral surface versus dorsal
surface of the whole animal, in the hatchlings of seven species
(A. aegina, O. sinensis, O. vulgaris, P. cordiformis, R. fontaniana,
R. huttoni, and T. abaculus), KO density was higher in the arms
than in mantle+ head (paired t-test, p < 0.033) but did not differ
between ventral and dorsal whole animal surfaces (t-test, p > 0.1).
In the remaining three species (A. fangsiao, E. megalocyathus,
and O. tehuelchus), no differences in density were found between
the arms and mantle + head (paired t-test, p > 0.3), with
E. megalocyathus showing higher KO density ventrally (t-test,
p = 0.03) and O. tehuelchus dorsally (t-test, p < 0.01; Table 3 and
Figures 8C,D). No significant correlation was observed between
hatchling ML and KO density on the mantle and head (n = 13
species, r2 = 0.04, p > 0.9); but these characters were negatively
correlated on the arms (n = 11 species, r2 = 0.67, p < 0.03)
(Figures 8A,B). In newly hatched O. vulgaris (n = 13 individuals),
when the whole (mantle, head and arms) dorsal and ventral KO
densities were compared, no differences were observed (t-test,
p > 0.6). However, on the mantle alone, significantly higher

densities were found dorsally (566 ± 101 KO mm−2) than
ventrally (474 ± 96 KO mm−2), (t-test, p = 0.0004). In this
species, as the animal grows, KO density both on the arms and
mantle + head has decreased nearly 10-fold when the animals
have reached around 4 mm ML (Table 3 and Figures 9A,B).
Throughout the planktonic period and beginning of benthic
life, KO densities on the arms continued to be higher than or
equal to those of the rest of the body, although comparisons
between ventral and dorsal varied (Table 3). Although apparently
in small and undetermined numbers, new KO are generated from
hatching to settlement in O. vulgaris, at least on the aboral side
of the arms during planktonic life (Figure 10). These KO can
be recognized easily as post-hatching KO because O. vulgaris has
short arms at hatching with only three suckers per arm and the
arms then grow allometrically with the actively growing zone at
the tip. New KO are observed on the aboral surface near the tip
of the arms of specimens that have grown to the 30-sucker stage,
and in benthic juveniles with 52 suckers, so these KO definitely
were not present at hatching. In contrast, on the mantle, using
SEM it was not possible to discern old versus new KO added
after hatching because of the lack of any definitive growth points.

Size and Surface of KO
The everted KO allowed the seta length (SL) in all species
to be determined, except for T. aculeatus where only a few
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FIGURE 6 | Scanning Electron Microscopy images of hatchling Enteroctopus megalocyathus (A,B, ML 3.8 mm; C,D, ML 5.3 mm) and wild benthic juvenile 16.8 mm
ML Eledone cirrhosa (E–H). (A) ventral view; (B) detail of left arms III (AIII) and IV (AIV), showing erupted Kölliker’s organs (KO); (C) semi-everted KO on dorsum of
head; (D) erupted KO on dorsal surface of right arm II. (E) Semi-erupted and everted KO (white arrows) on left arm III; (F) details of semi-erupted KO; (G,H) fully
everted KO.

erupted KO tufts were observed. The number of everted KO from
which it was possible to measure the representative SL for each
species was always low, ranging from only two in ‘O.’ parvus
and R. fontaniana to 38 in O. vulgaris (Table 3). The mean SL
ranged from 27.5 ± 2.1 µm in A. aegina to 49.5 ± 1.0 µm in
T. abaculus. Accordingly, estimates of surface area and volume
of a fully everted KO ranged from 4,741 to 15,395 µm2 and
from 43,408 to 254,018 µm3 for A. aegina and T. abaculus,
respectively (Tables 3, 4). The relationship between hatchling ML
and SL for all the available species pooled (n = 17) showed no
correlation (r2 = 0.26, p > 0.3; Figure 9C). In newly hatched
O. vulgaris, no everted KO were found; the SL of individuals
aged 5 days was of 46.6 ± 0.5 µm. A very uniformly sized SL
through the early life of the animal (i.e., from planktonic hatching
to benthic juvenile), ranging from 46.6 ± 0.5 to 47.6 ± 2.6 µm
was found in O. vulgaris (Table 3). The linear fit between ML and
SL for the individuals of this species (n = 7; 1.2 to 8.3 mm ML;
Table 3) was uncorrelated (r2 = 0.29, p > 0.5). In addition, SL in
O. vulgaris showed no significant differences when comparing all
SL from dorsal (46.7± 2.1 µm) versus all SL from ventral surfaces
(47.2 ± 0.9 µm) (t-test, p > 0.4). Similarly, no differences were
recorded when comparing all SL from the arms (46.8 ± 2.1 µm)
versus all SL from the mantle + head (46.9 ± 1.6 µm) (t-test,
p > 0.8), indicating that KO are relatively uniform in size on
all surfaces. Fully everted KO increased the body surface of the

octopus. In hatchlings, the estimated increase ranged from 35%
on the ventral surface of O. tehuelchus to 87% on the arms of
Tritaxeopus abaculus (Table 4). When hatchlings of all species
were pooled, the mean increase in body surface area when KO
were fully everted represented 67± 14% of the body surface area
in comparison to when KO are retracted under the skin.

Degradation and Loss of KO in
Advanced Juveniles
In a wild benthic juvenile E. cirrhosa, some isolated and everted
KO were observed on the head, funnel and arms (Figures 6E,F).
This is the largest octopod with KO encountered during the
present study (16.8 mm ML after dehydration for SEM; 23.2 mm
fresh ML, 2.9 g fresh weight). Apparent degradation of KO
was observed over the dorsal mantle skin of O. vulgaris
in advanced benthic juveniles of 7.3, 7.6 and 7.8 mm ML.
This degradation was characterized by the gradual loss of the
cannular setae and the exposure of the basal KO follicle in
the form of a near-circular muscle stump 27.1 ± 2.3 µm in
maximum diameter (Figures 11E,F). Clusters of muscle stumps
were found mixed with everted, apparently functional KO
(Figure 11B). This phenomenon is probably not an artifact of
fixation because muscle stumps were observed only in the larger
specimens examined.
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TABLE 3 | Kölliker’s organs (KO) density and seta length. Density (mean ± SD no. of KO per mm2) on the mantle + head, arms and on the ventral and dorsal surface of the individuals are indicated.

Species N Age
(d)

Mantle +

head
CA
(n)

Arms CA
(n)

Ventral
surface

CA
(n)

Dorsal
surface

CA
(n)

Seta
length
(µm)

EKO
(n)

Ind. with
EKO
(n)

ML ind.
with EKO

(mm)

Amphioctopus aegina 7 0–7 659 ± 158a 17 863 ± 295b 11 754 ± 330a 10 733 ± 199a 18 27.5 ± 2.1 16 3 1.5 ± 0.1

Amphioctopus fangsiao 6 5–7 194 ± 185a 28 142 ± 123a 22 – 171 ± 161 50 48.1 ± 3.5 19 3 3.1 ± 0.2

Argonauta hians 3 0 283 ± 188 3 300 1 400 ± 141 2 175 ± 0 2 38.8 ± 1.3 3 2 0.5, 0.5

Eledone cirrhosa 1 ? 48.0 ± 1.3 3 1 16.8

Enteroctopus megalocyathus 3 0 166 ± 89a 75 173 ± 56a 35 143 ± 48a 32 179 ± 88b 78 43.7 ± 3.6 4 2 3.8, 5.3

Octopus incella 9 0 38.5 ± 7.7 3 2 1.6, 1.8

‘Octopus’ parvus 11 0–3 44.6 2 2 2.0, 2.1

Octopus sinensis 6 12 706 ± 464a 18 1037 ± 411b 18 872 ± 474a 29 871 ± 178a 7 43.5 ± 3.7 5 2 0.9, 1.1

O. sinensis 5 18 174 ± 125a 15 523 ± 189b 14 419 ± 271a 7 318 ± 225a 22 – –

Octopus tehuelchus 3 0 587 ± 403a 15 522 ± 285a 8 86 ± 65a 4 665 ± 311b 19 44.6 ± 4.1 4 2 3.6, 6.0

Octopus vulgaris 13 0 498 ± 136a 95 823 ± 261b 72 645 ± 238a 83 631 ± 274a 84 – –

O. vulgaris 1 5 500 ± 67 12 500 ± 141 2 500 ± 74 14 – 46.6 ± 0.5 3 1 1.2

O. vulgaris 1 10 425 ± 50 4 400 1 – – 420 ± 45 5 – –

O. vulgaris 3 19 238 ± 123a 30 613 ± 76b 8 238 ± 54a 12 353 ± 198b 26 – –

O. vulgaris 2 30 129 ± 34a 26 269 ± 55b 4 136 ± 35a 19 168 ± 87a 11 – –

O. vulgaris 1 42 76 ± 27a 15 74 ± 6a 3 96 ± 6a 5 68 ± 24b 13 47.5 ± 0.9 7 1 4.1

O. vulgaris 1 46 41 ± 3a 5 55 ± 6b 4 – – 47 ± 8 9 – –

O. vulgaris 3 50 58 ± 24a 34 47 ± 20a 10 63 ± 29a 21 49 ± 15b 23 47.6 ± 2.6 8 1 5.2

O. vulgaris 2 60 33 ± 15a 14 38 ± 14a 6 37 ± 13a 18 13 ± 9b 2 – –

O. vulgaris 4 ? 12 ± 4a 25 17 ± 6b 10 13 ± 5a 28 14 ± 5a 7 46.7 ± 2.0 20 4 7.8 ± 0.4

Pinnoctopus cordiformis 6 0 130 ± 147a 7 661 ± 453b 23 606 ± 97a 22 349 ± 321a 8 43.0 ± 2.1 5 3 2.7 ± 0.2

Robsonella fontaniana 3 0 171 ± 39a 20 916 ± 183b 8 422 ± 411a 15 341 ± 100a 13 48.5 2 1 1.9

Robsonella huttoni 6 0 102 ± 36a 7 785 ± 418b 10 567 ± 279a 6 470 ± 554a 11 46.9 ± 1.4 4 2 1.5, 1.5

Tritaxeopus abaculus 6 0 245 ± 51a 11 450 ± 187b 6 333 ± 170a 13 269 ± 38a 4 49.5 ± 1.0 3 1 1.1

Density values with different superscript letters denote statistically significant differences between the pair (comparing mantle + head vs arms, and ventral vs dorsal surface) denote statistically significant differences
between the pair (Student-t, p < 0.05). The number of counting areas (CA) used to estimate KO densities for each skin zone is indicated (n). Values for species with three or less available CA were not compared.
Mean ± SD seta length (SL), everted Kölliker’s organs (EKO) observed and number and size (mantle length, ML) of individuals with everted KO are indicated. N, total number of individuals examined; d, age in days.
Individuals marked with unknown age (?) correspond to wild benthic specimens, including one E. cirrhosa (i.e., 16.8 mm mantle length, ML) and four O. vulgaris (7.3–8.3 mm ML).
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FIGURE 7 | Octopus vulgaris SPIM images. (A–C) age 0 day, ML 1.6 mm, horizontal section, autofluorescence image excited at 638 nm; and (D–G) 30 days, ML
3.8 mm, sagittal section, labeled with Evans blue and excited at 638 nm (pink color) and autofluorescence excited at 488 nm (green color). Note high density of
Kölliker’s organs (KO) (white arrows) on skin of aboral arm (A,B) in comparison with mantle surface (C). (D) Whole animal and detail of the ventral mantle (inside
yellow rectangle) showing KO under different excitation conditions: (E) autofluorescence + Evans blue, (F) autofluorescence, and (G) Evans blue.

DISCUSSION

The external morphology of the KO examined matched that
described in previous studies, following the erupted-everted
sequence exposing the KO tuft and setae to the external
environment. Everted KO were generally present in very low

numbers, close to erupted ones, suggesting that control of
eruption/eversion is independent for each KO. Boletzky (1973)
noted that in fresh tissue of Eledone moschata hatchlings, the cycle
of eruption, eversion and retraction of KO took a duration of
1 s and the appearance of this process was spaced at irregular
intervals. The physical or chemical stimulus and/or associated
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FIGURE 8 | Density of Kölliker’s organs (KO) over (A) mantle + head and (B) arms in octopod hatchlings (except O. sinensis, aged 12 days). Line indicates linear
relationship, error bars indicate standard deviation; ML, mantle length. Mean KO densities are shown: (C) over mantle + head, and arms and (D) on the ventral and
dorsal surface.

behavior that cause the eruption of the tufts and eversion and
splaying of the setae on the epidermis is unknown. The basal
muscles associated with the KO tuft suggest that tufts may be
actively flexed or rotated (Brocco et al., 1974). Contraction of
these basal muscles has been proposed to erupt the tuft and
cause posterior eversion of the setae (Boletzky, 1978-1979; see
his Figure 14). In the chaetae of groups such as the annelids,
the muscles attached to the basal matrix of the chaetal sac
are responsible for the movement of a single, a few, or the
whole group of chaetae (Hausen, 2005). A similar process
could be expected for the octopus KO. However, as far as we
know, the setae (or chaetae) of other animal groups do not
have the capacity to splay and radiate into the everted form
observed in the octopod KO, with the possible exception of the
long chaetae of trochophore larvae from sabellarid polychaetes
(Pennington and Chia, 1984).

Size and Density Patterns of KO Among
Octopod Species
The size of the KO examined is fairly constant and, with the
exception of A. aegina, SL ranges between 40 and 50 µm,
independent of the animal size. For example, the large hatchlings
of O. tehuelchus (180 mg; Braga et al., 2021) are 130-fold heavier
than those of O. vulgaris (1.4 mg; Villanueva, 1995) but the SL of
both species is the same (Table 3). In addition, KO size seems not
to change during ontogeny, at least in the only species surveyed
through early growth, O. vulgaris. In this species, the uniform
seta length, even in KO that appeared after hatching, indicates
that KO size is independent of the exponential body growth of
the young octopus, from planktonic hatchling to benthic juvenile,
despite a weight increase of nearly 125 times (Villanueva, 1995).

Differential shrinkage can be expected between the skin and
the KO due to fixation, preservation and microscopic treatments,
including dehydration, as skin tissue contains more water than
do the chitinous KO setae (Supplementary Table 1). Therefore,
living animals probably have KO densities slightly lower than
those recorded from the SEM images in the present study. This
shrinkage may suggest that KO do not touch each other in live
organisms, although touching was observed in some SEM images
(see Figures 3F–H, 4G,H). Observations of live or fresh tissue
will help to address this issue. Study of the elemental composition
of the KO found sulphur to be the main component. High
sulphur concentrations have been reported also in other hard
structures of cephalopods, including the chitinous beaks (Hunt
and Nixon, 1981), vestigial shell of octopus (Napoleao et al.,
2005), squid gladius (Ichihashi et al., 2001) and the egg shell of
cirrate octopods (Villanueva, 1992).

KO were observed covering the aboral surface of the arms
of the octopuses examined but are absent from the oral side of
both the arms and the interbrachial web, with the only exception
of A. aegina, where KO were observed on both the oral and
aboral arm tip (Figures 3E–H). In the species analyzed, the
KO density over the arms seems to be equal or higher than
that on mantle and head, giving a special relevance to the arms
(Table 3 and Figures 8C,D). This density in KO on the arms
decreases with increasing hatchling ML, remaining independent
of ML for the mantle and head (Figures 8A,B). With the
exception of two species with large hatchlings (E. megalocyathus
and O. tehuelchus), the density of KO seems to be similar
on the ventral and dorsal surfaces of the octopus species
analyzed (Table 3). Therefore, the general trend corresponds
to a hatchling octopus maintaining an almost equal density of
KO over its ventral and dorsal surfaces; they tend to reach
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FIGURE 9 | Density of Kölliker’s organs (KO) over the mantle + head (A) and
arms (B) in Octopus vulgaris individuals from planktonic hatchling to wild
benthic, juvenile individuals. Line indicates exponential relationship, error bars
indicate standard deviation. ML, mantle length. (C) Mean values of KO seta
length (SL) related to ML in 17 species. SL for Octopus rubescens is from
Brocco et al. (1974) and for Eledone moschata and Octopus cf. tetricus, SL
are estimated from images of Boletzky (1973) and Joll (1978). For E. cirrhosa
SL corresponds to a wild benthic juvenile of ML 23.3 mm, included here for
comparison. Line indicates linear relationship.

higher densities on the aboral surface of the arms, but this
tendency decreases with increasing size at hatching (species-
specific characteristic) (Figure 8).

Observations of the arms of O. vulgaris confirms that new
KO are added after hatching (Figure 10): new KO are generated
even in specimens at the 52-sucker stage, indicating that KO are
continuously added even after settlement, which usually happens
when the animals have 30 suckers per arm at 2 months of
life under culture conditions and rearing temperature of 21◦C
(Villanueva, 1995). In contrast, using SEM it was not possible
to discern the existence of new KO added to the mantle after
hatching, because of the difficulty of distinguishing hatchling
from post-hatchling tissues anywhere other than toward the tip
of each arm. In other large tegumental organs of early stages of
octopuses, notably the chromatophores (Packard, 1988), specific
arrangement patterns on the ventral and dorsal surfaces are

considered to be key taxonomic characters (Hochberg et al.,
1992). In a similar way, the distribution of higher or lower
KO densities over the mantle may help to discriminate among
morphologically resembling octopod species sampled from the
same geographic area. For example, O. sinensis and T. abaculus,
both distributed in NW Pacific, are similar in size at hatching
but they have very different KO densities: low numbers on
T. abaculus but high on O. sinensis (Figure 8). The density
of KO on O. vulgaris decreased with growth, probably due to
limited addition of new KO, but also due to the notable increase
of the overall surface area of the body. Therefore, species and
age seem to be important factors determining KO densities.
For example, the KO density in O. vulgaris decreased to low
levels after the first month of life and to very low levels by
60 days when the animals become benthic, reaching a body size
similar to the hatchlings of the holobenthic O. tehuelchus or the
meropelagic E. megalocyathus, both of these latter species which,
in contrast, at this size, are still fully covered by high densities of
KO (see Table 3). The apparent degradation of KO was observed
in the dorsal mantle of benthic juveniles of O. vulgaris, being
characterized by the loss of setae and exposure of the basal KO
musculature as a circular muscle stump. These muscle stumps on
the skin surface were mingled with apparently functional KO, and
may suggest that degradation would be a gradual process. It may
be therefore possible to identify KO muscle stumps in the skin
of subadult/adult individuals by the presence of small, circular
muscle scars of around 27 µm in diameter.

Possible KO Functions and an
Evolutionary Perspective
As far as we know from microscopical and histochemical
studies, no nervous tissue has been reported in connection
with KO (Boletzky, 1973; Brocco et al., 1974; Accogli et al.,
2017; González-Costa et al., 2020), excluding the suspected
existence of neurons associated with the obliquely striated
dermal muscle fibers of the organ. This may exclude a sensorial
mechano- and/or chemoreceptor function for these organs. In
addition, the absence of KO from the oral side of arms and
suckers seems also to exclude a possible role in prey detection.
Querner (1927) demonstrated with the Schultze reaction that
KO tufts contain chitin and, recently, Accogli et al. (2017) and
González-Costa et al. (2020) found positive staining for lectins
in the KO setae, suggesting the presence of the proteoglycan
N-acetylglucosamine, which would presumably have a mainly
structural role because N-acetylglucosamine is a precursor
for chitin synthesis. The same authors using histochemical
techniques suggested that the absence of KO staining with
periodic acid–Schiff (PAS) means that no secretory function
can be attributed to this organ. It has been proposed that the
relatively hard structure of the chitinous KO may assist hatching,
preventing the animal slipping back into the chorion (Boletzky,
1978-1979). However, the presence of KO on the arms (which
are not used to aid hatching), suggests that their function during
hatching would be a secondary adaptation (Boletzky, 1992).

Naef (1923) suggested that KO may help in buoyancy. In this
context, the present estimations showed that fully everted KO
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FIGURE 10 | Octopus vulgaris. (A) Mid-sagittal SPIM image from a cultured individual aged 50 days, ML 5.8 mm, labeled with Evans blue and excited at 638 nm.
Note the few Kölliker’s organs (KO; white arrows) present on skin of mantle (m), funnel (f), and arms (a); e, (eye). (B–D) SEM images showing generation of new KO
during the early benthic stage. (B) left arm III, with n = 30 suckers from a cultured, recently benthic individual ML 9.3 mm (measured fresh), age 60 days, showing a
KO near arm tip. (C) Magnified image of rectangle in (B), showing semi-everted KO; (D), right arm III, with n = 52 suckers, from a wild benthic individual, ML 8.4 mm
ML, showing KO (white arrows) near arm tip.

notably increased the body surface of the young octopus by a
mean of 2/3 of the skin surface in comparison with skin areas
with retracted KO. This modular body surface extension and
accompanying rough texture probably influence flow forces (such
as those of drag and propulsion) on the young octopus during
specific times or stages of paralarval life, enhancing or restricting
passive transport within oceanic currents and saving energy in a
similar way as observed in other invertebrate larvae (Emlet, 1991;
Ditsche and Summers, 2014; Waringer et al., 2020). Planktonic
octopus hatchlings are quite similar to squid hatchlings in size
and locomotion mode, both have a rounded mantle of a few mm
in length and relatively large funnel apertures to use constantly
during jet propulsion in the water column (Villanueva et al.,
1997, 2016; Dan et al., 2020). Squid hatchlings operate at low
and intermediate Reynolds numbers of 1–102 where inertia
and viscosity have similar relative effects on flow (Thompson
and Kier, 2002; Bartol et al., 2008, 2009; York et al., 2020).
Here we assume low and intermediate Reynolds numbers also
for planktonic octopus hatchlings which will permit some KO
influence to increase drag and reduce sinking rate.

Considering other possible functions, Brocco et al. (1974)
showed that KO tufts are strongly anisotropic and positively
birefringent with respect to their long axis, changing from
blue to yellow against a red background (Figure 1). We
suggest that this character may support a possible function
of KO related to body-outline disruption and camouflage.
Young planktonic octopuses live in the water column, a
luminous environment during the daytime, where birefringent
skin surfaces may help the octopus against prey and predators,
as does disruption of the body outline in adults by raising
papillae in the skin (Mathger et al., 2009; Hanlon and
Messenger, 2018). Diurnal descent dispersion has been observed
for planktonic octopus under experimental conditions (Dan
et al., 2020, 2021), a behavior which may benefit from both
possible functions of the KO: drag generated by the everted
setae may improve passive buoyancy; and their birefringent
properties during daytime may be of help for camouflage.
The abscence of KO in deep-sea octopuses, far from the
photic zone, may support this possible function of KO related
with camouflage.
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TABLE 4 | Mean seta length (SL), everted Kölliker’s organ volume (EKOV), everted Kölliker’s organ surface (EKOS), and resulting increased body surface (in percentage,
%) when Kölliker’s organs (KO) are fully everted compared with completely retracted.

Increased body surface when everted KO

Species N Age
(d)

Mean seta
length (µm)

EKOV
(µm3)

EKOS
(µm2)

Mantle +

head (%)
Arms
(%)

Ventral
Surface (%)

Dorsal
surface (%)

Amphioctopus aegina 7 0–7 27.5 43408 4741 61 67 64 63

Amphioctopus fangsiao 6 5–7 48.1 233000 14534 59 51 55

Argonauta hians 3 0 38.8 122018 9443 57 59 65 45

Enteroctopus megalocyathus 3 0 43.7 174571 11989 50 51 46 52

Octopus sinensis 6 12 43.5 171917 11868 81 86 84 84

O. sinensis 5 18 43.5# 171917 11868 65 65 71 65

Octopus tehuelchus 3 0 44.6 185179 12470 79 76 35 81

Octopus vulgaris 13 0 46.9* 216056 13821 77 85 82 81

O. vulgaris 1 5 46.6 215083 13644 77 77 77

O. vulgaris 1 10 46.9* 216056 13821 75 73

O. vulgaris 3 19 46.9* 216056 13821 62 81 62 71

O. vulgaris 2 30 46.9* 216056 13821 47 65 48 54

O. vulgaris 1 42 47.5 224334 14176 35 34 40 33

O. vulgaris 1 46 46.9* 216056 13821 22 28 25

O. vulgaris 3 50 47.6 211477 14236 29 25 31 26

O. vulgaris 2 60 46.9* 216056 13821 19 21 20 8

O. vulgaris 4 ? 46.7 185179 13703 8 10 8 9

Pinnoctopus cordiformis 6 0 43.0 166515 11618 43 79 78 67

Robsonella fontaniana 3 0 48.5 238194 14780 56 87 76 72

Robsonella huttoni 6 0 46.9 216056 13821 41 84 80 76

Tritaxeopus abaculus 6 0 49.5 254018 15395 65 78 72 67

To estimate the body surface increase, the KO density from Mantle + head and Arms body areas as well as from ventral and dorsal surface of the animal, were used.
N, number of individuals examined; d, age in days. (#) For Octopus sinensis aged 18 days, no everted KO were observed and in consequence SL was not obtained; for
this age, the mean SL obtained for individuals aged 12 days was used. (*) For O. vulgaris aged 0, 19, 30, 46, and 60 days no everted KO were observed and SL was not
obtained. As no significant differences were observed within SL of other ages in this species, the mean value of 46.9 µm for SL was assumed as an estimation for these
ages. Individuals marked with unknown age (?) correspond to wild benthic specimens of four O. vulgaris 7.3–8.3 mm ML.

The presence of KO on the juveniles of holobenthic species
such as A. fangsiao, E. moschata and O. tehuelchus, does not
seem to fit hypotheses associated with camouflage or drag
force hypotheses. However, KO may represent a plesiomorphic
feature retained from their ancestors. In this way, KO are
present in hatchlings of all modes of incirrate octopod life
cycles: holopelagic, holobenthic and meropelagic, and no trace
of KO has been found on embryos of cirrate octopods
(Boletzky, 1982).

To date, all examined meropelagic octopuses possess KO,
which are absent only from large, holobenthic hatchlings of
incirrate species (G. pacifica, O. briareus, and O. maya).
This seems to be more consistent with the hypothesis of
the radiation of octopuses by evolution from a meropelagic
ancestor characterized by small to medium-sized hatchlings and
planktonic early life (Ibáñez et al., 2018). Assuming KO are
associated with the planktonic phase, their presence in some
holobenthic species indicated above (A. fangsiao, E. moschata,
Octopus cf. joubini and O. tehuelchus) may suggest that
these are examples of intermediate apomorphic characters in
incirrate octopod taxa that reached the holobenthic mode of
life more recently.

Chun (1915) indicated that in the holopelagic octopod
Bolitaena pygmaea, KO persist over a long period, without

specifying animal size. The presence/absence and degree of
development of KO in subadult and adult holopelagic octopods
merits further research and their presence may be interpreted as
support for the neotenous origin of the holopelagic octopods, as
suggested by Strugnell et al. (2004). Conversely, the KO may be
adaptive for the reasons we identify here.

In addition to the KO studied here, an intriguing Kölliker’s
organ-like structure was described by Hoyle (1904) from
Octopus arborescens, a tiny species (mature at a ML of around
10 mm; IGG, unpublished) collected from littoral waters of
Sri Lanka, the Seychelles and off Zanzibar (Hoyle, 1907).
The species was named for the presence of arborescent skin
papillae. The illustrations of the distribution and histological
sections of these organs, located at the distal end of the
skin papillae, describing “radiating fibres” of 60 µm length
(Hoyle, 1904, Plate III, Figures 9–11), match the general
morphology and setae length of everted KO. The relationship of
these organs with the KO described here is unclear, especially
since they are described from adult (although tiny) specimens.
Adam (1939) described and illustrated similar structures in
Octopus sp. larvae collected in surface waters near Saint Peter
and Paul Rocks, central Atlantic, and considered them as
a large, second type of KO equivalent to those described
by Hoyle (1904).
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FIGURE 11 | Scanning Electron Microscopy images of wild-caught Octopus vulgaris showing Kölliker’s organ (KO) degradation. (A,B) ML 8.6 mm, dorsal mantle
surface; (C–F) ML 8.1 mm, dorsal mantle and arm. (A) KO muscle stumps distributed on skin. (B) Muscle stumps together with apparently functional KO.
(C) Degraded (white arrow) and functional KO on left arm I. (D) Detail of degraded KO from (C). (E,F) Muscle stumps of degraded KO on mantle.

CONCLUSION

The KO surveyed in the present study are organs of consistent
structure with a taxonomic and body distribution unrelated to
hatchling size but reaching higher densities on the arms in most
species. The organ is also consistent in size and structure through
ontogeny (at least in O. vulgaris, the only species for which an
ontogenetic series was available). The modular eversion of KO
increases skin roughness and, notably, the body surface area
by an approximate extra 2/3, probably influencing flow forces
such as drag. The birefringent properties and relatively hard
structure of the setae from the KO that spread over the skin
of planktonic octopuses have a number of different possible
functions. Camouflage and the saving of locomotion energy may
be complementary functions working together during daytime
when planktonic octopuses descend in the water column. Future
observations on living animals will be necessary to investigate
these hypotheses as well as the possible interactions between

KO and the mucus layer covering the skin surface of the
individuals. Whether or not the presence of KO in some species
with direct benthic hatchlings is a redundant plesiomorphic
character, indicative of a recent meropelagic origin, also requires
further investigation.
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